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                                              ABSTRACT 

According to the World Health Organization the maximum acceptable concentration of fluoride 

ions in drinking water lies below 1.5 mg/L. Fluoride if taken in small amount is usually 

beneficial, but the beneficial fluoride concentration range for human health is very small. For 

this reason the development of materials for the removal of fluoride from aqueous solution is in 

progress. This study was focused on the synthesis of Iron doped hydroxyapatite (Fe-HAp) from 

diammonium hydrogen phosphate (DAP), Calcium and Iron precursors using urea as fuel for 

defluoridation of water and antibacterial activities. The synthesized pure hydroxyapatite (HAp) 

and Fe-HAp were characterized by using thermogravimetric analysis; scanning electron 

microscopy, X-ray diffraction, and Fourier transform Infrared spectroscopic techniques. 

Average crystallite size of HAp and Fe-HAp were 32.54 nm and 27.91 nm, respectively. Batch 

experiments were performed to investigate the adsorption capacity of Fe-HAp such as the initial 

pH of the solution, contact time, adsorbent dose and initial fluoride concentration. Accordingly, 

the optimum adsorption capacity was observed at pH 3, contact time 3 hr, adsorbent dose 0.7 g, 

and initial fluoride concentration of 10 mg/L. The correlation coefficients of Langmuir isotherm 

(R
2
 = 0.9796) and the Freundlich isotherm (R

2
 = 0.9968) kinetic studies, show that adsorption 

was fitted with Freundlich isotherm model. Also the correlation coefficients of pseudo first order 

(R
2
 = 0.874) and pseudo second order (R

2
 = 0.9969), show that the adsorption was fitted with 

pseudo second order kinetic model. The maximum fluoride removal efficiency of synthetic water 

and groundwater obtained by using the material developed, Fe-HAp, to be 98 % and 82.9 %, 

respectively, under the optimum conditions. The maximum adsorption capacity of synthesized 

Fe-HAp was 4.2 mg/g. The antibacterial activities of the synthesized HAp4 and Fe0.05HAp tested 

against gram-negative bacterial strains E. coli by disc diffusion method was about 11 mm for 

both HAp4 and Fe0.05HAp. The maximum inhibition zone of gram-positive bacterial S. aureus was 

found to be 8 mm for HAp4 and Fe0.05HAp. 

Keywords:  Hydroxyapatite, Fe -HAp, Antibacterial activity, Defluoridation, Adsorbent  
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1. INTRODUCTION 

1.1. Background of the Study 

Water is a very essential natural resource for life. The dissolved minerals are leached into water 

and accumulated into ground water sources and other water bodies. Water bodies have mineral 

elements that are found within a particular locality dissolved in different concentrations as a 

result of the geological composition of soils and bedrock. Fluorite (CaF2), sellaite (MgF2), 

Fluorapatite (Ca5 (PO4)3F), cryolite (Na3AlF6) and topaz (Al2SiO4 (F, OH)2) are the most 

common fluoride bearing minerals (Mukherjee & Singh, 2020). These natural sources of fluoride 

are breakdown and leach the fluoride ions. The other major sources are the run offs from the 

agricultural fields (fertilizer) treated with insecticides and pesticides containing fluorides that 

come from unplanned and uncontrolled discharge from the industrial wastes are primarily 

responsible for fluoride contamination (Kanrar et al., 2016). Fluorides are released into the 

environment naturally through weathering and dissolution of rock minerals, in releases of 

volcanoes, and in marine aerosols. The major source of fluoride ions that pollute water is the 

natural weathering process (Ayoob et al., 2008).  

Fluoride contamination has become a major geo-environmental concern in many parts of the 

world particularly in developing countries such as Kenya, Egypt, Ethiopia, India, South Africa, 

Argentina and Australia. Fluoride in groundwater exists at different concentrations ranging from 

less than 1 in highly elevated highlands to as high as 200 mg/L in the central Ethiopian rift 

(Ayenew, 2008).   Study along Hawassa and Ziway area reported levels of fluoride of up to 13.2 

and 7.5 mg/L of ground water respectively (Akafu et al., 2019). Study along Meki area reported 

levels of fluoride of up to 10.5 mg/L ground water (Workeneh et al., 2019).  Study along 

Raebareli District in India reported levels of fluoride of up to 4.2 mg/L of ground water 

(Kanaujia et al., 2015).  Study along South Africa reported levels of fluoride of up to 5.53 mg/L 

of ground water (Izuagie et al., 2016). Study along Kenya Gilgil Elementaita reported levels of 

fluoride of up to 200 mg/L in Lake Water, 7.69 mg/L in piped water and 6.57 mg/L in borehole 

water (Wambu & Muthakia, 2011).  
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The fluoride concentrations measured and reported in many areas are higher than that described 

by the World health organization (WHO). The maximum limit of fluoride in drinking water is 

1.5 mg/L according to the Standards of WHO. Excessive intake of fluoride ions (>1.5 mg/L) can 

lead to various diseases such as fluorosis, cancer, infertility, brain damage, osteoporosis, arthritis, 

brittle bones, thyroid disorder, and Alzheimer syndrome (Dhillon et al., 2015). High 

concentration of fluoride ion in water leads to decrease in dissolved calcium and magnesium ions 

in water. It also affects the skeletal and dental fluorosis. This causes mineralization of the teeth 

and bones leading to dental and skeletal fluorosis respectively (Bhatnagar & Minocha, 2006). 

Dental fluorosis may be of varying degree depending on structural damage of the enamel layer. 

If the enamel is highly damaged, it may be more than a cosmetic damage. In such a case it's 

going to end in pain. This adversely affects food choices, compromises the rate of chewing and 

may require complex dental treatment. Skeletal fluorosis with adverse change in bone structure 

may be observed when water contains 3–6 mg/L of fluoride. Fluorosis is an irreversible 

condition and the only medicine is prevention by keeping the fluoride levels in drinking water 

within the safe limits (Rajan & Alagumuthu, 2013). East African Rift Valley is one among the 

regions in the world highly affected by fluorosis. This is due to presence of fluorotic minerals 

from the volcanic rocks which often contaminate the ground water and later the adjacent water 

bodies with the fluoride ions. In Kenya for example regions along the Great Rift Valley and at 

the slopes of Mount Kenya have been reported to have high fluoride levels. At the Rift Valley 

region of Ethiopia have well documented cases of dental fluorosis and skeletal fluorosis 

(Ayenew et al., 2008).  

The above mentioned researches reported summarized about the level of fluoride concentration 

above WHO standard limit and its effect on human health. In order to prevent health hazards 

fluoride ion need to be removed from water using various methods. The methods available for 

defluoridation of water include precipitation method, membrane method, ion exchange method, 

and adsorption method. The adsorption method is considered more appropriate for defluoridation 

due to its simplicity, effectiveness, and economic viability (Ali & Gupta, 2007). Adsorption 

process is affected by pH of the solution, initial concentration, contact time and adsorbent 

dosage. The commonly used instrument for measuring of fluoride ion concentration in water 

samples is fluoride ion selective electrode (FISE). All FISE have a common feature in their 

design in that the ion sensing parts consist of a membrane.  
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The advantages of fluoride ion selective electrode method are easy operation, simple equipment, 

good selectivity, and high accuracy, and wide measurement concentration range 0.05–1900 mg/L 

(Wang et al., 2019). Recently, several researchers have investigated a range of calcium-based 

adsorbent materials, of which synthesis hydroxyapatite (HAp) has been the promising candidate 

due to its identical chemical composition with bone, nontoxicity, and specifically high fluoride 

removal capability (Mehta et al., 2016; Kanno et al., 2014; Sundaram et al., 2008; Xia et al., 

2018; Workeneh et al., 2019). Review results indicated that HAp has better defluoridation 

capability adsorbent material (Maity et al., 2018).  

HAp was prepared by different methods such as precipitation methods, sol-gel method, 

hydrothermal method, combustion method, pyrolysis method and solid state method. Among 

these, combustion method is used for this research. Combustion method is inexpensive in raw 

materials, relatively simple preparation process, and well chemical homogeneity of synthesized 

powder as a result of intimate blending of constituents (Ghosh et al., 2011). When combustion 

method used, there is a quick exothermic reaction takes place and delivering high amount of 

energy and promotes wide thermal gaps. In order to decrease high amount of energy and 

promotes narrow thermal gaps use urea as fuel. HAp can be synthesized from egg shell,  fish 

scale, fish bone, bovine bone, calcium and phosphate source precursors and organic fuel (Ismail 

et al., 2019, P. Shi et al., 2018, (Malla et al., 2020), Han et al., 2004).  In this study HAp can 

synthesis from iron, calcium and phosphate source precursors and urea.  The synthesized Fe 

doped HAp (Fe-HAp) improves both their stability and biocompatibility. Fe-HAp could be 

employed as a feasible new adsorbent material for industrial waste water and groundwater 

treatment. Fe is considered as a dopant in HAp, because it is, potentially less toxic than other 

transition metals (Hadagalli et al., 2021). 

HAp has an ability to inhibit the growth of bacterial activity. Drinkable water is often 

contaminated with microbes for instance; Escherichia coli (E. coli). The presence of E. coli in 

water is a strong indication of current animal waste impurity. For instance, during rainfall and 

snow melt, E. coli could also be washed into creeks, rivers, streams, lakes, or groundwater from 

the land surface. Harmful strains of E. coli ingested in human body by various means can cause 

diarrhea, vomiting, severe anemia, kidney failure, urinary tract infections, and other infections.  
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The different mass fractions of Fe-HAp nanoparticles mixed with polymeric matrix of polylactic 

acid (PLA) nanocomposites showed a high inhibitory effect of antibacterial activity against 

E.coli bacteria and Staphylococcus aureus (S.aureus) bacteria (Morsi & Hezma, 2019). The 

PLA-Fe-HAp nanoparticles nanocomposites had high antibacterial activity than pure PLA. The 

Fe-HAp nanoparticles mixed with polymeric matrix of polylactic acid nanocomposites could be 

tailored for many biomedical applications. Different concentrations of Fe-HAp powder was 

mixed with amoxicillin (AMX) powder in the ratio of 1: 0.5 (100 mg of Fe-HAp to 50 mg of 

AMX) showed a good inhibitory effect against gram negative bacteria E. coli reported by (Jose 

et al., 2021).  The aim of this study work was to synthesis high purity HAp and Fe-HAp using 

urea as fuel and investigates their efficacy for defluoridation of water and antibacterial activity.  

1.2. Statement of the Problem 

Ground water is one of major the source for drinking water supply in rural communities in 

developing countries. Problems can, however, arise with the chemistry of groundwater and make 

it unsafe, due to elevated concentrations of some elements that can have negative health impacts 

on the user. Fluoride is one of the water quality parameters of concern, but the excess of which 

contaminates groundwater resources in many parts of the world, and renders it not drinkable for 

human ingestion, due to the related adverse health effects. There is the negative health impact of 

excess fluoride in drinking water; however, the search for an appropriate technology for its 

removal from polluted groundwater still remains very critical. The second problem is increment 

of bacterial infectious diseases. The bacteria E. coli present in drinking water can cause diarrhea, 

vomiting, headaches, and kidney failure. The prime preventable challenge for healing wounds is 

a topical infection by bacteria. Therefore, to solve this problem utilization of an appropriate 

removal technique, high fluoride removal capability and good antibacterial material is crucial. 

Calcium-based, HAp materials, has been the promising candidate due to its identical chemical 

composition with bone, nontoxicity, and specifically high fluoride removal and antibacterial 

capability. In this study iron modified hydroxyapatite was synthesized by optimization mole of 

Fe by combustion method for defluoridation of water and antibacterial activity by disc diffusion 

method.  
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1.3. Objectives of the Study 

1.3.1. General Objective 

The general objective of this study was to synthesis Fe-HAp for defluoridation of water and 

antibacterial activity. 

1.3.2. Specific objectives 

i. To synthesis HAp and Fe-HAp powder from iron nitrate nonahydrate, calcium nitrate 

tetrahydrate, diammonium hydrogen phosphate, concentrated nitric acid and urea.  

ii. To characterize the synthesized HAp and Fe-HAp powder using Thermogravimetric analysis, 

Scanning electron microscopy, Fourier transformer infrared and X-ray diffraction. 

iii. To test the synthesized Fe-HAp powder for fluoride removal from ground water. 

iv. To test the synthesized HAp and Fe-HAp powder against Escherichia coli and 

Staphylococcus aureus bacteria. 

1.4. Significance of the Study 

This study provides information about defluoridation efficiency of HAp and Fe-HAp powder and 

its antibacterial activity. The use of synthesis of Fe-HAp is expected to improve availability of 

free water from fluoride ion for communities. 

1.5. Scope and Limitations of the Study 

This study was limited to the synthesis of HAp and Fe-HAp using urea as fuel by combustion 

method, evaluation of its effectiveness on the test of fluoride removal from water by adsorption 

method and investigate of antibacterial activity against gram-negative bacteria E. coli and against 

gram-positive bacteria S. aureus by disc diffusion method, and the synthesized HAp and Fe-HAp 

powder were characterized using Thermo gravimetric analysis, Scanning electron microscopy, 

Fourier transformer infrared and X-ray diffraction techniques. 
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2. LITERATURE REVIEW 

2.1. Hydroxyapatite  

The term "apatite” applies to a group of compounds (not only at calcium phosphates) with a 

general formula in the form M10 (XO4)6Z2, where M
2+

 may be a metal and species XO4
3-

 and Z
-
 

are anions. The particular name of every apatite depends on the elements or radicals M, X and Z. 

In these terms, hydroxyapatite has the molecular structure of apatite, where M is calcium (Ca
2+

), 

X is phosphate (PO4
3-

) and Z is the hydroxyl radical (OH). Hydroxyapatite is chemically related 

to inorganic component of bone matrix as a complex structure with formula (Ca10 (PO4)6(OH)2). 

It is recognized as stoichiometric HAp (ratio of Ca/P ═1.67) and written as Ca10 (PO4)6(OH)2, 

containing 3.38% of OH, 18.5% P, and 39% of Ca by weight. Empirical formula of 

hydroxyapatite can be written as Ca5 (PO4)3OH.  Synthetic HAp is similar to the inorganic 

component of natural bone; vast differences exist with respect to the total chemical composition, 

stoichiometry and structure (Zaman et al., 2020).  

