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Abstract. Synthesized hydroxyapatite (Hyd) and Fe-hydroxyapatite (Fe-Hyd) composite were used for the
removal of Methylene Blue (MB) from aqueous solutions in this study. The effect of adsorbent amount, pH
and initial MB concentration were carried out to investigate in the aqueous solution. The kinetic study shows
that the MB adsorption process with Hyd or Fe-Hyd follow pseudo-second order kinetic model.
Experimental results are well fitted to the Langmuir isotherm model. The maximum adsorption capacities of
Hyd and Fe-Hyd were obtained as 2.90 mg/g and 5.64 mg/g for MB according to Langmuir Isotherm
models, respectively. Fe-Hyd composite increased the adsorption capacity of Hyd by 1.95 times that Hyd. It
is concluded that Fe-Hyd composite is promising and economical adsorbent for MB removal in the aqueous
solution.
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1. Introduction

Among the many treatment methods used for dyes and heavy metals removal from wastewater,
adsorption process is one of the efficient, economic and simple methods (Nguyen and Pho, 2014).
Activated carbon is common adsorbent material, but the main disadvantage of it is the high cost
(Mahmud et al. 2012, Wei et al. 2010). Low cost materials have come to gain adsorption process
due to the decreasing operational cost.

Hydroxyapatite [Caio(PO,4)s(OH),, (Hyd)] is an inorganic component, commonly used the
applications of drug delivery systems, bone grafts and the hard tissues of humans (Zhuang et al.
2015, Nie et al. 2012). Also, it has been commonly used for different dyes and heavy metals
adsorption due to the high specific surface area, low water solubility and stability leading to
increase the adsorption capacity (Wei et al. 2010, Yang et al. 2016). Furthermore, it is
environmental friendly and has low-cost and abundant hydroxyl groups (Cui et al. 2014). There
have been many researches on the removal of heavy metals and dyes using hydroxpatite or
modified hydroxyapatite (Mahmud et al. 2012, Allam et al. 2016, Zhuang et al. 2015, Valizadeh et
al. 2016).

The aim of this study is to investigate MB removal using hydroxyapatite (Hyd) and enhance the
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removal efficiency by Fe doped hydroxyapatite (Fe-Hyd) and evaluate according to isotherm and
kinetic models. For these purposes, Hyd and Fe-Hyd have been employed in aqueous solution
containing MB. The adsorbent dosage, pH and initial dye concentration investigated to evaluate in
the effect of MB removal.

2. Materials and methods
2.1 Materials

(NH4)2:HPO;4 (>99.0%, Cat No: 101207), CaCls (=98.0%, Cat No: 102378), NH; (25%, Cat No:
1.05422), FeSO4.6H,0 (>99.0%, Cat No: 103965), FeCl;.6H20 (>99.0%, Cat No: 103943), HCI
(37%, Cat No: 100314), HNO; (=65%, Cat No: 100456) and NaOH (=99.0%, Cat No: 106462)
were purchased from Merck. Distilled water was used to daily prepare all the aqueous solutions.

2.2 Synthesis of composite
Hydroxyapatite and Fe-Hydroxyapatite composites are prepared to use in this experiments.

2.2.1 Preparation of hydroxyapatite composite (Hyd)

Typically, (NH4),HPOs solution was added to CaCls solution slowly with a Ca/P molar ratio of
1.67 at room temperature. The solution pH was adjusted at 10 using NH3 solution. The solution
was ultrasonicated at 10 min and heated at 70°C for 1 hour. The solution was stirred for 24 hours
at room temperature to obtain complete precipitation. After 24 hours aging, precipitation was
rinsed by distilled water several times to remove NaCl from precipitation. Precipitation dried
105°C for 24 h.

