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Abstract

Functionalized hydroxyapatite was synthesized from cow bone as model adsorbent for the removal of manganese and iron which often occurs as geogenic contaminants in untreated surface and ground water. The adsorption behaviour was studied by batch method. Prepared adsorbent was characterized using Scanning Electron Microscopy (SEM), Energy Dispersive X-ray (EDX), and X-ray Fluorescence. The effect of initial concentration, pH value of aqueous solution, contact time, adsorbent dose and temperature were the parameters used in determining the optimum conditions of the adsorption process. 60 minutes was established to be the adsorption equilibrium time and the equilibrium adsorption experimental data for the metals were establish to suit the Langmuir adsorption isotherms best and the maximum adsorption capacity was 14.68 mg/g and 2.54 mg/g for Mn and Fe respectively. The adsorption kinetics for the adsorbates was defined best by the pseudo second order kinetic model. The adsorption process is endothermic as revealed by the thermodynamic experiment and the reaction is spontaneous as shown from the values of the free energy change. The hydroxyapatite (adsorbent) was applied to typical raw water with 1.52 mg/l and 3.89 mg/l as the initial concentration of manganese and iron respectively and the removal efficiency for Mn and Fe was 91% and 48% respectively. The results shows that the functionalized hydroxyapatite has great prospective for wastewater and water treatment.
 Keywords
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Introduction

The development of effective water treatment methods has been a major challenge for researchers in developing countries
and around the world. With growing population, the demand for groundwater has been constantly going up every year. Both
groundwater and surface water are tainted by heavy metals which in return generate an environmental hazard due to the fact
that metals are not eco-friendly and cause severe contrary effects on human vigor [1]. The existence of manganese and iron
compounds in ground and surface water is a severe environmental condition which poses a significant danger to end user and
to the natural environment [2]. Due to the reducing conditions of manganese and iron which favors soluble +2 oxidation state,
they are found in many ground waters. The management of agricultural wastes is indispensable and a crucial strategy in global
waste management. Excess concentration of any type of waste in the environment can become a threat to humans, animals,
and vegetation [3]. Some natural biomaterials have been used recently as an adsorbent. The advantages of adsorbents from
biomaterials include low operational cost and biodegradability. Rice husk carbon, moringa seeds, fish bones, and various fruit
seeds are some of the biomaterials that have been used to remove heavy metals from aqueous solution [4].

Hydroxyapatite (HAP) is a sparingly soluble, stable and inexpensive salt that can be produced through precipitation from
calcium phosphate solutions. HAP can remove some heavy metal ions like Cd, Mn, Zn, Co, Fe and Pb ions. Natural HAP is easier
to produce and cheaper than synthetic HAP. The adsorption capacity of Natural HAP has been discovered to be almost the same
with synthetic HAP. For these reasons, Natural HAP can be a good substitution for synthetic type [5]. Bazargan-Lari et al. [5] in their
study used natural hydroxyapatite derieved from bovine femur, tibia, humerus and ulna/chitosan composite for the uptake Zn
ions from aqueous solution. In their result they reported that the sorption of zinc ion onto N-HAP/chitosan composite follows the
second- order rate kinetics. Values of ΔG° show that the sorption of the Zn (II) ion onto N-HAP/chitosan composite is a favorable
spontaneous process. In another related study, Poonam et al investigated the feasibility of the Mg-HAP powder for fluoride removal from aqueous solution. The Mg-HAP adsorbent developed for fluoride removal from aqueous solution has very good potential
for defluoridation with a capacity of 1.4 mg/g and with 10 g/L, Fluoride removal of 92.34% was achieved and equilibrium was
reached in 180 min.

The focal objective of this study is to explore the potential use of cow bone, an agricultural waste material as low cost bioadsorbent
for removal of iron and manganese ions from aqueous solution and real raw water from a local dam. The effect of pH,
temperature, the effect of initial concentration, adsorbent dose, the effect of contact time on the sorption capacity are some
physical–chemical and thermodynamic parameters that were investigated. The data obtained is fitted into some established
literature kinetic mathematical models and thermodynamics parameters to determine the kinetics of adsorption.

Materials and Method

Collection of Cow Bones Waste Material

The raw material (Cow bones) collected which is an agro-residue waste material were collected from an abattoir at a local
market in Ilorin, Kwara State of Nigeria.