2.2. Metal Doped Hydroxyapatite (M-HAp) 

HAp have two different binding sites on the crystal surface, one is Ca
2+ 

site and other PO4
3-

 site. 

Besides, due to its higher binding sites abundant cationic substitution can be created. In HAp 

structure, cationic and anionic doping and substitutions are possible to a greater extent. Recent 

studies reported that Ca
2+ 

cationic sites can be replaced by various transition metals which 

modify the functionality of HAp (Fakharzadeh et al., 2017). Several transition metals (Fe, Ru, 

Mn, etc.,) have doped at Ca site in HAp to create antibacterial property and to increase 

electronic/ionic conductivity of HAp ( Singh et al., 2018). Iron is one of transition metal that 

doped/substituted at Ca site in HAp and to increase the application of HAp. The Fe
3+

 ionic 

substitution into HAp (Ca10-x Fex (PO4)6 (OH)2) can improve the removal efficiency of fluoride 

and bactericidal. The crystallinity decreases with the increase of magnetic ion incorporation. 

When Iron add to HAp, Carbon dioxide was brought in which could cause significant reduction 

of HAp size and morphological changes. The Fe-HAp results suggest that the Fe doping 

concentrations has its physical effects in decreasing the particle size along with remarkable 

changes in its increased hardness and dielectric properties of HAp. Similarly, Fe-HAp drug 

release analysis indicates that the dopant is effective for extended drug release characteristics.  
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The porous structure of hexagonal Fe-HAp is used for fluoride removal from water, in the areas 

of catalysis, drug delivery, and biomolecules sorption. The existence of magnetic ions leads to 

the formation of superparamagnetic porous structures composed of hexagonal HAp (Ma et al., 

2019).  The usage of superparamagnetic Fe-HAp nanoparticles for biological and medical 

purposes has been increasing. Fe-HAp is an excellent applicant for effective dye removal agent 

and could be useful in industrial waste water treatment (Panneerselvam et al., 2019). 

2.3. Synthesis Method of HAp 

In order to get good morphology, uniform composition, small particle size, large specific surface 

area, fine grain and high crystallite size of HAp, researchers have been used different synthesis 

method. Commonly methods are hydrothermal method (Méndez-lozano et al., 2016), 

precipitation method (Cahyaningrum et al., 2018), sol- gel method ( Chitra et al., 2020), 

combustion method (Batista et al., 2020), micro-emulsion method (Koumoulidis et al., 2003), 

ultrasonic synthesis method (Cao et al., 2005), microwave irradiation method (Govindaraj & 

Rajan, 2016)  and solid state method (Pramanik et al., 2007). Among them, the most widely 

used, the low cost and the best HAp comprehensive properties obtained by scientific research 

workers in recent years are hydrothermal method, sol-gel method, combustion method and 

precipitation method (Ma et al., 2019). 

2.3.1. Hydrothermal Method 

The hydrothermal process is a wet chemical technique able to direct the formation of complex 

oxide powders with high crystallinity, making it the most popular method used to prepare 

hydroxyapatite nanoparticles. Hydrothermal processes usually work with a chemical reaction in 

an aqueous solution at high temperature and pressure. Due to its high biocompatibility, this has 

become a favored technique for material production (Zhu et al., 2006). In recent years, 

hydrothermal preparation of hydroxyapatite has become increasingly mature. Studies have found 

that the shape and size of hydroxyapatite can be regulated by changing the hydrothermal 

temperature, hydrothermal time and reaction concentration. According to this method, 

researchers have prepared high purity hydroxyapatite of different shapes, such as nano spherical, 

rod-like, needle-like, flake, hexagonal prism, small plate and spine-like (Wu et al., 2015). 

Synthesis hydroxyapatite nano-rod like particles from cetyltrimethylammonium bromide 

(CTAB) was reported by (Hoai et al., 2017).  
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Nanosized HAp rods with composition resembling that of bone minerals could be obtained when 

using a suitable amount of CTAB and hydrothermal duration.  HAp nanorod can prepare from 

phosphogypsum waste and potassium dihydrogen phosphate (Bensalah et al., 2018). The 

microporous synthesized hydroxyapatite crystals from calcium nitrate and phosphorus oxide was 

reported by (Xu et al., 2011).  HAp whisker was prepared with good crystallization, uniform 

structure and high aspect ratio by using acetamide as raw material (Zhang & Darvell, 2011).  

The pH value of the system has a great influence on the growth of HAp crystal. With the 

increase of pH value, HAp particle size and length-width ratio decreased significantly. Increasing 

hydrothermal temperature and prolonging hydrothermal time can significantly increase the 

crystallinity of HAp and increase the size of HAp. The advantage of hydrothermal method is the 

highly crystalline and no hydroxyl defects are produced in the structure. The disadvantage of 

hydrothermal method is poor capability to control the morphology and size of HAp 

nanoparticles.  

2.3.2. Sol – Gel Method  

Sol-gel method a chemical route used to synthesize glassy or ceramic materials ceramic 

materials at relatively low temperatures, based on wet chemistry processing, that involve the 

preparation of a sol, the gelation of the sol and the removal of the liquid existing in fine 

interconnected channels within the gel. This method uses the reaction of calcium citrate or 

calcium acetate with phosphoric acid to obtain sol, and the sol is aged into gel under certain 

conditions. The gel is dried at low temperature and calcined at high temperature under vacuum to 

obtain nanometer hydroxyapatite. Some study found that the condition changes such as the initial 

concentration of the solution, reaction atmosphere and mole ratio of calcium and phosphate, 

hydrolysis time, add way and speed, aging time, the gel treatment method, calcination 

temperature (Zhou & Lee, 2011).  

The all condition changes have more or less impact on crystal morphology, crystallization degree 

and performance of the obtained HAp powder. By changing raw materials, relevant parameters 

and processes, HAp powders with good uniformity, high purity, fine particle size, various 

morphology, good crystallinity and high surface activity can be prepared under different 

conditions.  
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The basicity and temperature of sol heat treatment and other synthesis conditions in order to 

control the growth, evolution and purity of HAp nanoparticles when Ca (NO3)2.4H2O and P2O5 

are used to synthesize nano and sub-micron monodisperse HAp particles (Dardouri et al., 2017). 

The microcrystalline synthesized HAp powders from calcium acetate and triethyl phosphate in 

water and ethanol medium was reported by (Vijayalakshmi & Rajeswari, 2006). The advantages 

of sol-gel method are the lattice is relatively complete, high purity, low processing temperature 

and can be used to prepare nano composite materials. The disadvantages of sol-gel method are 

chemical process is complex, crystallinity and sintering property is poor, preparation cost is high 

and environment, and easy agglomeration during calcination.  

2.3.3. Precipitation Method  

The chemical precipitation method is one of the broadest research techniques used for 

synthesizing HAp. This method is widely used since a large amount of HAp can be synthesized 

at a reasonable cost (Santos et al., 2004). The most commonly used technique for the formation 

of HAp is the precipitation, which involves wet chemical reactions between the calcium and 

phosphate precursors under controlled temperature and pH conditions.  

In order to form precursor precipitate, namely colloidal HAp precipitation, certain pH, 

temperature and solution conditions are often required. The Calcium hydroxide (Ca (OH)2) and 

orthophosphoric acid (H3PO4) were starting materials (Equation 1) for synthesis of HAp was  

proposed by (Bouyer et al., 2000).  

10 Ca (OH)2 + 6 H3PO4 → Ca10 (PO4)6(OH)2 + 18 H2O………………………………………..(1) 

The size, shape and surface area of the HAp particles obtained by this reaction are very sensitive 

to the H3PO4 addition rate and the reaction temperature. The H3PO4 addition rate is strongly 

linked to the pH obtained at the end of the synthesis, and also to the suspension stabilization. The 

advantages of precipitation method are: simple technology, low reaction temperature, low cost, 

simple operation, small product particles, can produce nano HAp particles and high purity. The 

disadvantages of precipitation method are: have a poor uniformity, agglomerated, difficulty to 

control of the pH value over 9 to avoid the formation of a Ca-deficient HAp.  
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2.3.4. Combustion Method 

The basis of combustion method comes from thermo-chemical concepts used in the field of 

propellants and explosives chemistry.  Combustion synthesis is a two-step process: formation of 

precursor and then auto ignition. This auto-ignition is often termed as self-propagating high 

temperature synthesis. The combustion method uses rapid exothermic and self-sustaining redox 

reactions between the oxidant and organic fuel in an aqueous phase (Sadat-Shojai et al., 2013).  

The combustion of metal nitrates urea mixtures in water solution usually occur as a self-

propagating and non-explosive exothermic reaction. Water soluble nitrate salts of the desired 

metal ions and urea are the most common starting materials for the solution combustion 

processing. Metal nitrates are the preferred salts because they are soluble in water whereby better 

mixing is achieved and uniformity of the product results. 

 The stoichiometric glycine calcium nitrate leads to the higher flame temperature compared to 

stoichiometric urea calcium nitrate system, resulting in a powder with lower specific surface 

area. Moreover, in both cases of glycine and urea, combustion with excess fuel produced 

particles with higher surface area. The feasibility of producing nanocrystalline particles and the 

thermal behavior of HAp during synthesis with regard to initial Ca/P atom ratio in the solutions 

is also investigated. Also demonstrated that a decrease in both batch size and initial furnace 

temperature and an increase in fuel to oxidizer ratio result in a decrease in crystallite size 

reported by (Ghosh et al., 2010). The advantages of combustion method are inexpensive raw 

materials, relatively simple preparation process, and well chemical homogeneity of synthesized 

powder as a result of intimate blending of constituents. The disadvantages of combustion method 

are aggregation can occur, low crystallinity and at high temperature HAp decompose into α-TCP.  

2.4. Applications of HAp 

Synthesis HAp is mostly used in biomedical applications; these bridging agents must fulfill 

certain requirements. Hence, (i) they should not compromise the biocompatibility, (ii) they 

should not be cytotoxic, and (iii) they should not alter the physiological or biological properties 

of the HAp or fillers (Haider et al., 2017). HAp is widely used in biomedical applications for 

hard tissue repair, drug delivery systems, dental fillers, bone fillers or Bone Grafts, coating 

implants, and bone substitutes for bone reconstruction and regeneration, due to their chemical 

similarity to the mineral component of hard tissue (Sobczak-Kupiec et al., 2021).  
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From the point of view of biocompatibility; HAp seems to be the most appropriate choice for 

hard tissue replacement implants. It shows excellent biocompatibility with hard tissues and also 

with skin and muscle tissues. HAp powder and granules have been used for bone grafting and 

augmentation while dense as well as porous blocks have found application as implant material in 

the field of dentistry and orthopaedics. When HAp nanocrystal is used as a bone substitute graft, 

rapid healing of critical size defect has been demonstrated in animal experiments and 

applications in humans. HAp nanocrystal will be bound to the bone and stimulate bone healing 

through the stimulation of osteoblast activity. Small amounts of iron were found to have the 

positive impact on the biomedical properties of HAp (Panseri et al., 2012). The Fe-HAp had the 

positive effects on the osteoblast viability and they could be used for diagnostic imaging or drug 

delivery. The addition of Fe
3+

 ions in HAp enhanced the osteoblast adhesion and Fe-HAp 

samples had no toxic effect on the osteoblast cells (Li et al., 2012). Also synthesis HAp used for 

antibacterial activity, because of HAp has an ability to inhibit bacteria growth. This study 

focused on the removal of fluoride ion from water and antibacterial activity.  

2.4.1. Antibacterial Activity 

HAp has excellent bioactivity and biocompatibility along with strong antibacterial activity. The 

HAp nanoparticles has higher antibacterial efficacy towards E.coli bacteria. It is clear that 

treatment of the E. coli bacteria with HAp nanoparticles had led to considerable damage to E. 

coli which caused the breakdown of the bacterial cell wall. The OH
-
 presence on HAp surface 

can inhibition a cell wall of bacteria (Ragab et al., 2014). The replacing of Ca
2+

 ions with Fe
3+

 

can improve the antibacterial activity performance of HAp. The antibacterial activity test of Fe-

HAp mixed with amoxicillin antibiotic displays inhibition to the bacterial strains. The studies on 

the antibacterial efficiency of AMX loaded Fe-HAp samples were analyzed against E.coli 

bacteria by the disk diffusion method. Different concentrations of Fe-HAp powder was mixed 

with amoxicillin powder and used for antibacterial activity. AMX loaded Fe-HAp samples 

showed good inhibitory effect against E. coli (Jose et al., 2021). 

2.4.2. Defluoridation of Water 

HAp is a member of the calcium phosphate family with high biocompatibility and essentially no 

toxicity, which has been used as an adsorbent for efficient and selective removal of fluoride from 

water. 
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It can remove fluoride through adsorption and ion exchange to form thermodynamically more 

stable fluorapatite (Ca5(PO4)3F), or mixed fluoridated HAp (Ca5(PO4)3(OH, F))(He et al., 2016). 

The commonly used instrument for measuring fluoride ion concentration in water samples is 

FISE. All FISE have a common feature in their design in that the ion sensing part contain of a 

membrane (Radu et al., 2013). The advantage of FISE instrument is easy operation, simple 

equipment, good selectivity, and high accuracy, small influence on water sample turbidity and 

chromaticity, and wide measurement concentration range (0.05–1900 mg/L) (Wang et al., 2019). 

2.5. Common Fluoride Removal Methods 

Removal of fluoride ions from water is important for environmental conservation and human 

health. The main methods utilized in defluoridation of water include: electro dialysis, reverse 

osmosis, ion exchange, chemical precipitation and adsorption. The method chosen in removal of 

fluoride depends on factors such as capital and operational cost, effect on the environment and 

effectiveness in fluoride removal of the method.  