2.2.2. Preparation of Fe-Hydroxyapatite composite (Fe-Hyd)

Typically, (NH4),HPO4 solution was added to CaCl; solution slowly with a Ca/P molar ratio of
1.67 at room temperature. FeSO4.6H,O and FeCl;.6H,O was dissolved in 200 mL distilled water
with the molar ratio of Fe** to Fe** to be 2:1 in the solution and iron weight ratio of 5% according
to total weight of Caio(PO4)s(OH),. Two solutions were mixed and the pH was adjusted at 10 using
NH; solution. The solution was ultrasonicated at 10 min and heated at 70°C for 1 hour. The
solution was stirred for 24 hours at room temperature to obtain complete precipitation. After 24
hours aging, precipitation was rinsed by distilled water several times to remove NaCl from
precipitation. Precipitation dried 105°C for 24 h.

2.3 Adsorption experiments

Adsorption experiments were performed using 100 mL volume, 150 rpm shaking speed, 25°C
constant temperature and adsorption time was selected 24 hours. 500 mg/L of MB solution are
prepared using distilled water as a stock solution. The pH was adjusted to the desired levels using
HNOs (1 N) and NaOH (1 N). Taken samples were centrifuged at 4000 rpm for 5 min before
analysis. Composite concentrations, pH and dye concentration were varied at the ranges of 0.25-
2.0 g, 3-11 and 10-100 mg/L, respectively. 50 mg/L MB was used a range of 0.25-2.0 g composite
at pH 7 to investigate the effect of composite amount, 50 mg/LL MB was used a pH range of 3-11 at
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0.75 g of composite to determine the effect of pH and 0.75 g composite was used a MB
concentration of 10-100 mg/L at pH 9 to evaluate the effect of initial MB concentration.

2.4 Analysis

The pH was measured using a pH meter (WTW pH 315i). Synthesized Hyd and Fe-Hyd
composites were characterized using electron scanning microscopy (SEM)-energy dispersive X-
ray analyzer (EDX) (FEI-QUANTA FEG 250) to obtain information about surface properties and
chemical characterization of composites. SEM conditions follow: spot 3.5, HV 2 kV, pressure 50
Pa, detector LFD. The pHy.. (pH point of zero charge) of the samples was determined from the
literature (Asgari et al. 2013). The concentration of Methylene Blue (MB) was analyzed using UV
spectrophotometer (Shimadzu UV-2401 PC instrument) at maximum wavelength (664 nm).

2.5 Adsorption kinetic and isotherm models

Adsorption kinetic constants were calculated at the conditions of 50 mg/L MB, pH=9 and Hyd
or Fe-Hyd amounts 0.75 g and the four different kinetics formulas are given in Table 1. In the
adsorption isotherm studies, the Hyd or Fe-Hyd (1 g) added into solutions at ranging initial MB
concentrations from 10 to 100 mg/L. Later, a series of isotherm models of Langmuir, Freundlich,
Temkin and Dubinin-Radushkevich (D-R) were applied to data sets to calculate according to Table
2.

Error function assessment was used to compare Isotherm models and experimental results. Four
error functions namely average relative error (AER), sum square error (EERSQ), sum of absolute
error (EABS) and hybrid fractional error function (HYBRID) were calculated according to given
in Table 3.

Table 1 Equations of Kinetics

Kinetic Models Linear Equations Reference
Pseudo first order In(q, — q;) = Inq, — kqt Saber-Samandari et al. (2014)
t 1 t
Pseudo second order —=—+— Saber-Samandari et al. (2014)
qc  kpqZ ge
Elowich q: = Eln af + Eln t Saber-Samandari et al. (2014)
Intraparticle diffusion Qe=k,t*° + C; Saber-Samandari et al. (2014)
Table 2 Equations of isotherm models
Isotherm Models Linear Equations Reference
. Ce 1 Ce -
Langmuir — = — Moreno-Pirajén et al. (2011)
qe kLQm qm
Freundlich logq, = logKr +—1logC, Moreno-Pirajan et al. (2011)
n
Temkin qe = B.InA + B.InC, Dawodu et al. (2014)

Dubinin-Radushkevich Ing, = Ing,, — B&* Dawodu et al. (2014)
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Table 3 Equations of error functions