Preparation of Adsorbent

Cow bone was deproteinized externally with 1 (M) HCL solution and finally 1(M) NaOH solution was added for removal
of remaining proteins. The cow bones were then thoroughly washed with distilled water and dried in the oven (60-70°C). The
dried samples were then calcined in air atmosphere for an hour at different temperatures viz. 1000°C, 1100°C and 1200°C
to obtain HAP phase. The calcined bones were grinded to particle size of less than 300 μm and further dried in the oven [6]. The
hydroxyapatite obtained was washed with about 140 ml acetone and dried in an oven at 100°C for 4-5 hours. The hydroxyapatite
surface was then reacted with 25 g of ethylenediaminetetraacetic acid (EDTA) in 188 ml of mixed ethanol and acetic acid (1:1)
solution at 76°C for 16 hours.

Characterization of Adsorbent

Archimedes’ principle was the basis used in determining the bulk density of the hydroxyapatite. The equation below was
used to determine the bulk density:
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The weight of empty measuring cylinder and the weight of cylinder ﬁlled with sample is W1 and W2 respectively and the
volume of cylinder is V.

The pH of the adsorbent (hydroxyapatite) was determined by weighing 1 g of the adsorbent, boiled for 5 min in a beaker
containing 100 ml of distilled water. The solution was diluted to 200 ml with distilled water and cooled at room temperature. A pH
meter (model ATPH-6) was used to determine each of the pH and the readings were documented.

The major functional groups present in the adsorbent were determined by Fourier transform infrared spectrometry (FTIR-
8400S).

X-ray ﬂuorescence (XRF) spectrometry was used to determine the elemental composition of the adsorbent. For further
analysis of the elemental compositions of the sample, energy-dispersive spectroscopy (EDX) was employed (Xflash 6TI30 Bruker).
The microstructure and surface morphology and of the functionalized HAP were envisaged by means of scanning electron
microscopy (Nova Nano SEM 450).

Batch Adsorption Experiments

The adsorption experiment were conducted using with 20 ml of solutions containing heavy metal ions of preferred
concentrations and 0.1 g of FHAP in 100 ml poly vinyl chloride(PVC) bottles at constant temperature of 28 ± 2°C. A mechanical
shaker was used to shake the mixture for 5 h and with the use of Whatman ﬁlter paper No 1, the mixtures were filtered. The exact
concentrations of metal ions in the initial and ﬁnal solution were determined spectrophotometrically. The equation below was
used to calculate the percentage (%) adsorbed.

Where the initial and ﬁnal concentrations of the metal ions in solution where Co and Ce respectively.
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Adsorption Isotherm Studies

Langmuir isotherm was used to fit the experimental data [7] and freundlich isotherms [8] were also used in the interpretation
of the data. Langmuir equation is represented thus:

[image: image]

Where Ce is the equilibrium concentration of adsorbate (mg/l-1) and qe is the amount of metal adsorbed per gram of the adsorbent at equilibrium (mg/g). b (l/mg) and qm (mg/g) are Langmuir constants related rate of adsorption and adsorption
capacity respectively. The values of qm and b were calculated from the slope and intercept of the Langmuir plot of Ce versus Ce/
qe [9]. The empirical equation proposed by Freundlich is:

[image: image]

Where the weight adsorbed per unit weight of adsorbent is q and the concentration of the metal solution is C. Kf and n are
coefﬁcients. By taking logarithm of the equation and rearranging: log q

[image: image]

The strength of adsorption in the adsorption process is a function of 1/n while the constant Kf is an approximate indicator
of adsorption capacity. Linearization of the above equation by making use of mathematical techniques, the values for n and Kf can be obtained [10]. A normal adsorption is an indication that the value for 1/n is below 1. When the partition between the two
phases is independent of the concentration then it indicates that the value for n is equal to 1.Subsequently, if 1/n is above 1 it
shows cooperative adsorption [11].