2.5.1. Electro dialysis Method 

Electro-dialysis is the removal of ionic components from aqueous solutions through ion 

exchange membranes under the driving force of an electric. It consists of a series of cation and 

anion exchange membranes which are arranged between the cathode and the anode. The cation 

migrate to the cathode while anions to the anode. These ions permeate through the membrane 

and are retained by the oppositely charged electrodes. (Ergun et al., 2008) used electro dialysis 

with anion exchanger membrane for removal of fluoride from water having 20.6 mg/l of fluoride 

and decrease it to 0.8 mg/l suitable for drinking purpose in spite of the presence of chloride and 

sulphate ions. The advantage of this method is that it is inexpensive post treatment, flexible, low 

chemical request and high water recovery. The limitations of this method is that it is only 

separation of ionic components, potential formation of H2 in the electrode rinse, specific power 

consumption for pumping and necessity of concentrate treatment. 
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2.5.2. Ion-Exchange Method 

Ion exchange is a process where the ion removed from aqueous solution is replaced by another 

ionic species. Ion exchange in water treatment involves passing of water through an ion 

exchange polymer which is a water insoluble substance capable of exchanging some of its ions 

with ions of similar charge in the aqueous media. As (Equation 2 and 3) shows that HAp can 

remove fluoride through ion exchange and electrostatic interaction to form thermodynamically 

more stable fluorapatite (Ca10(PO4)3F2), or mixed fluoridated HAp (Ca10(PO4)3(OH, F)) 

(Sundaram et al., 2008).  

According to several natural organic materials possess ion exchange property or this property 

can be added to them through chemical modification (Kumar & Jain, 2013). This property has 

been applied in preparation of ion exchangers from natural materials such as wood, fibers, peat, 

and coal through modification using nitric acid as an oxidant or concentrated sulphuric acid to 

introduce the sulphonic acid group. The advantage of this method is high productivity (90-95 % 

fluoride removal) and retains the superiority of water. The limitation of this method is 

interference because of the presence of other anions like sulphate, carbonate, phosphate and 

alkalinity and it requires longer reaction period. 

Ca10 (PO4)6(OH)2 + 2F
-
 → Ca10(PO4)6F2 +2OH

- 
……………………………………………….(2) 

Ca10 (PO4)6(OH)2 + F
-
 → Ca10(PO4)6FOH + OH

-
 ……………………….……………………...(3) 

2.5.3. Chemical Precipitation Method 

This method involves the transformation of dissolved materials into insoluble solids followed by 

their removal through sedimentation or filtration. In this case fluoride is precipitated from the 

aqueous phase as insoluble calcium fluoride. In fluoridation process lime and alum are 

commonly used as precipitating agents. Nalgonda technique has been commonly used and it is 

based on addition of lime and alum in a two-step process. At the point when alum is added to 

water, basically two reactions happen. In the first reaction, alum reacts with an alkalinity’s 

portion to deliver insoluble aluminum hydroxide (Al (OH)3). In the second reaction, alum reacts 

with fluoride ions in the water. The advantage of this method is more practical when contrasted 

with other defluoridation technique and technique is easy to understand.  
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The disadvantage of this method is it produces large amount of sludge which poses disposal 

problems and requires large amount of chemicals which must be added daily. It also alters the 

pH of water hence adjustment of pH is needed (Ayoob et al., 2008). 

2.5.4. Adsorption Method 

Adsorption is the bond of molecules species from bulk solution for a surface of a solid by 

physical or chemical forces. Adsorption procedures include the water’s entry through a contact 

bed where fluoride is removed by ion exchange or surface chemical reaction with the solid bed 

matrix. Adsorption technique is efficient and can remove ions over an extensive variety of pH to 

a lower left over concentration than precipitation (Ghorai & Pant, 2005).  

A few adsorbent materials have been attempted in the past to check their possibilities and 

techno-economic feasibility as defluoridation specialists. Activated alumina, activated carbon, 

activated alumina coated silica gel, calcite, activated saw dust, activated coconut shell powder, 

groundnut shell, coffee husk, rice husk, tri-calcium phosphate, activated soil sorbent, spent tea 

and so on various adsorbent materials reported in literature. Hydroxyapatite has been shown to 

be effective adsorbents for water pollutants. HAp was studied as a fluoride sorbent either at fixed 

conditions or by considering the effect of some important parameters such as contact time, 

sorbent dose, particle size, solution pH, temperature, the presence of other anions and fluoride 

concentration (Jiménez-Reyes & Solache-Ríos, 2010). Adsorption using these materials may be 

due to formation of Van der Waals forces, ion exchange, hydrogen bonding, ligand exchange or 

chemical modification on the surface of adsorbent. Large specific surface area of HAp is very 

important for adsorption. The advantage of this method is high productivity for fluoride removal 

and can remove up to 90% fluoride, produce high quality water and regeneration is conceivable. 

This method has limitations in that it disposal of depleted adsorbents and concentrated 

regenerated makes issue and interference because of the vicinity of different anions may bring 

about competition for active sites on adsorbent.  

2.6. Factors Affecting the Rate of Fluoride Removal 

The factors that affecting the rate of fluoride removal are contact time, pH, adsorbent dose and 

initial fluoride concentration. Several researchers have studied the effect of contact time, pH, 

adsorbent dose and initial fluoride concentration (Akafu et al., 2019, Getachew et al., 2015 and 

Sundaram et al., 2008).  
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2.6.1. Effect of Contact Time 

Contact time between the adsorbing material and the aqueous solution is a major factor in 

fluoride removal. A high number of active sites at the initial stage lead to high diffusion of 

fluoride towards the adsorbent surface and after saturation of the active sites, no further 

adsorption were carried out on the residual fluoride concentration.  Studies have shown that the 

rate of removal of pollutants from water using nanomaterial is higher at the beginning of the 

remediation process. This is because as the interaction process progresses the sites for the 

reaction becomes exhausted resulting in lower uptake rate of the pollutant (Mbugua et al., 2014).  

Therefore, this parameter determines the rate of mass transfer from the solution to the surface of 

the adsorbent, and the data were used to study the kinetic study of batch adsorption. This trend  

was observed on defluoridation processes that reported by (Tang et al., 2018).  

2.6.2. Effect of pH 

The adsorption process is controlled by the pH of the adsorbate solution.  The pH of the solution 

has a significant effect on the removal of fluoride ions from water since it determines the surface 

charge of the adsorbent. The removal of fluoride decreases with increasing pH of the solution 

(Getachew et al., 2015).  At low pH values the removal of fluoride ions from water was high. 

The main reason behind the maximum defluoridation at low pH values may be because of the 

presence of a large number of H
+
 ions at these pH values. Also, at high pH there is abundance of 

hydroxide ions which hinder the diffusion of fluoride ions. This leads to neutralization of the 

OH
−
 ions on the adsorbed surface and hence reduction of the hindrance to the diffusion of 

fluoride ions. As pH of the system controls the adsorption capacity through its influence on the 

surface properties of the adsorbent and species of adsorbate in solution, the effect of pH on 

adsorption of fluoride was studied in the pH range of 2.0 –10.0. Therefore, before defluoridation 

test the maximum removal efficiency of pH value must be determined. The best adsorption and 

fluoride uptake capacity both occurred at pH 6 (Bhaumik & Kumar, 2014).  

2.6.3. Effect of dosage  

The adsorbent dose on the fluoride in water can influence the removal capacity of fluoride ion. 

The fluoride removal efficiency is directly proportional to the adsorbent dose.  
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An increase in adsorbent dose, the rate of removal also increased because of availability of 

additional active sites (Getachew et al., 2015). This has been attributed to higher availability of 

surface and pore volume at higher doses.  

2.6.4. Effect of Initial Concentration 

The initial fluoride concentration has an influence on the removal capacity of the adsorbent. The 

capacity of the nanomaterial gets sharply exhausted with increase in the initial concentration of 

the fluoride in aqueous phase This is due to the fact that the adsorption sites for a fixed amount 

of nanomaterial are limited and become saturated at high concentration (Palanisamy et al., 2012).  

2.7. Adsorption Isotherm 

Adsorption isotherm is the relationship between the adsorbate in the liquid phase and the 

adsorbate adsorbed on the surface of the adsorbent at equilibrium at constant temperature. 

Adsorption isotherms are very important in order to design adsorption processes; they also 

provide adsorption capacity of the adsorbent under the studied conditions. Langmuir and 

Freundlich isotherms provide information on the nature and physic-chemical interactions 

involved in the adsorption. These two-parameter models are simple and give a good description 

of experimental behavior in a large range of operating conditions. The Langmuir adsorption 

isotherm is used to describe the equilibrium between adsorbate and adsorbent system, where the 

adsorbate adsorption is limited to monolayer at or before a relative pressure of unity is reached. 

Freundlich adsorption isotherm is considered to be a multilayer process in which the amount of 

adsorbed solute per unit adsorbent mass increases gradually. To determine whether the 

adsorption favors is the Langmuir or the Freundlich model, to compare the result of R
2 

value.  

2.8. Adsorption Kinetics Model 

Adsorption kinetics model is very important to know the rate at which the adsorption process takes 

place and the factors that control the rate of the process. The adsorption kinetic models describe 

the rate of uptake of the adsorbate molecule; in this case, fluoride ion onto adsorbent, the rate 

depends on the physicochemical characteristics of the adsorbate and adsorbent, pH, temperature, 

and concentration. Pseudo first order and pseudo second order models are very common to 

describe adsorption kinetics model.  
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To determine whether the adsorption favors is the Pseudo-first-order kinetic model or pseudo-

second-order kinetics model, to compare the result of R
2
 value. 

2.9. The pH at point of zero charges (pHpzc) 

The point of zero charge is generally described as the pH at which the net charge of total particle 

surface (adsorbent's surface) is equal to zero. Determination of the pHpzc value helps to identify 

the working pH value for adsorption studies. The surface charge of adsorbent below pHpzc value 

would be positive so that the anions can be adsorbed on the surface of adsorbent. The surface 

charge of adsorbent above pHpzc value would be negative so that the cations can be adsorbed. 

At pH < pH pzc the surface charge is positive, favoring anion adsorption. At pH ˃ pH pzc the 

surface charge is negative, favoring cation adsorption (Chinnakoti et al., 2017). The pH point of 

zero charges values for the synthesized HAp powder at an optimized operational parameters 

were reported by (Workeneh et al., 2019, Medellin-castillo et al., 2014). 
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3. MATERIALS AND METHODS 

3.1. Study Sites Description 

The synthesis and characterization of HAp & Fe-HAp with SEM, TGA/DTA and XRD were 

carried out in Adama Science and Technology University. The characterization of FTIR was 

carried out in Bahar Dar University. Evaluation of defluoridation of water was conducted in the 

Oromia Self-Help Organization Fluoride Removal Technology Center laboratory at Mojo town. 

The real water sample was taken from Oromia region, East Shewa Meki district, and Tuch 

Dambali site. The antibacterial activity was carried out at Adama public health research and 

referral laboratory. 

3.2. Materials  

3.2.1. Chemicals and Reagents 

The chemicals that used for this research are (Ca (NO3)2⋅ 4H2O, 98 %, (NH4)2HPO4, 97 %, CO 

(NH2)2, 99 %, HNO3, 69 %, NaCl, 99.5 %, CH3COOH, 99.7 %) all are LOBA CHEMIE 

PVT.LTD and India chemicals. Distilled and tap water (H2O), Fe (NO3)3.9H2O, TECHNO 

PHARM CHEM. India, 98 %, NaF, BDH Chemicals Ltd. England, 97 %), Na2C6H2O7, BDH 

Chemicals, England, 99 %, C10H16N2O8, Brulux Laboratories (P), Ltd, India,99 %, and NaOH, 

SIGMA-ALORICH, Sweden, 98 %. Calcium nitrate tetrahydrate, Di-ammonium hydrogen 

orthophosphate and Iron nitrate nonahydrate were used as precursor to synthesize the HAp and 

Fe-HAp. All aqueous solutions were prepared using distilled water.  

3.2.2. Apparatus and Instruments 

The following laboratory apparatus and Instruments were used for the experiments: Funnel, 

dropper, spatula, sample holder tube, mortar with pestle,  beaker (50, 100, 250 and1000 mL), 

conical flask (250 mL), measuring cylinder (10 and 50 mL), volumetric flasks (50, 100, 500 and 

1000 mL), magnetic stirrer with hot plate, filter paper, crucible, electronic balance (Adam 

Equipment, Model WL 3000, UK), mechanical shaker (model SK 300, Japan), pH meter 

(HANNA instrument, HI 96107, Italy), furnace (model BK-5-12GJ, Japan), oven (Digit heat, J. 

P. Selecta, Spain), and fluoride ion selective electrode (Orion Model 96-09, USA).  
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Thermo gravimetric analysis/ Differential thermal analysis (Model DTG-60H), Fourier-

Transform Infrared (Model FT/IR-6600 type A, Japan), Scanning electron microscope (Model 

JEOL JCM-6000plus, Japan) and X-ray diffractometer (XRD-700, Shimadzu Co., Japan). 

3.3. Methods 

3.3.1. Synthesis of HAp 

The preparation of hydroxyapatite was carried out using a modified procedure reported by 

(Volkmer et al., 2008). Accordingly, 50 mL of 0.6 M aqueous solutions of Ca (NO3)2.4H2O and 

50 mL of 0.36 M aqueous solutions of DAP were added into 250 mL Pyrex beaker and 

continuously stirred with magnetic stirrer for 30 min till a white precipitate was formed by 

adjusting the molar ratio of Ca/P to 1.67.  Concentrated HNO3 was added to dissolve the white 

precipitate and to adjust the pH value to 1.5 with stirring for 5 min.  The mole of urea (Table1) 

was added to the clear solution, and homogenized by stirring with a magnetic stirrer for 30 min 

at room temperature. The homogenized solution was heated on a hot plate at 100 ℃ for 2.5 hr to 

remove the excess water.  The gel agglomerate synthesis product was dried in oven at 200 ℃ for 

1 hr. Then, the dried gel agglomerate synthesized HAp powder was stored in sample holder and 

taken for further characterization. After TGA/DTA characterization the dried HAp was calcined 

at 700 ℃ for 2 hr. 

Table 1: Batch compositions for synthesis HAp 

 

Sample code 

                                                          Amount Composition 

Ca(NO3)2.4H2O  

Mole  

(NH4)2HPO4 

Mole  

Urea 

Mole 

Combustible amount (urea 

to calcium precursor mass 

ratio) 

HAp1 0.03 0.018 0.118 1 

HAp2 0.03 0.018 0.236 2 

HAp4 0.03 0.018 0.472 4 
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Where HAp1, HAp2 and HAp4 represent the urea to calcium precursor mass ratio 1:1, 2:1 and 4:1 

in which the synthesized HAp, respectively. (Table1) shows that the Ca/P molar ratio was 

maintained at the value of 1.67 for all synthesized HAp1, HAp2 and HAp4. 