Error Functions Equations Reference
n
100 -
ARE N em — Gec Hashem et al. (2016)
n e dem
i=1
ERRSQ z ((qe’c - qe_m)z) Hashem et al. (2016)
i=1
n
EABS Z:|qe,m — qoc| Sarici 0 zdemir and 0 nal (2014)
i=1

n
100 (qe,m - qe,c)z
n—p ~ em

HYBRID

Sarici 0 zdemir and 0 nal (2014)

Fig. 1 SEM image of Hyd composite

(a) 10000 zoom (b) 20000% zoom
Fig. 2 SEM images of Fe-Hyd composite

3. Results and discussion
3.1 SEM-EDX analysis of composites

SEM analysis of Hyd and Fe-Hyd are given Figs. 1-2. Hydroxypatite has irregular shapes and
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the surface is smooth. On the contrary, the surface of Fe-Hyd is rough due to the iron nanoparticles
on the surface as seen in SEM images. Similar crystalline shapes observed in the literature
(Valizadeh et al. 2016). According to EDX spectrum results that Hyd is mainly composed of
calcium, phosphorus and oxygen as in the literature (Feng et al. 2010). Hyd composite contains
69.1% 0, 15.8% P, 0.6% Cl, 14.4% Ca and Fe is not observed while Fe ratio is 2.0% in the Fe-Hyd
composite.

3.2 Effect of composite amounts

The effect of Hyd or Fe-Hyd composite amount was investigated on the removal of MB (Fig.
3). MB removal increased with enhancing the composite amount both of the composites due to the
increase of the available adsorption sites (Wei et al. 2010). Above 1 g of Fe-Hyd, MB removal
became very slow but it continued to increase with Hyd composite. MB removal was obtained as
11.3% and 63.5% by using hydroxyapatite. MB removal increased from 20.2% to 78.6% when Fe-
Hyd enhanced from 0.25 to 2.0 g composite, respectively. However, the adsorption capacity
dramatically decreased from 2.25 to 1.80 mg/g using Hyd composite and decreased from 4.30 to
3.71 mg/g using Fe-Hyd composite when the composite amount increased from 0.75 to 1.0 g due
to the adding excess surface area of composite. Furthermore, MB removal increased 2.08 times
when 2% of iron nanoparticles doped on the surface of hydroxyapatite.

3.3 Effect of pH

MB removal changes in different pH values is given in Fig. 4. It can be seen that MB
adsorption increased as the pH increased and adsorption of MB enhanced the alkaline conditions
by using Hyd or Fe-Hyd. The effect of pH on adsorption depends on the point zero charge (pHpzc)
of adsorbent and the degree of ionization of the pollutant (Ai et al. 2011). The value of pHy.. was
found to be 7.59 and 7.82 by Hyd and Fe-Hyd, respectively. These result similar in the literature
that the pHy,. of hydroxyapatite was found to between 7.6 and 8.6 (Bell ef al. 1973). This means
that when the solution of pH<pH,., the surface of hydroxyapatite is positively charged and this
leads to decrease the adsorption of the cationic dyes. As known, MB is the cationic dye and higher

100 1 mHyd
B Fe-Hyd

80 A
)
%é,' 60 -
£
&
= 40 -
=

20 A I

O 1 T T
0,25 0,5 0,75 1 1,5 2

Composite Weight (g)
Fig. 3 MB removal changes on different composite concentrations (MB: 50 mg/L, pH 7, 24 h)
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Fig. 4 MB removal changes on different pH (MB: 50 mg/L, composite: 0.75 g, 24 h)
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Fig. 5 MB removal changes on different initial MB concentration (Composite: 0.75 g, pH: 9, 24 h)

adsorption of MB can be favored above the pHp. of hydroxyapatite (Allam et al. 2016). MB
adsorption increased from 5.30 to 37.69% and from 33.01% and 64.51% with the increasing the
pH from 3.0 to 11 by using Hyd and Fe-Hyd, respectively.