Adsorption Kinetics Studies

Lagergren equation which is also known as pseudo-first order rate expression. The experimental data obtained from the
experiment at different contact time has been used to test the lagergren equation. It is expressed using this equation.
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the slope and intercept of the plot of log (qe - qt) versus t are determined from the values of kad and qe. kad (min-1) is the
equilibrium rate constant of pseudo- ﬁrst order adsorption and qe (mg/g) is the mass of metal adsorbed at any time t

To further analyze the adsorption data obtained, pseudo second order model was also used. This model is centered on
assumption that adsorption trails a second order mechanism [12]. This pseudo second order model is expressed as:
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The slope of the plot of t/qt versus t gives the value for qe and the pseudo-second order rate constant (g/mg/min) is K2.

Thermodynamic Study

By varying the temperature conditions between 30 and 70°C the thermodynamic parameters were obtained while keeping
other variables constant.The variables that were kept constant include metal concentration, pH, contact time and adsorbent
dose. The values of the thermodynamic parameters were calculated using the expression below:

ΔG°=-RTlnKd

where ΔG° is the standard Gibb’s free energy change for the adsorption process (J/mol), R is the universal gas constant
(8.314 J/mol/K) while T is the temperature (K). Kd is the distribution coefﬁcient of the adsorbate. The plot of ln Kd versus 1/T gives
a straight line with the slope and the intercept giving values of ΔH° and ΔS°.

InKd=ΔS/R- ΔH/RT

These values could be used to compute ΔG° from the Gibb’s relation,

ΔG=ΔH - TΔS

Where Kd is the distribution coefﬁcient of the adsorbate, and it is equal to qe/Ce (l/g). T is the temperature (K), R=8.314 ×
10-3 kJ K-1 mol-1, qe is quantity of metal ion adsorbed (mg/g) and Ce is the equilibrium concentration of metal ion solution (mg/l).
ΔG was calculated from the equation at temperature of 303–313 K.

Application of Batch Optimization Conditions for the Removal of Mn and Fe from Untreated Dam Water

The raw Unilorin dam water was collected and thereafter contacted with the prepared FHAP using the optimized condition
obtained from the experiment for the adsorption process [13].

Results and Discussion

The results of the physical chemical properties are summarized in Table 1.

Table 1. Physical Chemical properties.


	Properties	FHAP
	pH	7.5
	Bulk density	0.4533
	Particle Size	300<θ<250




X-ray Fluorescence Spectroscopy Analysis

The elemental analysis of the FHAP is summarized in Table 2. The result obtained from this analysis reveal that calcium is the
major composition of the adsorbent with a percentage composition of 58.44%. While phosphorus constitutes 32.40%.The Ca/P
ratio is 1.74/1.81 for HAP/FHAP respectively which is in agreement with the values reported by Lee et al. [14] in his investigation.
The data obtained from XRF of FHAP revealed the introduction of N-group onto the hydroxyapatite (HAP).This provides an evidence
for the functionalization.

Table 2. X-ray Fluorescence of FHAP.


	Elements	Concentration%
	Ca	58.44
	P	32.4
	Mg	0.65
	Na	0.73
	O	0.93
	K	0.42
	N	4.42
	C	2.01




SEM-EDX Analysis

The SEM images of the functionalized hydroxyapatite (FHAP) at different magnifications are shown in Figure 1. The SEM
image of the FHAP shows that the adsorbents are in aggregate form which could have been caused by the large surface area. The
SEM image of the FHAP at magnification of 50,000 shows that FHAP is in aggregate form. This irregular shape of the particles and
also their large sizes might be due to grinding the calcined bone during the production of the hydroxyapatite [13].The morphology of
the hydroxyapatite revealed a porous crystalline structure with particle aggregation of various sizes. The occurrence of pores in the
hydroxyapatite is very vital as this would affect greatly the uptake of the metal ions and the reactant molecules from the solution.
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Figure 1. SEM images of FHAP.







The results of the SEM-EDX analysis showed the Ca/P ratio of the FHAP investigated in this study varies between 1.46
and 2.01 with an average of 1.80 respectively. The values of Ca/P ratio reported by Lee et al during synthesis of hydroxyapatite
from cuttlefish bone and phosphoric acid were 1.70 and 1.64 for two different mixing ratios of the calcined cuttlefish bone to
phosphoric acid. The Ca/P ratio found in the present investigation agrees with the above values reported by Lee et al. [14]. The
energy-dispersive X-ray spectroscopy (EDX) spectrum of FHAP given in Figure 2 depicts the presence of magnesium, calcium,
phosphorus, and oxygen in the structure and Nitrogen.
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Figure 2. EDX Spectrum of FHAP.