3.3.2. Synthesis of Fe-HAp 

The preparation of Fe-HAp was carried out using a modified procedure reported by (Kaygili et 

al., 2014).  Fe-HAp was synthesized by using different mole of Fe and keeping other precursor’s 

mole constant. (Ca10−x Fex (PO4)6(OH)2 with x = 0.01, x = 0.03, x = 0.05, x = 0.07 and x = 0.1.  

The values of x were obtained by setting the atomic ratio of Fe/ [Fe + Ca] as 0.1 %, 0.3 %, 0.5%, 

0.7 % and 1 %, respectively. Ca (NO3)2.4H2O and Fe (NO3)3.9H2O were dissolved together in 

distilled water in beaker to obtain 50 mL [Fe + Ca] containing solution. Then, (NH4)2HPO4 was 

dissolved in distilled water in another beaker to obtain 50 mL P-containing solution.  

50 mL of 0.6 M aqueous solutions of Ca (NO3)2.4H2O and Fe (NO3)3.9H2O [Ca + Fe] and 50 mL 

of 0.36 M aqueous solutions of DAP were added into 250 ml Pyrex beaker and continuously 

stirred with magnetic stirrer for 30 min till a precipitate was formed. Concentrated HNO3 was 

added with stirring for 5 min to dissolve a precipitate and to adjust the pH value at 1.5.  The mole 

of urea (Table2) was added as fuel to the clear solution which was homogenized by stirring with 

a magnetic stirrer for 30 min at room temperature. The homogenized solution was heated on a 

hot plate at 100 ℃ for 2.5 hr to remove the excess water. The gel agglomerate synthesis product 

was dried in oven at 200 ℃ for 1 hr. Then, the dried gel agglomerate synthesized HAp powder 

was stored in sample holder and taken for further characterization. After TGA/DTA 

characterization the dried Fe-HAp was calcined at 700 ℃ for 2 hr. 
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Table 2: Batch composition for synthesized Fe-HAp 

 

Sample Code 

                                                     Amount Composition 

 Ca (NO3)2.4H2O 

Mole  

Fe (NO3)3.9H2O 

Mole  

(NH4)2HPO4 

Mole  

Urea 

Mole  

Fe 0.01 HAp 0.02997 0.00003 0.018 0.472 

Fe 0.03 HAp 0.02991 0.00009 0.018 0.472 

Fe 0.05 HAp 0.02985 0.00015 0.018 0.472 

Fe 0.07 HAp 0.02979 0.00021 0.018 0.0472 

Fe 0.1 HAp 0.0297 0.0003 0.018 0.0472 

 

The mass of urea was fixed to HAp4 from the preliminary test conducted on the fluoride removal 

efficiency of HAp1, HAp2, and HAp4 from aqueous solution under the same condition. Hence, 

HAp4 has high removal efficiency of fluoride and therefore Fe was doped into HAp4. (Table 2) 

shows that the moles of DAP and urea were constant but, the moles of calcium and iron 

precursors were changed.  But, the (Fe+Ca)/P molar ratio was maintained at the value of 1.67 for 

all optimized Fe-HAp. 

3.4. Characterization Techniques  

3.4.1. Thermogravimetric Analysis and Differential thermal analysis (TGA/DTA)  

TGA/DTA analysis was used (Model DTG-60H) for the determination of the calcination 

temperature, weight loss, energy gain or loss. 10 mg of Hap4 and 12.083 mg Fe0.05HAp were 

taken and placed in the alumina crucible for TGA/DTA analyzed at the heating rate of 20 ℃/ 

min with a constant supply of non-stop glide of nitrogen. The TGA/DTA of Hap4 and Fe0.05HAp 

were measured in the temperature range 31.26 ℃ to 800 ℃ and 23.79 ℃ to 1001.71 ℃, 

respectively. 
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3.4.2. Fourier-Transform Infrared Spectroscopy (FTIR) 

FTIR analysis was used to determine the presence of different functional groups and organic 

impurities. FTIR (Model FT/IR-6600 type A) was used in a transmission mode of the mid-

infrared range with wave numbers from 400 to 4000 cm
−1

 using the KBr pellet technique. KBr 

pellet technique is widely used for FTIR spectroscopy with accuracy reading, because the KBr 

does not show any absorption spectrum in IR region and it has a 100 % transmission gap in the 

range of wave number (400 - 4000 cm
-1

). 2 mg of synthesized material (HAp4 and Fe0.05HAp) 

powder compressed with 200 mg of KBr to form 12 mm diameter pellet and then placed on a 

specimen holder. Spectra were measured between in the range of 4000 cm
-1

 to 400 cm
-1

 at a 

resolution of 4 cm
-1

, with number of scans 8 and scanning speed 2 mm/sec. 

3.4.3. Scanning electron microscopy (SEM) 

The synthesized HAp4 and Fe0.05HAp morphology was analyzed using SEM (model JEOL JCM-

6000plus, Japan). Electron beam energy of HAp4 and Fe0.05HAp were carried out at accelerate 

voltage at 15 kV and magnification of 600. The synthesized HAp4 and Fe0.05HAp powder were 

mounted on a sample holder followed by coating with a smart coater (Gold) and then, the sample 

was scanned using SEM.  

3.4.4. X–ray diffraction (XRD) 

The crystallite size, crystallite structure, miller indices and space group present in a synthesized 

HAp4 and Fe0.05HAp were characterized using an X-ray diffractometer (XRD-700, Shimadzu 

Co., Japan). A Cu target for generating a Cu Kα radiation (λ = 0.154056 nm) was used as the 

incident X-ray beam at an accelerating voltage of 40 kV and a current of 30 mA. The powder 

samples were mounted on a flat XRD plate and scanned in the range 10º to 85º at room 

temperature in the continuous scan speed 3°/min. The crystal structure, phase purity of HAp4 and 

Fe0.05HAp powder were studied from the XRD pattern obtained in the step scanning mode in the 

same 2θ range. The step size and the time per step were 0.02° and 0.40 sec respectively. 

3.5. Collection of Water Sample for the Defluoridation Test 

The real water sample was collected from Tuch Danbali located at East Shewa Meki district. The 

sample was taken in 500 mL in sample holder. Before the sample was taken in sample holder, a 

sample holder was washed three times by distilled water because to avoid contamination.  
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Then, the pH and fluoride ion concentration of ground water were measured. The pH of the 

collected real water was 8.2 and its fluoride concentration was 6.9 mg/L. Then, 20 mL of ground 

water, 15 mL of distilled water and 3 mL of TISAB were added into one beaker. Then, the 

concentration of fluoride in ground water was measured by using fluoride ion selective electrode. 

3.6. Determination of fluoride 

3.6.1. Preparation of Stock Solution 

2.21 g of sodium fluoride was weighed and transferred into 1000 mL volumetric flask. Then, it 

was dissolved by distilled water and diluted to 1 L. The prepared solution containing 2210 mg/L 

stock solution of sodium fluoride or 1000 mg/L stock solution of fluoride ion. From the stock 

solution 100 mg/L intermediate solution was prepared. From this intermediate solution, four 

samples of fluoride solutions of 10, 15, 20 and 25 mg/L were prepared by serial dilution which 

was used for optimization of parameters. 

3.6.2. Preparation of Total Ionic Strength Adjustment Buffer (TISAB) 

A TISAB is employed to regulate samples and standards to the same ionic strength and pH. 

TISAB is essential in fluoride ion selective electrode measurements because it masks minor 

changes made in the ionic strength of the solution, maintain pH constant and hence increases the 

accuracy of the reading.  7 g of tri-sodium citrate (Na2C6H2O7), 58 g sodium chloride (NaCl), 

and 2 g EDTA were dissolved into 500 mL of distilled water. Then, 57 mL of glacial acetic acid 

was added into the solution. Finally, 5 M of sodium hydroxide was added till the pH of the 

solution was reached at 5.3 and then the solution was transferred to a 1000 mL volumetric flask, 

and filled up to the mark using distilled water (Akafu et al., 2019). 

3.6.3. Calibration of the Electrode 

Before calibration of the electrode, the reference electrode hole was filled with KCl solution and 

the electrode was stored in TISAB solution. Then, the electrode was rinsed with distilled water to 

minimize contamination. 2 ppm, 4 ppm, 6 ppm, 8 ppm and 10 ppm of fluoride solution were 

prepared. To 30 mL of each five fluoride solutions 3 mL of TISAB was added in order to 

maintain pH constant and increases the accuracy of the reading. Then, the potential response of 

fluoride ion was measured starting from low concentration to high concentration using FISE. 
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Finally, to determine the slope of the graph, the potential response (E in mV) versus the negative 

logarithm of concentration (- log C in mg/L) was plotted. 

3.7. The pH at point of zero charges  

To identify the working pH value for adsorption studies the point of zero charge was determined 

before optimization of pH. 50 mL of 0.1 M NaCl solutions were taken in eight conical flasks 

with pH range 2 – 9 by 1 pH increment and the pH was adjusted by using 0.1 M HCl and 0.1 M 

NaOH. Then, 0.5 g of Fe0.05HAp powder was added to each solution and vibrated by using 

mechanical shaker at a speed of 150 rpm for 10 hr. Then, the adsorbent was separated from the 

solutions by using filter paper and funnel. After equilibration the final pH of each sample was 

measured by using pH meter. Then, the change in pH (ΔpH) was calculated (ΔpH = final pH – 

initial pH). Finally, to determine the pH at pzc, the graph of change in pH vs. final pH was 

plotted. 

3.8. Batch adsorption studies  

Adsorption studies consist of adsorption kinetics and adsorption isotherm model. Adsorption 

kinetics is used to understand sorption rate and the effect of contact time on adsorption. 

Adsorption isotherm model used to understand sorption mechanism and effect of concentration 

on adsorption. In this study, the effect of major parameters like pH, adsorbent dose, contact time 

and initial fluoride concentration were optimized to investigate the maximum defluoridation 

efficiency of the synthesized Fe0.05HAp.  

3.8.1. Effect of pH  

To study the effect of pH on defluoridation, 50 mL of 10 mg/L of fluoride solution was taken 

and pH values was adjusted to 3, 5, 7 and 9 by using 0.1 N HCl and 0.1 N NaOH and the 

adsorbent dose was remained constant acidic, neutral, and basic media.  

That is 0.5 g of synthesized Fe0.05HAp was added to each of the solution and tested separately 

and stirred for 1 min to reach equilibrium. Then, the solution was shaken by using mechanical 

shaker at a speed of 150 rpm for 5 hr. After a given time was completed the solution was filtered. 

3 mL of TISAB was added to each solution in order to maintain pH constant and stirred with 

magnetic stirrer. Then, the F
−
 ion concentration of filtrate solution was determined by using 

fluoride ion selective electrode. Finally, the pH versus percentage removal graph was plotted to 

explain the effect of pH on adsorption performance of the Fe0.05HAp adsorbent.  
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3.8.2. Effect of Adsorbent Dosage  

To study the effect of the synthesized Fe0.05 HAp dose on defluoridation, 50 mL of 10 mg/L of 

fluoride solution was adjusted to a pH of 3, which have high removal efficiency. Then various 

dosages of Fe0.05HAp (0.1 g, 0.3 g, 0.5 g, 0.7 g, and 0.9 g) were added into the solution. Then, 

the solution was shaken by mechanical shaker at a speed of 150 rpm for 5 hr.  After 5 hr was 

completed the solution was filtered. 3 mL of TISAB was added to each solution in order to 

maintain pH constant and stirred with magnetic stirrer. Then, the F
−
 ion concentration of filtrate 

solution was determined by using ion selective electrode. Finally, adsorbent dosage versus 

percentage removal graph was plotted to explain effect of adsorbent dose on the adsorption 

performance of the Fe0.05HAp adsorbent.  

3.8.3. Effect of Contact Time  

To study the effect of contact time on defluoridation, 50 mL of 10 mg/L of fluoride solution was 

taken and then, the pH was adjusted at 3 which have high removal efficiency.  Then 0.7 g of 

Fe0.05HAp with high removal efficiency of fluoride was added into each solution. Then, the 

solution was shaken by mechanical shaker at a speed of 150 rpm for different contact time (1 hr, 

3 hr, 5 hr and 7 hr). After these periods of intervals, the solution was filtered. 3 mL of TISAB 

was added to each solution in order to maintain pH constant and stirred with magnetic stirrer. 

Then, the F
−
 ion concentration of filtrate solution was determined by using ion selective 

electrode. Finally, time versus percentage removal graph was plotted to explain the effect of 

contact time on adsorption performance of the Fe0.05HAp adsorbent.  

3.8.4. Effect of initial concentration of fluoride ion  

To study the effect of initial concentration of fluoride ions on defluoridation, 50 mL of fluoride 

solutions with different concentration (10 mg/L, 15 mg/L, 20 mg/L and 25 mg/L) were taken and 

then, the pH was adjusted at 3 which have high removal efficiency of fluoride. Then 0.7 g of 

Fe0.05HAp with high removal efficiency of fluoride was added into each solution. Then, the 

solution was shaken by mechanical shaker at a speed of 150 rpm for 3 hr which have high 

removal efficiency of fluoride. After 3 hr was completed the solution was filtered. 3 mL of 

TISAB was added to each solution in order to maintain pH constant and stirred with magnetic 

stirrer. Then, the F
−
 ion concentration of filtrate solution was determined by using FISE. 
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 Finally, initial concentration versus percentage removal graph was plotted to explain the effect 

of initial concentration of fluoride adsorption performance of the Fe0.05HAp adsorbent.  

3.8.5. Defluoridation Test of real water  

The concentration of fluoride ion in ground water was measured by using optimized parameters. 

50 mL of 6.9 mg/L of ground water was taken into a beaker.  0.7 g Fe0.05HAp dosage was added 

into the solution in the beaker. Then, the solution was shaken by mechanical shaker at a speed of 

150 rpm for 3 hr at pH 3.  After 3 hr was completed the solution was filtered. Then, 3 mL of 

TISAB was added to the solution in order to maintain pH constant and stirred with magnetic 

stirrer. Finally, the F
−
 ion concentration of filtrate solution was determined by using ion selective 

electrode.  