3.4 Effect of initial dye concentration

MB removal decreased with increasing initial MB concentration in both composites due to the
saturation of the Hyd and Fe-Hyd surface (Fig. 5). Particularly, MB adsorption efficiencies were
74.7% and 92.1% at 10 mg/L MB concentration and it decreased to 26.6% and 51.2% at 100 mg/L
MB concentrations by using Hyd and Fe-Hyd, respectively. It can be clearly seen that the
adsorption capacity increases all concentrations by using Fe-Hyd composite. It is observed that the
MB adsorption capacity was 1.2-1.9 higher by using Fe-Hyd than Hyd composite at varying initial
MB concentrations. Although MB removal decreased with increasing initial MB concentration,
MB adsorption capacities increased with increasing initial MB concentration. When the initial MB
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concentration increased from 10 mg/L to 100 mg/L, the adsorption capacity increased from 0.9 to
5.1 mg/g while it enhanced from 0.7 to 2.7 mg/g using 0.75 g Hyd or Fe-Hyd composites. This
could be explained that increasing of initial MB concentration supplies the enhancing of driving
force to overcome the mass transfer resistances of the pollutant between the liquids and
hydroxyapatite composites (Low et al. 2013).

3.5 Evaluation kinetics

Although the values of R? is greater than 0.9 in all the kinetic models, the linear fitting results
show that the pseudo-second-order kinetic model gave the best fit according to R? (0.99) from
Table 4. This could be explained that the rate limiting step of MB adsorption by using Fe-Hyd
might be chemisorption between Fe-Hyd and MB. The pseudo second order kinetic rates of Hyd
and Fe-Hyd were found 0.032 and 0.146 g/mg.h, respectively. Srilakshmi and Saraf (2016)
founded that pseudo-second-order kinetic model provides the best correlation than the other
kinetic models for Congo Red dye adsorption using hydroxyapatite and Ag doped hydroxyapatite.
Besides, adsorption of Direct Red 23 using hydroxyapatite is fitted pseudo-second-order kinetic
model (Valizadeh et al. 2016). Elovich and Intraparticle diffusion kinetic gave lowest values of R?
that these kinetics are not suitable for the adsorption of MB using Hyd or Fe-Hyd.

3.6 Evaluation isotherms models

The Langmuir, Freundlich, Temkin and Dubinin-Radushkevich isotherm models applied in this
study and Langmuir, Freundlich, Temkin and Dubinin-Radushkevich Isotherms parameters for
Hyd and Fe-Hyd are given in Table 5. The regression coefficients of both Hyd and Fe-Hyd at
Langmuir Isotherm are greater than that other Isotherm models, indicating that the Langmuir
model fit the experimental well and both of the composite adsorption demonstrated the monolayer
adsorption on the active site of the surface (Nie et al. 2012).

Furthermore, the lowest error function values were observed with Langmiur Isotherm followed
by Temkin Isotherm indicating a better fit than the other models using Fe-Hyd composites while
error values of Temkin Isotherm Model are lower than the Freundlich Isotherm Model using Hyd
composite. The highest error values are obtained the Dubinin-Radushkevich Isotherm Model

Table 4 Kinetic constants values of Hyd and Fe-Hyd

Kinetic Model Parameters Units Hyd Fe-Hyd

. k1 ht 0.201 0.329

Pseudo first order R? ) 0.9360 0.9579
ko g/(mg.h) 0.032 0.146

Pseudo second order R? ) 0.9950 0.9905
A g/mg 2.43 2.60
Elovich B mg/(g.h) 1.71 0.84

R? - 0.9086 0.9438
ki mg/(g.h°®) 0.510 0.989

Intraparticle diffusion R? ) 0.9072 0.9273
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Table 5 Adsorption isotherm model parameters by Hyd and Fe-Hyd derived from Langmuir model,
Freundlich model, Temkin model, and Dubinin-Radushkevich model