FTIR

The FTIR spectrum of FHAP is presented in Figure 3. It shows a series of bands in the mid infrared region ; a strong band
at 1033 cm-1 another band at 2359 cm-1 with a shoulder at 2340 cm-1 and also a small sharp band at 609 cm-1. Different types
of chemical bonds which are present in various components of hydroxyapatite give characteristic infrared absorption bands.
All bands observed in the FTIR of Figure 2 are associated with the inorganic components of bone which were present in the
hydroxyapatite. These bands present can be divided into three main groups which are phosphate, carbonate and hydroxyl groups.
From the FTIR spectrum at approximately 1558 cm-1, CO32- is observed and is described as substitutes phosphate ion, B type HAP
is formed (Table 3). Strong peak at approximately 1033 cm-1 denotes PO43- and resembles those observed by Raynaud et al. [15].
Medium and peaks of OH- group were spotted at approximately 1460 cm-1, this correlates with Destainville et al. [16].
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Figure 3. Infrared Spectrum of FHAP.







Table 3. Functional groups of FHAP.


	FHAP	Assignment
	1033.25	Assymetric stretching vibrations of PO43-
	1460.69	OH bending vibrations
	1558.84	C=O of CO32-
	2359.89	C≡N
	874.93	PO43-




Results of Adsorption Studies

Effect of initial concentration: The results obtained are represented in Figures 4 and 5.With initial concentration of the
metal solution the quantity of metals adsorbed by the adsorbent (FHAP) increased until equilibrium was reached. The highest
amount of Fe(II) ion adsorbed using FHAP was 1.80 mg/g and for Mn(II) is 12.02 mg/g. From the amount adsorbed it is evident that
FHAP has higher capacity for manganese than iron. As there is an increase in the driving force which arises from the concentration
gradient between the bulk solution and the surface of the FHAP, increase in the adsorption capacity was observed. At higher
concentrations, the active sites of the adsorbent were surrounded by more Fe(II) and Mn(II) ions and the process of adsorption
continues until equilibrium is reached.
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Figure 4. Effect of concentration on the sorption capacity of Mn2+ onto FHAP.
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Figure 5. Effect of concentration on the sorption capacity of Fe2+ onto FHAP







Effect of pH: It was observed that the percentage removal was increased from 6 to 44% for Fe(II) ions and from 26 to 47%
for Mn(II) ions as pH increased from 2-8.The maximum removal for Fe(II) and Mn(II) ions was found to be 44% and 49% at pH 6.
This phenomenon may possibly be partly ascribed to the fact that when the pH values increased, the adsorbent surfaces were
more negatively charged and thereby attracted to metal ions with positive charges, as a result causing the adsorption onto the
FHAP surface [17]. When the maximum adsorption limit is reached, it results into decreasing adsorption efficiency (Figure 6). This
decrease in adsorption efficiency may be due to the formation of soluble hydroxylated complexes of the metal ions and the nature
of their ionization. Furthermore, at higher pH levels, hydroxide will be formed from Fe(II) and Mn(II) forms and become precipitated.
Therefore it cannot be concluded that adsorption or precipitation is responsible for the removal of Fe(II) and Mn(II).
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Figure 6. Effect of pH on the sorption capacity of Mn2+ and Fe2+ onto FHAP.







Effect of contact time: Contact time effect on the uptake of Fe(II) and Mn(II) onto FHAP was studied and is represented in Figure 7. It was observed that the contact time increased up to 60 minutes as the quantity Fe(II) and Mn(II) removed increased.
There was no considerable increase after 60 min, the sorption efficiencies for Fe(II) and Mn(II) were 38.97% and 42.10%
respectively and 36.65% and 40.71% after 60 min respectively using FHAP. This result may be due to the use of vacant adsorption
sites on the adsorbent surface. During the initial stage of sorption, a large number of vacant surface sites were available for
adsorption. After a lapse in time, the remaining vacant surface sites were occupied due to repulsive forces between the solute
molecules on the adsorbent surface and the bulk phase [18].
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Figure 7. Effect of contact time on the sorption capacity of Mn2+ and Fe2+ onto FHAP.