3.8.6. Desorption and Regeneration of Adsorbent 

To study the desorption and regeneration of adsorbent on defluoridation, 50 mL of 10 mg/L of 

fluoride solution was taken in beaker and the pH of the solution was adjusted at 3. Then 0.7 g of 

Fe0.05HAp powder was added and shaken by using mechanical shaker at a speed of 150 rpm for 3 

hr. After adsorption the adsorbent was separated by filtration. The filtrate concentration of 

fluoride was measured and removal efficiency of fluoride was calculated for the first cycle. 

Then, the residual of adsorbent was dispersed in 50 mL of 1 N NaOH to be desorbed and shaken 

for 1 hr. After 1 hr the solution was decanted and the residual adsorbent was dried in oven for 30 

min at 150 ℃. The dried residual adsorbent mass was measured and regenerated for fluoride 

adsorption again. Five cycles of desorption and regeneration was performed using the same 

procedure. 

3.9. Antibacterial Activity  

 Antibacterial activities were carried out against two bacterial strains; gram-negative E. coli 

ATCC 25922 and gram positive S. aureus ATCC 25923 bacteria at Adama public health research 

and referral laboratory by disc diffusion method. Bacterial cultures were maintained on Blood 

agar at 37 ℃. Bacterial strains were taken from ATCC and grown aerobically on Blood Agar for 

24 h at 37 ℃ and 0% CO2. Bacterial suspension was prepared by taking it from blood agar and 

dissolving in sterile normal saline until the concentration of bacterial suspensions were achieved 

to1× 108 colony CFU/mL by comparison with the 0.5 McFarland Standard.  
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100 μL of 24 hr standardized culture of test bacteria was first evenly spread onto the surface of 

the Muller-Hinton agar plates using sterile cotton swabs. A sterile swab is used to inoculate the 

surface of the media in Petri dishes with making three rotations with an angle of 60° to ensure a 

homogeneous growth. The plates were then turned upside down. 6 mm diameter of filter paper 

was prepared and placed in different areas of the disc. The antibiotic Contrimoxazole was used 

as the positive control, and DMSO solvent was used as the negative control. 30 mg of each 

prepared samples were dissolved in 1 mL dimethyl sulfoxide (DMSO) and formed 30 mg/mL. 

From 30 mg/mL concentration of sample, 15 mg/mL, 7.5 mg/mL and 3.75 mg/mL were prepared 

by diluting serially for pure HAp and Fe0.05HAp. Then, 6 mm diameter disc was saturated with 

20 µL from each concentration and 20 μL of 0.5 mg/ mL of Contrimoxazole and placed on a 

plate and covered with lids and incubated at 37 °C at 37 °C and 0% CO2 for 24 hr. Antibacterial 

activity was evaluated by measuring the diameter of the inhibition zone observed around the 

discs. The inhibition zone reveals the bacteria sensibility to toxic agents so that the disinfectant-

sensitive strains show large inhibition diameter and the resistant strains show a smaller or zero 

inhibition diameter. This diameter can be compared to the critical diameters of antibiotics 

Contrimoxazole and digital images were captured (Dadi et al., 2019).  
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4. RESULTS AND DISCUSSION 

In this section, the characterization of synthesized HAp4 and Fe0.05HAp, the application of 

synthesized HAp4 and Fe0.05HAp for the removal of fluoride ion from ground water and 

investigation of antibacterial activities, adsorption study and the result of optimization 

parameters are discussed.  

4.1. The pH at point of zero charge 

The pHpzc determination of Fe0.05HAp was carried out at pH 2 - 9 by one pH unit increment 

(Table 3). Determination of the pHpzc value helps to identify the working pH value for 

adsorption studies. Figure 2 shows the point of zero charge is 7.5 in agreement with (Mourabet et 

al., 2012, Mehta et al., 2016) . Below the pzc the adsorbent has positive charge while above the 

point of zero charge it has negative charge. The higher fluoride adsorption was occurred under 

pH 7.5 due to highly electrostatic attraction between the positively charged adsorbent surface and 

highly electro negative fluoride ions. The low removal efficiency of fluoride was achieved above 

pH 7.5; this is due to weak electrostatic attraction between the negatively charged adsorbent 

surface and highly electro negative fluoride ions. 

Table 3: The different pH value used for termination of pzc 

Initial 

pH 

2 3 4 5 6 7 8 9 

Final pH 3.56 4.64 5.51 6.46 6.85 7.29 7.69 7.78 

Change 

in pH 

1.56 1.64 1.51 1.46 0.85 0.29 - 0.31 -1.22 
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Figure 1: Plot of Δ pH vs. final pH of the adsorbent to determine the point of zero charge of the 

adsorbent surface performed at 0.5 g Fe0.05 HAp, 50 mL of 0.1 M NaCl solution and contact time 

of 10 hr. 

4.2. Calibration of Fluoride Ion Selective Electrode  

The fluoride ion selective electrode was calibrated by using different fluoride ion concentration 

of standard solution. The graph of calibration curve was plotted by potential response (E in mV) 

vs. negative logarithm of fluoride concentration (- LogCe in mg/L) as shown in (Figure 3). The 

slope of the graph and R
2
 were determined from the curve to check the accuracy of the 

measurement. The slope of fluoride ion should be in the range 54 - 60 mV L mg
-1

. From (Figure 

3) the slope was observed between the standard intervals with good R
2 

values. From the plotted 

graph, the slope was found to be 57.93 mV L/mg and R
2
 value 0.9954, which is nearest to one. 

Therefore, the fluoride concentrations were calculated using the regression equation E = 57.93 (-

Log Ce) - 64.876 (Table 4 and Figure 2).   
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Table 4: Potential response recorded and negative logarithm of fluoride concentration 

Potential response (E) in mV Negative logarithm of fluoride concentration 

 (- LogC in mg/L) 

- 83 - 0.301 

- 98 - 0.602 

- 111 - 0.778 

- 117 - 0.903 

- 123 - 1 

 

 

Figure 2: Electrode calibration E versus – LogC of fluoride concentration 
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4.3. Adsorption Studies 

4.3.1. Optimization of Different Parameters for Adsorption Study 

The effect of different parameters were optimize such as; pH, dosage of adsorbent, contact time 

and initial concentration of fluoride ion. Before parameters optimization, the effectiveness of 

optimized pure HAp and Fe-HAp were evaluated.  The fluoride removal efficiency of HAp for 

HAp1, HAp2 and HAp4 were measured as 90.7 %, 92.1 % and 95.1 %, respectively. After the 

removal efficiency of HAp1, HAp2 and HAp4 were evaluated; Iron was doped with different 

mole ratios into HAp with high fluoride removal efficiency (HAp4). Investigation on the fluoride 

removal efficiency of Fe-HAp again conducted for all Fe-HAp adsorbents. The removal 

efficiency of Fe0.01HAp, Fe0.03HAp and Fe0.05HAp, Fe0.07HAp and Fe0.1HAp were measured to be 

91.1 %, 91.8 %, 96.1 %, 93.2 % and 90.3%, respectively. As (Figure 3a) shows that as urea to 

calcium precursor mass ratio increases the removal efficiency of fluoride ion increases. As 

(Figure 3b) shows that as concentration of Fe-HAp increases the removal efficiency of fluoride 

ion increases up to Fe0.05HAp. But after 0.05 mole of Fe-HAp the removal efficiency of fluoride 

ion decreases.  

a)   b).  

Figure 3: The effectiveness of HAp4 and Fe0.05HAp on the fluoride ion removal from aqueous 

solution using adsorbent dosage 0.5 g, pH 3, initial concentration of fluoride ion solution 10 

mg/L, volume of fluoride solution 40 mL, and shaking speed 150 rpm for 5 hr.Removal 

efficiency of a) HAp and b) Fe-HAp by different ratio. 

4.3.1.1. Effect of pH on removal of fluoride ion by Fe0.05HAp 

During the adsorption process, determination of pH of the solution was very important. The pH 

of the solution was tested in acidic, neutral, and basic media. At very low pH the acidity of 

solution was increased and adsorbent was dissolved.  
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Figure 4 shows that the maximum removal efficiency of fluoride ion was achieved at pH 3 which 

is 95.6 %. From the result of pH optimization, it was observed that at high pH values the removal 

of fluoride ion was low and high at low pH values. In acidic medium, where the concentration of 

H
+
 ion is high and therefore Fe0.05HAp surface gets positive charge which in turn attracts more 

fluoride ions and hence there is a significant increase in fluoride removal capacity at lower pH. 

The high uptake at low pH was attributed to the high concentration of hydrogen ions at low pH 

which increases the positive charge on the surface of the adsorbent leading to greater removal of 

fluoride ion (Chowdhury et al., 2011).  At pH above the pzc, adsorption of fluoride ion was low 

because the Fe0.05HAp surface was negatively charged, due to deprotonating of Fe0.05HAp 

hydroxyl groups (Mourabet et al., 2012). There was repulsive force between the negatively 

charged of fluoride ion and the negatively charged adsorbent surface. Due to this repulsive force 

between the two negatively charged ions the removal of fluoride ion was decrease. 

Table 5: Effect of pH on removal efficiency of fluoride ion 

pH value Remaining concentration of 

fluoride ion (mg/L) 

Removal efficiency of fluoride 

ion (%) 

3 0.44 95.6 

5 0.60 94 

7 0.89 91.1 

9 1.38 86.2 

 

(Table 5) shows that the remaining concentration of fluoride ion for each pH value. These 

remaining fluoride concentrations can be recorded from potential response. The removal 

efficiency of fluoride ion was calculated from remaining concentration of fluoride ion. The 

removal efficiency of fluoride ion at each pH clearly shows in Figure 4.  
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Figure 4: The effect of pH on the removal of fluoride ion was carried out by keeping all 

parameters constant like adsorbent dosage 0.5 g of Fe0.05HAp, initial concentration of fluoride 

ion solution 10 mg/L, volume of fluoride solution 50 mL, and shaking speed 150 rpm for 5 hr. 

Effect of solution pH on removal efficiency of fluoride ion 

4.3.1.2. Determination of adsorbent dosage 

Determination of adsorbent dosage of the synthesized material was very important during the 

adsorption process. The effect of adsorbent dosage (Fe0.05HAp) was optimized by taking 

different masses and by keeping all parameters constant. As (Figure 5) shows that the maximum 

removal efficiency of fluoride ion was achieved at adsorbent dosage of 0.7 g which is 96.1 %. As 

(Figure 5) result indicates that the removal efficiency of fluoride ion increases as Fe0.05HAp 

dosage increases up to 0.7 g at optimum dose. This is because at high doses there is high 

availability of active sites. The number of binding sites resulting from increased adsorbent 

dosage and availability of more effective sites for interaction contributed to the observed result 

(Chowdhury et al., 2011). But the removal efficiency of fluoride was decreased at 0.9 g dosage 

due to the overlap or blocking of functional surface sites of adsorbent. Another reason is due to 

the depletion of fluoride in the solution with an increasing dose of the adsorbent.  
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Table 6: Effect of adsorbent dosage on removal efficiency of fluoride ion 

Adsorbent dosage in g remaining concentration fluoride 

ion in mg/L 

Removal efficiency of fluoride 

ion in % 

0.1  0.76 91.1 

0.3 0.53 94.7 

0.5 0.44 95.6 

0.7 0.39 96.1 

0.9 0.58 94.2 

 

(Table 6) shows that the remaining concentration of fluoride ion in the solution for all five dose. 

The removal efficiency of fluoride ion for each adsorbent dose clearly shows in (Figure 5). 

  

Figure 5: The effect of adsorbent dosage on the removal of fluoride ion was carried out by 

varying dose and by keeping all parameters constant like initial concentration of fluoride ion 

solution 10 mg/L, volume of fluoride solution 50 mL, pH 3, at shaking speed 150 rpm for 5 hr. 
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4.3.1.3. Determination of contact time 

During adsorption process, determination of the effect of contact time is very important. The 

effect of contact time was optimized by varying the contact time and by keeping all parameters 

constant. (Figure 6) shows that a rapid fluoride removal was observed at the initial stage contact 

time until reaching equilibrium time with high removal efficiency. (Figure 6) shows that the 

maximum removal efficiency of fluoride ion was achieved at contact time 3 hr which is 98 %. As 

contact time increases from 1 hr to 3 hr the removal efficiency of fluoride ion was increased. 

This is due to a high number of active sites at the initial stage lead to high diffusion of fluoride 

ion towards the adsorbent surface. But after the equilibrium time is reached the removal 

efficiency of fluoride was decreased. This is due to the saturation of the active sites and no 

enough additional active sites of adsorbent with increasing contact time. 

Table 7: Effect of contact time on removal efficiency of fluoride ion 

Contact time in hr. Remaining concentration of 

fluoride ion in mg/L 

Removal efficiency of fluoride 

ion in % 

1 0.73 92.7 

3 0.2 98 

5 0.39 96.1 

7 0.86 91.4 

 

(Table 7) show that the remaining concentration of fluoride ion at each contact time. All 

concentrations were calculated from potential response reading. The removal efficiency of 

fluoride ion at each contact time clearly shows in (Figure 6). 
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Figure 6: The effect of contact time was optimized by varying contact time and by keeping all 

parameters constant like initial concentration of fluoride ion solution 10 mg/L, volume of 

fluoride solution 50 mL, pH 3, adsorbent dose 0.7 g, at shaking speed 150 rpm.  