Adsorption Isotherm Parameters Units Hyd Fe-Hyd
Omax mg/g 2.90 5.64
Kc L/mg 0.12 0.18
R 0.08 0.05
. R? - 0.9957 0.9947
Langmiur
ARE 5.7009 10.5824
ERRSQ 0.0470 0.2541
EABS 0.4470 0.9938
HYBRID 0.5703 2.8792
n - 2.76 2.34
Kr ma/g 0.60 1.10
R? - 0.9631 0.9410
Freundlich ARE 8.3461 8.9260
ERRSQ 0.1241 1.1287
EABS 0.6679 1.6706
HYBRID 1.4771 5.3031
A L/mg 1.69 2.58
B 0.55 1.00
R? - 0.9929 0.9687
Temkin ARE 3.3238 10.8413
ERRSQ 0.0165 0.5801
EABS 0.2270 1.1341
HYBRID 0.2349 4.1899
Qm ma/g 2.45 4.79
B mg?/J? -6.10°6 -3.10°
R? - 0.9596 0.9798
Dubinin-Radushkevich ARE 23.4687 21.6569
ERRSQ 0.6165 1.0975
EABS 1.2305 1.2392
HYBRID 14.3749 19.5993

for both Hyd and Fe-Hyd composites. It was shown that Fe-Hyd indicated higher MB adsorption
capacity from obtaining Langmuir Isotherm Models. The value of Ry in Langmuir Isotherm should
be between 0 and 1 for the good adsorption (Saber-Samandari et al. 2014). The Ry is 0.08 and 0.05
for Hyd and Fe-Hyd composite, respectively. This suggests that adsorption is favorable for the
uptake of MB both of the composites. The heterogeneity factor which related the bonding between
adsorbent and adsorbate, ranged 0<1/n<0.5 indicated the suitability of adsorption process and it is
founded 0.36 and 0.43 for Hyd and Fe-Hyd composite, respectively (Cui ef al. 2014). Besides, all
the isotherm parameters show to improve by Fe impregnated on the surface of hydraxyapatite.
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Thus, Fe-Hyd composite could be more suitable and effective adsorbent for removing of MB from
aqueous solutions. MB adsorption capacity increased 1.85 times by using Fe-Hyd comparing the
Hyd composite. As shown in Table 5, ERRSQ error function are the lowest values when it
compares the other error functions.

Comparison of experimental results and isotherm models is given in Figs. 6-7. It is observed
that the MB adsorption capacity of Fe-Hyd increases with increasing MB concentration up to
equilibrium due to the availability of active sites on Fe-Hyd composite. On the other hand, MB
adsorption capacity of Fe-Hyd is more appropriate than Hyd composite. It can be seen that
Isotherm Model values are similar and very closed with experimental values. The Freundlich
model for Fe-Hyd and the Dubinin-Radushkevich model for Hyd have the lowest the R? value
when the comparing the other models of R? (Table 5).

qe (mg/g)

14 ‘/'A + Experimental
! Langmuir Isotherm
'." — — —Freundlich Isotherm
- - - - Temkin Isotherm
------- Dubinin-Radushkevich Isotherm
0 T T T T T T T 1
0 10 20 30 40 50 60 70 80
Ce (mg/L)
Fig. 6 Comparison experimental results and adsorption isotherms of MB removal using the
Hyd composite
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Fig. 7 Comparison experimental results and adsorption isotherms of MB removal using the
Fe-Hyd composite
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5. Conclusions

It is demonstrated that the hydroxyapatite composite can be efficiently used the MB adsorption
and MB adsorption capacity could be increased by using iron magnetite doped hydroxyapatite.
Effect of composite amount, pH and initial MB concentration were investigated in this study and
the optimum values were determined. The experiments showed that the pseudo-second-order
kinetic model and the Langmuir model are the best fitted the experiment results both of Hyd and
Fe-Hyd composites. All the experimental results in this study indicate that obtained MB removal
using Fe-Hyd composite is higher than the using Hyd composite at all conditions such as pH,
initial MB concentration, etc. It was concluded that hydroxyapatite could be promising composite
in dye adsorption and enhancing of the adsorption efficiency is provided by iron doping on the
surface of hydroxyapatite.
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