Effect of adsorbent dose: The study on the effect of adsorbent dose is indispensable and very expedient in order to find out
the most favorable amount of hydroxyapatite necessary for the removal of Fe(II) and Mn(II) ions. Figure 8 illustrated the effect of
the adsorbent dose on the sorption capacity of Fe(II) and Mn(II) ions. The sorption efficiencies of Fe(II) and Mn(II) were found to
increase exponentially with the increase of adsorbent dose up to 0.15 g. This may be due to the increase in availability of surface
active sites resulting from the increased dose of adsorbent. At higher dosages, 0.15 g and 0.2 g, sorption was almost the same
and at maximum. The adsorption site was used up when the adsorption dose reached a certain rate, hence it leads to reduced
tendency of the particles to adsorb more ions to its surface [19].
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Figure 8. Effect of adsorbent dose on the sorption capacity of Mn2+ and Fe2+ onto FHAP.







Effect of temperature: As temperature increases, the removal efficiency of both Mn2+ and Fe2+ increases which was due to
increase in number of active sites and the decrease in the thickness of the boundary layer surrounding the FHAP. Furthermore,
increasing temperature resulted in an increase in the rate of approach to equilibrium (Figure 9). The decrease in adsorption with
the rise of temperature may be due to the formation of the adsorbate– adsorbent complex which becomes unstable resulting in
the escape from solid phase to the bulk solution [20].
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Figure 9. Effect of contact time on the sorption capacity of Mn2+ and Fe2+ onto FHAP







Adsorption isotherms: The Freundlich and Langmuir isotherms were used to define the results of the adsorption experiments.
Batch adsorption isotherms were carried out on sorption of manganese and iron using FHAP at room temperature. The data
obtained from the adsorption isotherm are represented in Figures 10-13.
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Figure 10. Langmuir plot for sorption of Mn(II) ions on FHAP.
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Figure 11. Freundlich plot for sorption of Mn(II) ions on FHAP.
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Figure 12. Langmuir plot for the sorption of Fe(II) ions on FHAP.
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Figure 13. Freundlich plot for the sorption of Fe(II) ions on FHAP.







The results of Langmuir isotherm best fitted adsorption Mn(II) on FHAP with correlation coefficient R2 0.98 and reasonably
fitted the adsorption for Fe(II) with correlation coefficient R2 0.96. The plots of Ce versus Ce/qe for Mn(II) and Fe(II) are shown in Figures 10 and 12. Table 4 also shows the linear isotherm parameters (qm, b) and the correlation coefficient. Maximum sorption
capacity, qm of Mn(II) is 12.87 mg/g which is larger than that of Fe(II) of 2.39 mg/g, this shows that the FHAP has greater ability to
adsorb Mn(II) than Fe(II). The good agreement of Langmuir isotherm with the adsorption may be due to homogenous distribution
of active sites on the adsorbent since the Langmuir equation assumes that the surface is homogenous [21-26].

Table 4. Thermodynamics parameters for Mn(II) and Fe(II) ions.


	Metals	Enthalpy change ΔH(KJ/mol)	Entropy change ΔS(KJ/mol/k)	Gibbs free energy change ΔG(Jmol-1)
	Mn(II)	9383.18	34.98	-1565.56
	Fe(II)	8183.55	27.47	-414.56




The freundlich isotherm also fairly describe the adsorption process with correlation coefficient R2 0.89 for Mn(II) and 0.66 for
Fe(II). The values for kf and 1/n were determined from the slope and intercept of the plot of log Ce versus log qe. The freundlich
constant n is (3.50, 2.23) for Mn(II) and Fe(II) respectively.Since the constant lies between 1 and 10,it shows that the adsorption
is favorable.

Thermodynamic Studies

The data obtained for the thermodynamics parameters are presented in Table 4. Some thermodynamic parameters such
as enthalpy change (ΔH), entropy change (ΔS) and Gibbs free energy change (ΔG) could be determined during adsorption studies
using the data obtained from temperature change. The effect of temperature on the sorption of iron and manganese ions onto
FHAP is shown in Figures 14 and 15. There was increase in the removal efficiency of both Fe(II) and Mn(II) as the temperature
increases which was as a result of increase in the number of active sites surrounding the adsorbent. At initial metal concentration
of 20 ppm and pH 6 The free energy change values obtained for the adsorption of Mn(II) and Fe(II) at 313 K were -1565.56 and
-414.56 kJ mol-1 respectively [27-31].
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Figure 14. A plot of InKd against 1/T for sorption of Fe2+ onto FHAP.
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Figure 15. A plot of InKd against 1/T for sorption of Mn2+ onto FHAP.