4.3.1.4. Determination of initial concentration 

The effect of initial concentration was determined by using varying initial concentration of 

fluoride and by keeping all parameters constant. (Figure 7) shows that the maximum removal 

efficiency of fluoride ion was achieved at initial concentration of 10 mg/L which is 98 %. There 

is high removal efficiency of fluoride at lower initial fluoride concentrations. This is because 

there is high active site of adsorbent surface at low concentration.  From this study, the result 

indicates that, as the initial concentration of fluoride increases the removal efficiency of fluoride 

decreases. This is due to lack of sufficient surface area to accommodate more fluoride ions 

available in the solution.  When the initial fluoride concentration increases for fixed mass of 

adsorbent there is no further removal of fluoride because all active site of adsorbent was 

occupied by fluoride at initial concentration.  
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Table 8: Effect of initial concentration on removal of fluoride ion 

initial concentration in mg/L Final concentration of fluoride 

ion in mg/L 

Removal efficiency of fluoride 

ion in % 

10 0.2 98 

15 0.6 96 

20 1.09 94.55 

25 1.82 92.72 

 

(Table 8) show that the final concentration of fluoride ion from each initial concentration. All 

final concentrations of fluoride ion were calculated from potential response reading. The removal 

efficiency of fluoride ion for all initial concentration clearly shows in (Figure 7). 

 

Figure 7: The effect of initial concentration on removal of fluoride ion was optimized by 

varying initial concentration and keeping all parameters constant like volume of fluoride solution 

50 mL, optimized adsorbent dosage 0.7 g, pH 3, contact time 3 hr, at shaking speed 150 rpm.  
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4.4. Defluoridation of Ground Water 

The fluoride removal performance of Fe0.05HAp was evaluated by applying on groundwater. The 

fluoride removal performance of HAp4 was not evaluated on ground water. This is because the 

removal efficiency of Fe0.05HAp on synthetic water is greater than HAp4. The removal efficiency 

and adsorption capacity of fluoride from ground water by Fe0.05HAp powder were 82.9 % and 

0.41 mg/g, respectively. After adsorption, the pH was decreased from 3 to 6.9, this is due to the 

negative fluoride ions neutralized some positive charges on the adsorbent surface. The result of 

fluoride removal efficiency indicated that Fe0.05HAp from the groundwater samples was lower 

than that of the synthetic replicated NaF solutions. The Tuch Dambali groundwater samples were 

taken from the Ethiopian Rift Valley contained high concentration of co-ions. The pH of the real 

Tuch Dambali groundwater samples was measured to be 8.2. This pH shows basic water 

solution. In basic solution, the presence of high concentration of HCO3
- 
and SO4

2−
 ions interfere 

the uptake of fluoride ions by the adsorbents (Habuda-Stanić et al., 2014). The bicarbonate is 

great competitive adsorption with fluoride ions at the active site, on the surface of the sorbents. . 

The fluoride adsorption amount decreased rapidly from 78.1 to 52% with the increase of 

bicarbonate concentration 0 - 500 mg. The fluoride removal efficiency of synthetic water and 

groundwater study around Meki town were 98.8 % and 82.85 %, respectively,   reported by 

(Workeneh et al., 2019). The fluoride removal of synthetic water and groundwater not equal, 

because the fluoride removal of groundwater was affected by co-ions as researcher describe. 

4.5. Desorption and Regeneration of Adsorbent 

Regeneration is used to reuse the adsorbent after desorption process was occurred. Regeneration 

techniques are very important to evaluate the application of adsorbent, its duration time, reduce 

the cost of the process and decrease the amount of undesired wastes. The adsorption of fluoride 

can be attributed to electrostatic interactions between the surface charge of adsorbent and 

fluoride ions in the aqueous solution (Medellin-castillo et al., 2014). The mechanism of 

adsorption (Equation 4 and 5), the interaction between the surface of adsorbent and the F
-
 do not 

lead to a chemical reaction because it has been demonstrated that the adsorption of F
-
 on 

adsorbent was reversible. 
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Desorption is the reverse process, that is release of the adsorbed adsorbate from the surface of 

adsorbent. Fluoride ion adsorbed on surface of hydroxyapatite was desorbed and released into 

solution by NaOH solution. In the determination of regeneration and desorption, the residual of 

adsorbent was washed and dispersed by using 1 N NaOH solution having pH of 13. This is 

because, with increasing pH, the fluoride ion captured in the hydroxyapatite structure was 

released into solution, exchanged by the hydroxide ion, an ionic substitution mechanism  already 

described in other studies (Medellin-castillo et al., 2014; Sundaram et al., 2008).   

The use of NaOH solutions was better used for regeneration and desorption of HAp when 

compared to other compounds. The OH
-
 remove the proton from adsorbent surface site and form 

water, the Na
+
 remove F

-
 from adsorbent surface site and form NaF. The hydroxyapatite phase, 

the following reactions take place at elevated pH maintained during regeneration and desorption 

(Sarkar et al., 2015) . 

Ca (10-x)/2Fex/2 (PO4)3(OH) + F
- 
(aq)

 
→ Ca (10-x)/2 Fex/2 (PO4)3 (OH) ≡ F

-
…………………...….. (4) 

Ca (10-x)/2Fex/2 (PO4)3 OH2
+ 

+ F
-
 (aq) → Ca (10-x)/2 Fex/2 (PO4)3 OH2

+ 
F

-
 ………………………... (5) 

Ca (10-x)/2Fex/2 (PO4)3OH2
+
F

- 
+ OH

- 
(aq) → Ca (10-x)/2Fex/2 (PO4)3 (OH) ≡ F

-
 + H2O …………... (6) 

Ca (10-x)/2Fex/2 (PO4)3 (OH) ≡ F
- 
+ Na

+
 (aq) → Ca (10-x)/2Fex/2 (PO4)3(OH) + NaF……………..... (7) 

Adsorption in (Equation 4) take place at higher pH, in abundance of OH
- 
ions, while adsorption 

in (Equation 5) take place at lower pH , in abundance of H
+
 ions.  (Equation 6 and 7) shows the 

mechanism of fluoride removal from surface site of adsorbent. The % removal efficiency, 

adsorption capacity and % desorption efficiency fluoride by NaOH solution were calculated 

using the following (Equation 8, 9 and 10). 

% Removal efficiency = 
      

  
 x 100 ………………………………………………………..… (8) 

Adsorption capacity = 
         

 

 
    ……………………………………………………………... (9) 

% Desorption = 
     

     
 x 100 ………………………………………………………………….... (10) 
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Where Co initial concentration (mg/L), Cf final concentration (mg/L), Cdes concentration of 

fluoride desorbed (mg/L) and Cads concentration of fluoride adsorbed (mg/L). 

Table 9: The removal efficiency of regeneration and desorption 

Initial 

concentration 

(mg/L) 

Adsorption 

concentration 

(mg/L) 

Desorption 

concentration 

(mg/L) 

Removal 

efficiency of 

adsorption for 

regeneration (%) 

Desorption 

efficiency (%) 

10 9.8 9.43 98 96.22 

10 9.11 8.72 91.1 95.72 

10 8.72 8.32 97.2 95.41 

10 8.25 7.85 82.5 95.2 

10 8.02 7.6 80.2 94.76 

 

From (Table 9) the regeneration removal efficiency of fluoride, the fluoride removal was 

decreased. This is because the mass of residual adsorbent was decreased, while the volume of 

solution and concentration of fluoride in solution were constant in all five cycles. Another reason 

is the fluoride adsorbed on adsorbent was not total desorbed. For every cycle, desorption of 

fluoride from residual adsorbent and regeneration of the residual adsorbent were measured 

(Table 9). After every cycle, regeneration and desorption the mass of the residual adsorbent was 

measured. The fluoride removal was changed by small amount. Therefore, the synthesized 

adsorbent was suitable for regeneration and reusing.  
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4.6. Adsorption isotherms 

Adsorption isotherm describes about the adsorbate adsorbed on adsorbent surface at equilibrium 

at constant temperature. It gives general idea about the effectiveness of the adsorbent in 

removing fluoride ions from water. Analysis of the isotherm data is very important because the 

isotherm describe equilibrium relationship between adsorbate and adsorbent for the adsorption 

process. For this study, the Langmuir adsorption isotherm model and Freundlich adsorption 

isotherm model were used to evaluate adsorption process. These two parameter models are 

simple and give a good description of experimental behavior in a large range of operating 

conditions. The two parameter models were determined from R
2
 value. 

4.6.1. Langmuir Adsorption Isotherm Model 

The Langmuir adsorption isotherm model works based on the assumption of a monolayer and is 

dependent on the assumption that the adsorbent surface consists of active sites having a uniform 

energy of adsorption onto the surface of adsorbent. The basic assumptions of Langmuir 

adsorption isotherm model are: - (i) Monolayer adsorption: adsorbate molecules are not sited in 

another adsorbate molecule on top. (ii) Homogeneous surface, (iii) each adsorption sites are 

equivalent, and (iv) there are no interactions between adsorbate molecules on adjacent sites. 

Langmuir adsorption isotherm model was expressed by (Equation 11):  

Langmuir isotherm linear equation: 
 

  
 = 

 

       

  +   
 

    
  ……………………………......... (11) 

Where Ce (mg/L) is the equilibrium concentration of the adsorbate, qe (mg/g) is the amount of 

adsorbate per unit mass of adsorbent, Qmax (mg/g) and b (L/mg) are Langmuir constant related to 

represents monolayer maximum adsorption capacity when the homogeneous surfaces are 

covered with adsorbed species having uniform energies of adsorption and rate of adsorption, 

respectively. When the value of Langmuir constant (b) is relatively larger it indicates that there is 

a strong interaction between adsorbate and adsorbent while smaller value implies a weak 

interaction. 
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Table 10: Langmuir’s adsorption isotherm data  

Initial 

Concentration 

(Co) in mg/L 

Final 

Concentration 

(Ce) in mg/L 

qe  in mg/g Ce/qe LogCe Logqe 

10 0.2 0.70 0.286 - 0.699 - 0.1549 

15 0.6 1.029 0.583 - 0.2218 0.0124 

20 1.09 1.35 0.807 0.0374 0.1303 

25 1.82 1.656 1.099 0.26 0.219 

 

Adsorption capacity (qe) described the fluoride uptake capacity by unit mass of an adsorbent. 

From (Table 10) at low concentration (10 mg/L) the adsorption capacity is 0.7 mg/g, while at 

high concentration (25 mg/L) the adsorption capacity is 1.656 mg/g. This shows that as 

concentration increases adsorption capacity increases. 

 

Figure 8: Linearized Langmuir adsorption isotherm concentration versus ratio of concentration 

to adsorption capacity for fluoride adsorption.  



43 
 

The Langmuir constants Qmax and b was determined from the slope of plotted graph and intercept 

of the plotted graph. That is 
 

     
  is the slope and 

 

    
 is an intercept of the plot graph.   From 

(Figure 8) the value of correlation coefficient (R
2)

, Langmuir constant related to maximum 

adsorption capacity and rate of adsorption were calculated 0.9796, 4.2 mg/g and 0.49 L/mg, 

respectively. The result 4.2 mg/g of Qmax indicated that the maximum adsorption capacity for this 

adsorbent is 4.2 mg/g even when there was competition from the other commonly occurring 

anions. The small result 0.49 L/mg rate of adsorption (b) indicated that there is weak interaction 

between adsorbate and adsorbent. The Langmuir isotherm can be explained by a dimensionless 

separation factor (RL) (Equation 12).   

RL = 
 

     
 ……………………………………………………………………………………. (12) 

Where Co is the initial fluoride concentration and b is Langmuir constant.  

Table 11: The values of RL for fluoride adsorption by Fe0.05HAp 

Initial fluoride concentration ( mg/L) RL  

10 0.1694 

15 0.1197 

20 0.0926 

25 0.0755 

 

From the initial fluoride concentration the value of RL was calculated and found to be between 0 

and 1 (0.1694 - 0.0755). The value of RL indicates the type of isotherm to be either irreversible 

(RL = 0), favorable (0 < RL< 1), unfavorable (RL > 1), linear (RL = 1). Depending on the RL 

values the adsorption of fluoride on the adsorbent under the experimental condition is favorable.  
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4.6.2. Freundlich Adsorption Isotherm Model 

The equilibrium data were analyzed using the Freundlich adsorption isotherm model. Freundlich-

type adsorption is considered to be a multilayer process in which the amount of adsorbed solute 

per unit adsorbent mass increases gradually. The Freundlich adsorption isotherm model equation 

takes into account repulsive interactions between adsorbed solute particles and also accounts for 

surface heterogeneities. Freundlich adsorption isotherm model is expressed by (Equation 13). 

Freundlich isotherm linear equation: log qe = 
 

 
 log Ce + log K ………………………........... (13) 

Where Ce (mg/L) is the equilibrium concentration of the adsorbate, qe (mg/g) is the amount of 

adsorbate per unit mass of adsorbent, K and n are Freundlich constant, and 1/n is the adsorption 

capacity of the adsorbent. The value of K and n are calculated from the intercept and slope of the 

straight line of the plotted graph log Ce versus log qe. The graph of log Ce versus log qe was 

plotted by using the result of log Ce and log qe in (Table 10). 

 

Figure 9:  Freundlich adsorption isotherm log Ce versus log qe for fluoride adsorption. 

From (Figure 9) the value of Freundlich constant and adsorption capacity of the adsorbent was 

calculated. The value of 1/n is the slope and log K is an intercept of the plotted graph. The 

smaller value of K (1.3) represents a smaller adsorption capacity. The adsorption intensity of n 

values (2.55) lying between 1 and 10.  
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Depending on n values it can be concluded that the adsorption of fluoride on the adsorbent under 

the experimental condition is favorable adsorption process. Correlation coefficients (R
2
) values 

are used to determine whether the adsorption process follows Freundlich model or Langmuir 

isotherm model. (Figures 8-9) show that the values of R
2
 were 0.9796 and 0.9968 Langmuir 

isotherm model and Freundlich isotherm model, respectively. The R
2
 of Freundlich isotherm 

model is greater than the Langmuir isotherm model. This indicated that the adsorption was 

multilayer adsorption on the structurally heterogeneous surface of the Fe-HAp in the fluoride 

removal process. The R
2
 value of Langmuir isotherm model is unacceptability model, because 

the correlation coefficient (R
2
 < 0.980).   Adsorption data fitted well in linearized form of model 

equation (R
2
 > 0.980), which indicated the acceptability of the model (Kanaujia et al., 2015). 

4.7. Adsorption Kinetic Models 

An investigation of the mechanism of adsorption process and its potential rate controlling steps 

that include mass transfer and chemical reaction processes, adsorption kinetic models are 

exploited to test the experimental data. Adsorption kinetic model is the measure of the adsorption 

uptake with respect to time at a constant concentration and is employed to measure the diffusion 

of adsorbate into on the adsorbent surface and in the pores of the adsorbent. The adsorption 

kinetic model experiments were carried out by using different contact times (1 hr, 3 hr, 5 hr and 

7 hr) with other constant parameters like adsorbent dose 0.7 g and pH 3. Also the adsorption 

kinetics was studied with initial fluoride concentration 10, 15, 20 and 25 mg/L. The kinetics 

study of fluoride adsorption was analyzed by pseudo first order and pseudo second order models. 

Pseudo first order kinetic model described that the speed of occupation of adsorption sites is 

proportional to the number of unoccupied sites on the adsorbent surface. The pseudo second 

order kinetic model is based on the assumption that the rate limiting step is chemical adsorption 

and predicts the properties over the whole range of adsorption process. Pseudo first order and 

pseudo second order kinetics were expressed by (Equation 14 and 15).  

Pseudo first order kinetics model:  log (qe – qt) = log qe − 
   

     
  ………………………….... (14) 

Pseudo second order kinetic model:  
 

  
 = 

 

     
 
  +  

 

  
 ………………………………………... (15) 
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Where pseudo first order constant (K1), pseudo second order constant (K2), equilibrium 

adsorption capacity (qe) and equilibrium adsorption capacity at a given t (qt). K1, K2 and qe can 

be determined from the slope and intercept of plotted graph log (qe- qt) versus t, and t/qt versus t, 

respectively. Logqe is the intercept and –k1 is the slope for pseudo first order kinetics. 
 

     
   is 

the intercept and 1/qe is the slope for pseudo second order kinetics. 

Table 12: pseudo first order and pseudo second order kinetics models Parameters.  

Initial 

concentration 

mg/L  

Contact 

time (min) 

qe 

mg/g 

qt 

mg/g 

Log (qe-qt)  

  
 

10 60 0.70 0.66 -1.398 90.91 

15 180 1.029 0.7 - 0.4828 257.14 

20 300 1.35 0.69 - 0.1804 434.78 

25 420 1.656 0.65 0.0026 646.15 

 

a)   b)  

Figure 10: Result of kinetics model (a) pseudo first order kinetic model and (b) pseudo second 

order kinetic model 
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Table 13: Pseudo first order and pseudo-second-order kinetic constants model parameters 

Pseudo first order  Pseudo second order 

Slope Intercept K1 

(min
-1

) 

qe cal. 

(mg/g) 

R
2
 Slope Intercept K2 

(g/min 

mg) 

qe cal. 

(mg/g) 

R
2
 

0.0038 -1.4155 0.0088 0.0384 0.874 1.5361 -11.427 0.21 0.65 0.9969 

Pseudo first order and pseudo second order constant (Table 13) were calculated using (Equations 

12 and 13). Depending on correlation coefficient (R
2
) the kinetics models were determined. 

(Figures 10) shows that the values of correlation coefficient (R
2
) were 0.874 and 0.9969 pseudo 

first order kinetics and pseudo second order kinetics, respectively. The R
2
 of pseudo second 

order kinetics is greater than pseudo first order kinetics. This indicated that an experimental data 

of the present study best fits to the pseudo second order kinetics. Also the value of pseudo first 

order rate constant K1 and the value of pseudo second order rate constant K2 was described 

adsorption kinetics.
 
There is small adsorption rate constant K1 and also the value of K1 < K2; this 

indicates that adsorption kinetics was slower adsorption rate. Larger adsorption rate constant K1 

usually represents a quicker adsorption rate while larger values of adsorption rate constant K2 

represent a slower adsorption  rate (Getachew et al., 2015). 

4.8. Antibacterial Activity  

Synthesized HAp4 and Fe0.05HAp were evaluated on antibacterial activity against gram negative 

E.coli ATCC 25922 bacteria and gram positive S. aureus ATCC 25923 bacteria. Contrimoxazole 

was taken as the standard (positive control) for all bacterial strains and DMSO was taken as 

negative control. Four different concentrations (3.73 mg/L, 7.5 mg/L, 15 mg/L and 30 mg/L) 

were prepared for studying the antibacterial activity. All concentration can be used on one plate 

for one bacteria species during evaluation of antibacterial activity. The evaluation of synthesized 

HAp and Fe0.05HAp on antibacterial activity test against the E. coli ATCC 25922 bacteria and 

S.aureus ATCC 25923 bacteria were recorded in (Table 14).  
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Table 14: Antibacterial efficiency of HAp4 and Fe0.05HAp by different concentration  

Types of sample and 

organism 

Diameter of Zone of inhibition observed at different concentration 

of samples in mm 

No Types of 

sample 

Types of 

bacteria 

3.75 

mg/mL 

(D) 

7.5 

mg/mL 

(C) 

15 

mg/mL 

(B) 

30 

mg/mL 

(A) 

Contrimoxazo

le 

 (+ ve) 

DMSO 

(- ve) 

 

 

1 

 

 

HAp4 

E.Coli 

ATCC 

25922 

9 10 11 11 21 6 

S.aureus 

ATCC 

25923 

6.5 7 8 8 22 6 

 

 

2 

 

 

Fe0.05HAp 

E.Coli 

ATCC 

25922 

7 9 10 11 21 6 

S.aureu

s 

ATCC 

25923 

6 6 6 6 23 6 

 

From (Table 14) the largest inhibition zones were recorded with 15 and 30 mg/ mL concentration 

gram negative bacteria E.coli ATCC 25922 (11 mm) and gram-positive bacteria S. aureus ATCC 

25923  (8 mm). The lowest inhibition zones were recorded with 3.75 mg/ mL gram negative 

bacteria E.coli ATCC 25922 (9 mm) and gram-positive bacteria S. aureus ATCC 25923 (6.5 mm). 

At 3.75 mg/mL concentration the inhibition zone of negative control and the inhibition zone of 

gram-positive bacteria S. aureus ATCC 25923 had closely diameter. This shows that at lower 

concentration of pure HAp4 had low inhibition zone of S. aureus ATCC 25923 bacteria.  
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When synthesized HAp4 compared with standard drug (Contrimoxazole), Contrimoxazole have 

the greatest inhibition effect against both bacteria rather than synthesized HAp4, the control 

solvents (DMSO) has no inhibition zone and showed no effect to the test solutions. Table 14 

shows that the bacterial growth decreases as concentration of HAp4 increases. As it is shown in 

(Table 14) HAp4 is more inhibitory gram-negative bacteria E.coli ATCC 25922 than gram-

positive bacteria S. aureus ATCC 25923. This is due to the cell wall attributes differ between 

gram-negative E. coli ATCC 25922 and gram-positive S. aureus ATCC 25923  bacteria. E. coli 

ATCC 25922 has a relatively thin cell wall made of peptidoglycans while S. aureus ATCC 25923  

has a relatively thick cell wall made of large amount of mucopeptides (Ragab et al., 2014).  The 

permeability of Ca
2+

 ions of HAp is more in gram-negative bacteria due to thin cell walls. Ca
2+

 

ions showed their effect on the oxygen consumed by the bacteria along with the production of 

free oxidative radicals that caused damage of cell membrane of the bacteria (Tejaswini et al., 

2020). The Gram-positive S. aureus ATCC 25923 bacteria are less susceptible to Ca
2+

 ions than 

Gram-negative E. coli ATCC 25922 bacteria due to differences in their membrane structure and 

have thicker cell wall (Ragab et al., 2014). 

From (Table 14) the largest inhibition zones were recorded with 30 mg/ mL concentration 

against E.coli ATCC 25922 (11 mm) and the lowest inhibition zones were recorded with 3.75 

mg/ mL against E.coli ATCC 25922 (7 mm). As concentration of Fe0.05HAp increases, the 

inhibition zone of E.Coli ATCC 25922 bacteria increase. The inhibition zone reflects the bacteria 

sensibility to toxic agents so that the disinfectant-sensitive strains show large inhibition diameter 

and the resistant strains show a smaller or zero inhibition diameter. Figure 12 shows that at 

largest and lowest concentration of Fe0.05HAp no inhibition zone against bacteria S. aureus 

ATCC 25923 was observed. The inhibition zone of negative control (DMSO) and inhibition zone 

of sample was equal in diameter. The thick cell wall of gram-positive bacteria S.aureus resists 

antibacterial agents. The synthesized HAp4 and Fe0.05HAp was already the same inhibition zone 

of gram negative bacteria. Also the synthesized HAp4 was effective on gram positive bacteria, 

while Fe0.05HAp was not effective on gram positive bacteria. In generally, Fe0.05HAp is not 

effective for antibacterial activity, due to the same inhibition zone was observed. 
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Figure 11: Antibacterial activity of HAp4 at different concentrations against E.coli ATCC 25922 

and S.aureus ATCC 25923. 

 

Figure 12: Antibacterial activity of Fe0.05HAp at different concentration against E.coli and 

S.aureus 

Figure 11 and 12 illustrates photographs of the antibacterial tests results of synthesized HAp4 and 

Fe0.05HAp and the details are summarized in (Table14). The presence of an inhibition zone 

indicates the antibacterial effect of the HAp4 and Fe0.05HAp. 
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4.9. Characterization of Adsorbent 

4.9.1. Thermogravimetric Analysis and Differential thermal analysis  

The thermal analysis of synthesized HAp4 was investigated by TGA/ DTA analytical technique. 

TGA curve shows mass loss of the sample, whereas the DTA curve indicates the energy gain or 

loss during the process. Synthesized HAp4 TGA analysis was measured from 31.26 ℃ to 800 ℃ 

at the heating rate 20 ℃/min with a constant supply of non-stop glide of nitrogen.  

The TGA curves of the synthesized HAp4 presents a total weight loss of about 4.41 mg (44.1 %) 

with occurring in three inflection points. The three inflection points were the evaporation of 

absorbed water, dehydration of hydroxides, removal of ammonia and removal of carbonate. As 

(Figure 13) shows that from 31.26 ℃ to 200.63 ℃, 0.539 mg (5.39 %) weight loss was 

observed, this indicate that evaporation of absorbed water. From 200.63 ℃ to 445.64 ℃, 3.84 

mg (38.4 %) weight loss was observed, this indicate that removal of ammonia, carbonate and 

decomposition of HPO4
2-

 to P2O7
4-

 and H2O, and removal of interstitial H2O. From 445.64 ℃ to 

700 ℃, 0.031 mg (0.31 %) a slight weight loss was observed, this indicate that decomposition of 

HPO4
2-

 and removal of interstitial water molecule. (Figure 13) DTA curve shows that all peaks 

are endothermic peaks. After 700 ℃ the synthesized HAp could be decomposed to β-tricalcium 

phosphate (β-HAp). 

The TGA/DTA curves of the synthesized Fe0.05HAp analysis in the range of 23.79 ℃ to 1001.71 

℃ at the heating rate 20 ℃/ min with a constant supply of nonstop glide of nitrogen. The TGA 

curves of the synthesized Fe0.05HAp presents a total weight loss of about 10.71 mg (88.63 %) 

with occurring in three inflection points. (Figure 14) shows that 0.59 mg (4.88 %) weight loss 

was observed from 23.79 ℃ to170.52 ℃, this indicate that evaporation of adsorbed water.  9.16 

mg (75.81 %) weight loss was observed from 170.52 ℃ to 364.33 ℃, this indicate that removal 

of ammonia, carbonate and decomposition of HPO4
2- 

to P2O7
4-

 and H2O, and removal of 

interstitial H2O.  Also 0.96 mg (7.94 %) weight loss was observed from 364.33 ℃ to 700 ℃, this 

indicate that decomposition of HPO4
2-

 and removal of interstitial water molecule. From (Figure 

14) DTA curve shows that at 230 ℃ the removal of ammonia gas.  (Figure 14) DTA curve 

shows that the reaction at 558.06 ℃ was released energy, this is due to exothermic peak was 

observed. An exothermic peak appeared at 558.06 ℃ could be attributed to the further lattice 

dehydration and crystallization of Fe0.05HAp which indicates a reorganization in the structure.  
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The DTA curve of HAp4 there is no exothermic peak was observed but the DTA curve of 

Fe0.05HAp there is exothermic peak was observed. From TGA analysis there is no weight loss 

after 700 ℃. As temperature of calcination increase above 700 ℃ the synthesized HAp4 and 

Fe0.05HAp were decomposed to β-tricalcium phosphate (β-HAp) and also gradually decomposed 

to α-tricalcium phosphate (α-HAp). 

 

Figure 13: The result of TGA and DTA analysis of HAp4 

  

Figure 14: The result of TGA and DTA analysis of Fe0.05HAp   
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4.9.2. X–ray diffraction analysis result 

Crystalline structure, miller indices and space group of synthesized HAp4 and Fe0.05HAp were 

characterized using XRD patterns. Figure 15 shows the XRD spectra of HAp4 and Fe0.05HAp 

synthesized using 4:1 urea mass to calcium precursor mass ratio and mole of iron at x=0.05. For 

HAp4 diffraction peaks were observed at 2θ values, 26.12º, 31.14º, 32.16º and 34.46º which 

corresponds to (002), (211), (112), and (202) plane which confirm the formation of HAp, 

respectively. All the XRD peaks of synthesized HAp4 showed hexagonal phase and the observed 

peaks were fitted with the standard (JCPDS card No. 00-009-0432, space group P63/m). Also the 

diffraction peaks of Fe0.05HAp observed at 2θ positions 26.16º (002), 31.7º (211), 32.2º (112), 

34.72º (202) shows the formation similar crystallized hexagonal hydroxyapatite structure, similar 

result was reported by (Kabir et al., 2012). Fe-HAp undergoes important local geometry 

reorganization. Since Fe
3+

 has a smaller ionic radius than Ca
2+

, it shifts to adjacent 

orthophosphate (PO4
3-

) groups. To retain sufficient coordination, Fe
3+

 ion slightly rotates the 

PO4
3−

 groups and attracts an additional oxygen atom, which could be from OH group. The Fe
3+

 

forms the shortest bond with oxygen from the closest hydroxyl (releasing H
+
). The Fe…O 

distance bond is smaller than Ca…O distance bond (Goldberg et al., 2021). During shift of peak 

was appeared an interstitial defect of Ca
2+

 ion site is formed due to Fe
3+

 ions substitute Ca
2+

 ions. 