Adsorption Kinetics

Adsorption kinetics, which is one of the important characteristics defining the adsorption efficiency of the surface of the
adsorbent, describes the solute uptake rate. The results of the kinetic studies of adsorption of Mn2+ onto HAP/FHAP are shown in Figures 16 and 17 while the parameters are shown in Table 5. The kinetic data of Mn(II) and Fe(II) interactions with FHAP were,
therefore, tested with different models such as pseudo-ﬁrst order and pseudo-second order. The adsorption data fit best pseudo
second order [32-36]. The adsorption kinetic data for the various models are presented in Figures 16 and 17.



[image: material-sciences-kinetics]


Figure 16. Pseudo-second order kinetics for sorption of FHAP on Mn(II) ions.
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Figure 17. Pseudo-second order kinetics for sorption of FHAP on Fe(II) ions.







Table 5. Kinetics parameters for the sorption of Mn(II) and Fe(II) ions


	Metals	qe	K2	R2
	Mn(II)	8.61	0.0081	0.998
	Fe(II)	8.07	0.0073	0.997




A plot of t versus t/qt was used to determine the correlation coefficient and rate constants. The rate constant was 8.1 × 10-3 and 7.3 × 10-3 g/mg/min for Mn(II) and Fe(II) respectively.

Comparison of Adsorption Capacities of prepared hydroxyapatite

The sorption capacities of the prepared adsorbent (hydroxyapatite) for the sorption of manganese ions and iron ions obtained
from this research work were related with that of other adsorbents that has been stated by past researchers and the comparison
is abridged in Table 6. It showed to be an improved adsorbent for the sorption of Mn(II) ion and Fe(II) ion from aqueous solution
than some of the adsorbents described in prior works [37-41].

Table 6. Comparison of maximum adsorption capacities of different adsorbents for Mn2+ and Fe2


	Mn(II)	Adsorbent	Adsorption Capacity (mg/g)	Reference
	 	Rice husk ash	3.17	[42]
	 	Clay	7.79	[43]
	 	Bovine bone	29.56	[44]
	 	FHAP	12.87	Present work
	Fe(II)	Rice husk ash	66.66	[42]
	 	Pine bark wastes	2.03	[45]
	 	FHAP	2.39	Present work




Removal of Fe(II) and Mn(II) from Unilorin Dam Water

The untreated dam water (Unilorin) was collected and was contacted with the prepared FHAP using the optimized condition
for the adsorption process. The percentage removal of Fe(II) and Mn(II) were 48% and 91% respectively as shown in Figure 18.
The final concentration of manganese from the result after adsorption which was 0.134 mg/l shows that it is safe for drinking
according to the BIS guideline value given by Nigerian Standard for Drinking Water Quality (NIS 554:2007/SON). But in the case
of final concentration of iron, the final concentration was 2.012 mg/l which is still not safe for drinking. Therefore, there is need
for undergoing another cycle of adsorption by contacting with the hydroxyapatite adsorbent [46-51].
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Figure 18. Removal of Fe(II) and Mn(II) from untreated Dam Water using FHAP.







Conclusion

It can be concluded from this study that the functionalized hydroxyapatite prepared from cow bone is an effective adsorbent
for the removal of Fe(II) and Mn(II) ions from aqueous solution. The amounts of Fe(II) and Mn(II) ions adsorbed were found to hinge
on the amount of the adsorbent used, pH, contact time of adsorption, temperature and initial concentrations of the adsorbent.
Langmuir isotherm described all the adsorption processes better than all other isotherm models that were used in the study and
Pseudo second order kinetics was found to described the kinetics of the adsorption process. The values of the Gibbs free energy
got from the thermodynamics study further shows that all the adsorption processes are feasible and spontaneous. The adsorbent
used in the study proved that it is a better adsorbent for Mn(II) since it has the highest value of adsorption.
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