This is due to every two Fe
3+

 ions could be substitute with three Ca
2+

 ions to provide the ionic 

balance (Kaygili, 2019).  

 

Figure 15: Result of X-ray Diffraction a) HAp4 and b) Fe0.05HAp 
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The crystallite size and average crystallite size of the synthesized HAp4 and Fe0.05HAp powders 

were determined from the four broadening peak. The Scherer’s formula was used to calculate the 

crystal size from the XRD spectra as given in (Equation 16). 

D =   
  

     
 …………………………………………………………………………………….. (16) 

Where, D is the crystallite size (nm), k is the Scherer constant (0.94 for spherical hexagonal 

structure), λ is the wavelength of the X-ray radiation (0.15406 nm), and β is the experimental full 

width at half maximum intensity of the diffraction peak under the consideration peak; θ is the 

diffraction angle (degree). The crystallite size of HAp4 was 32.54 nm and the crystallite size of 

Fe0.05HAp was 27.91 nm.  This finding is in good agreement with the findings of a result 

reported by (Kaygili et al., 2014). This indicated that the addition of Fe into HAp4 decreases the 

crystallite size. This is due to the ionic radius of Fe
3+

 (0.064 nm) is smaller than that of Ca
2+

 

(0.099 nm).  For the addition of Fe into HAp4, it can be assumed that every two Fe
3+

 ions 

substitute with three Ca
2+

 ions to arrange for the ionic balance (Kaygili, 2019).  
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Table 15: Crystallite size and average crystallite size of HAp4 and Fe0.05HAp 

Types of 

sample 

2theta  

(degree) 

Cosθ β(rad) K λ(nm) Crystallite  

Size 

Average 

crystallite 

size 

HAp4 26.12 0.9741 0.0042 0.94 0.15406 35.4  

32.54 nm 31.14 0.9633 0.00548 0.94 0.15406 27.43 

32.16 0.9609 0.00506 0.94 0.15406 29.78 

34.46 0.9551 0.00404 0.94 0.15406 37.53 

Fe0.05HAp 26.16 0.9741 0.005102 0.94 0.15406 29.14  

 

27.91 nm 

31.7 0.962 0.006074 0.94 0.15406 24.78 

32.2 0.9608 0.00543 0.94 0.15406 27.8 

34.72 0.9544 0.00508 0.94 0.15406 29.9 

 

The interplanar spacing and lattice parameters both were described the properties of the 

synthesized material. The interplanar spacing is the perpendicular spacing between the parallel 

planes (hkl). The interplanar spacing and lattice parameters of HAp4 and Fe0.05HAp were 

calculated by using major peaks. Interplanar spacing and lattice parameters of hexagonal 

structure of HAp4 and Fe0.05HAp can be calculated by (Equations 17 and 18).  

d = 
  

     
   …………………………………………………………………………………...… (17) 

 

  
   

  
 

      
           

  

  
  ………………………………………………..………...... (18) 

Where, d-spacing interplanar (nm), θ Peak position, λ is X-ray wavelength (0.15406 nm), n order 

of diffraction (1), D is crystallite size (nm), lattice parameters (nm).  
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The lattice parameters (a-c) were calculated from the two miller indices (300) and (002) planes 

corresponding to peak position 33.1º and 26.12º, respectively. For the first miller indices the 

value of h =3, k and l = 0. For the second miller indices the value of l = 2, h and k = 0.  For HAp4 

lattice constant: a =      √   , a = 0.940 nm, c =        , c = 0.6818 nm. For Fe0.05HAp lattice 

constant: a = 0.934 nm, c = 0.6806 nm. From the calculation the lattice constant (a-c) decreases 

from 0.940 nm to 0.934 nm, 0.6818 nm to 0.6806 nm, respectively. The lattice parameters 

slightly decreased as the Fe
3+

 was introduced due to the difference in the ionic radii of Fe
3+

 

(0.064 nm) compared to ionic radii Ca
2+

 (0.099 nm) (Goldberg et al., 2021). The substitution of 

ionic radii of Ca
2+

 ions by the smaller ionic radii of Fe
3+

 ions led to a greater decrease in the 

parameter a compared to parameter c.  
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Table 16: d-spacing interplaner and Lattice parameters were determined from the major peaks of 

HAp4 and Fe0.05HAp.  

Types of 

samples 

2 theta Theta 2sinθ d-spacing 

(nm) 

λ (nm) Lattice parameters 

a (nm) c (nm) 

 

 

HAp4 

26.12 13.06 0.4519 0.3409 0.15406  

 

0.6818 

31.14 15.57 0.5368 0.287 0.15406  

32.16 16.08 0.5539 0.278 0.15406 

33.02 16.51 0.5683 0.2711 0.15406 0.940 

34.46 17.23 0.5924 0.260 0.15406  

 

 

Fe0.05HAp 

26.16 13.08 0.4526 0.3403 0.15406  

 

0.6806 

31.7 15.85 0.5462 0.282 0.15406  

32.2 16.1 0.5546 0.278 0.15406 

33.1 16.55 0.5697 0.2704 0.15406 0.937 

34.72 17.36 0.5967 0.258 0.15406  

 

4.9.3. Fourier-Transform Infrared Spectroscopy  

The functional group and additional impurities were characterized by Fourier-Transform Infrared 

Spectroscopy. The functional groups of HAp4 and Fe0.05HAp compositions Ca10-xFex 

(PO4)6(OH)2 at x= 0.05 were characterized using FT-IR spectra in the range 4000 - 400 cm
-1

. 

Figure 16 shows that the formation of hydroxyapatites clearly seen in FTIR spectra of all FTIR 

spectra. The vibrational frequencies were observed due to the presence of PO4
3-

, OH
- 
functional 

groups and lattice vibrations for HAp. There is no large shift of vibration band of Fe0.05HAp.  
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From (Figure 16) there are four main absorption regions; the symmetric P-O stretching bands 

(900 - 1000 cm
-1

), symmetric O-P-O bending mode (400 - 500 cm
-1

), asymmetric P–O stretching 

bands (1000 – 1200 cm
-1

) and asymmetric O-P-O bending mode (500 – 700 cm
-1

) ( Singh et al., 

2018). The functional group PO4
3-

, absorption peak of asymmetric P–O stretching at 1026 cm
-1

 

and 1135cm
-1

, absorption peak of P–O bending at 558 cm
-1

, absorption peak of symmetric P–O 

stretching vibrations at 931 cm
-1

 and absorption peak bending vibration of O-P-O at 495 cm
-1

 

and 450 cm
-1

were observed confirming the formation of the hydroxyapatite. A broad peak 

observed at 3437 cm
−1

 depicts the lattice vibration of OH
-
 stretching. The absorption peak of 

hydroxyl groups (OH
−
) bending mode appeared at 1639 cm

-1
, due to adsorbed water on the HAp 

surface.  A large absorption band observed in the synthesized samples at 1639 cm
-1

 the presence 

of physically adsorbed water (Dardouri et al., 2017). The physically adsorbed water might be 

come from the solvent of water, Ca (NO3)2.4H2O and Fe (NO3)3.9H2O for the synthesized HAp4 

and Fe0.05HAp. 

The appearance of the weak absorption peak for C-O vibration bonds of carbonate ion (CO3
2-

) at 

1457 cm
−1 

which substitute PO4
3-

 is associated with the presence of CO2 from the air (1500–1400 

cm
−1

). The substitution of CO3
2−

 mainly occurred in the B- type carbonate of the HAp structure. 

The weak absorption bands of CO3
2-

 that substitute PO4
3-

 functional group shows small amount 

of CO3
2-

 substitute PO4
3-

. Such substitution of CO3
2-

 was responsible for the decrease of the 

crystallinity of the product. Carbonate ion that substitute phosphate was come from the 

atmosphere carbon dioxide in the dissolving, stirring, reaction and the drying processes. Also 

absorption peak of CO3
2-

 at 878 cm
−1

 could be substitute of OH
-
. The substitution of CO3

2−
 

mainly occurred in the A- type carbonate of the HAp structure. The Ca/P atomic ratio 1.67 was 

affected by small amounts of CO3
2-

 substitute PO4
3-

. The very weak absorption peak at 604 and 

544 cm
−1 

is characteristic of the pure beta tri-calcium phosphate (β-TCP), and they not clearly 

appear in HAp4 and Fe0.05HAp FTIR spectra. 
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Figure 16: Result of FT-IR a) HAp4 and b) Fe0.05HAp 

4.9.4. Scanning electron microscopy (SEM)  

The surface morphology of synthesized pure HAp4 and Fe0.05HAp crystals were studied using 

SEM image.(Figure 17a and 17b) show that the SEM images of both pure HAp4 and Fe0.05HAp 

(at x = 0.05) synthesized with urea fuel were agglomerated and without clear grain 

morphologies. Agglomerate is a loose arrangement of primary particles or aggregates or a 

mixture of the two attached, for instance, at the corners and edges. Agglomerate corresponds to 

the case when the dispersed particles are held together by weak physical interactions. The total 

surface is identical with the sum of the surfaces of the individual particles. An aggregate consists 

of primary particles attached at their surfaces. Aggregation is the process of formation of clusters 

of particles via gathering small particles by forming strong chemical bonds. The aggregation and 

agglomeration of nanoparticles reduces the potential enhancement of mechanical properties in 

nanomaterial, this is due to the restriction of interfacial area. Fe0.05HAp is more agglomerate than 

HAp4 because the particle size and lattice parameters of nanomaterial were decreased.  
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Fe0.05HAp decreases the particle size and lattice parameters, due to the ionic radius of Fe
3+

 

(0.064 nm) is smaller than that of Ca
2+

 (0.099 nm) and cause agglomerate. There was also a 

tendency of c/a ratio decrease with a higher amount of the Fe
3+

 which will contribute to the 

morphology of the powders. 

 

 

Figure 17: The SEM image a) HAp4   b) Fe0.05HAp. 
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5. CONCLUSION AND RECOMMENDATION 

5.1. Conclusion 

In this work Fe-HAp were synthesized from commercial chemicals through the combustion 

method and used for defluoridation of water by adsorption method and antibacterial activity by 

disc diffusion method. The adsorption data fitted well with the Freundlich adsorption isotherm 

models with a good correlation coefficient value which indicates multilayer adsorption on the 

heterogeneous adsorbent surface. The fluoride removal efficiency of Fe0.05HAp at pH 3, 95.6 % 

and at pH 7, 91.1 % as measured by FISE; it shows that the adsorption of fluoride is pH 

dependent.  The synthesized Fe0.05HAp was applied to the ground water under optimum 

adsorption conditions at (contact time 3 hr, adsorbent dosage 0.7 g, pH 3, volume of solution 50 

mL shaking speed 150 rpm and 6.9 mg/L of fluoride concentration of synthetic water and ground 

water and found to be effective with 98 % and 82.9 % fluoride removal efficiency, respectively. 

The maximum adsorption capacity of synthesized Fe0.05HAp was 4.2 mg/g. The maximum 

inhibition zone of gram-negative bacterial strains E. coli ATCC 25922 11 mm was measured for 

HAp and Fe0.05HAp. But there is no inhibition zone of gram-positive bacterial strains S.aureus 

ATCC 25923 was measured for Fe0.05HAp. In generally, it concluded that Fe0.05HAp can be 

employed for fluoride removal from groundwater rather than antibacterial activities.  

5.2. Recommendation  

Synthesis Metal doped-HAp by combustion method by using fuel is one of the emerging 

research areas with future prospective. Therefore, further studies may be needed for the synthesis 

Metal doped HAp to lower the calcinations temperature of pure and Metal doped HAp. 
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7. APPENDICES 

In this section includes the calculation parts, table and figures which is not included in the main 

body or textual body of the research report.  

Appendix A: Experimental data 

1. Moles calculation for calcium reduced and Fe doped HAp   

i. For Ca10-xFex (PO4)6(OH) 2 at x=0.01 from 0.03 mole of Ca. 

Mole of Fe = 
                   

          
  = 0.00003 mole of Fe 

Mole of Ca = 0.03 mole – 0.00003 mole = 0.02997 mole Ca 

ii. For Ca10-xFex(PO4)6(OH)2 at x=0.03 from 0.03 mole of Ca 

Mole of Fe =
                

          
 = 0.00009 mole of Fe 

Mole of Ca = 0.03 mole – 0.00009 mole = 0.02991 mole Ca 

iii. For Ca10-xFex(PO4)6(OH)2 at x=0.05 from 0.03 mole of Ca 

Mole of Fe = 
                 

          
 = 0.00015 mole of Fe 

Mole of Ca = 0.03 mole – 0.00015 mole = 0.02985 mole Ca 

iv. For Ca10-xFex(PO4)6(OH)2 at x=0.07 from 0.03 mole of Ca 

Mole of Fe = 
                

          
 = 0.00021 mole of Fe 

Mole of Ca = 0.03 mole – 0.00021 mole = 0.02979 mole Ca 

v. For Ca10-xFex(PO4)6(OH)2 at x=0.1 from 0.03 mole of Ca 

Mole of Fe = 
                

          
= 0.0003 mole of Fe 

Mole of Ca = 0.03 mole – 0.0003 mole = 0.0297 mole Ca 

2. Preparation of fluoride concentration for calibration 
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Table1: calibration standard solution 

Fluoride  

Concentration  

2 ppm 4 ppm 6 ppm 8 ppm 10 ppm 

Volume of 

deionized 

water in mL 

24 18 12 6 0 

Volume of 

standard 

solution(10 

ppm) in mL 

6 12 18 24 30 

 

3. Removal efficiency of fluoride of real water 

FISE reading = - 69 mV 

-69 = 57.95 X - 64.876, - 69 +64.876 = 57.95 X, X = - 4.124/57.93, X = - 0.0712 

- log [F
-
] = - 0.0712, [F

-
] =          , [F

-
] = 1.18 mg/L 

% 6.9 mg/L = 
                      

        
 x 100 = 82.9 % of real water 

Adsorption capacity = 
                    

     
 x 0.05 L = 0.41 mg/g 
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Appendix B: Experimental Picture  

 

Figure 1: Experimental flow charts of synthesized HAp from urea optimized. 

 

Figure 2: Experimental flow charts of synthesized Fe- HAp from iron mole optimized.  

 

 


