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ABSTRACT

Calcium hydroxyapatite (Ca10(PO4)6(OH)2, Hap) was synthesized by a simple and rapid co-
precipitation method. The samples were characterized by X-ray diffraction analysis, FT-IR
spectral analysis, and transmission electron microscopy coupled energy-dispersive X-ray
analysis (transmission electron microscope-energy dispersive X-ray spectrometer). The syn-
thesized Hap was used as an adsorbent for the cadmium ion removal from aqueous solu-
tions in batch mode. The influence of contact time and initial concentration of metal ion was
studied and discussed. The equilibrium uptake increases with an increase in the initial cad-
mium concentration in solution. Adsorption kinetic data were properly fitted with the
pseudo-second-order kinetic model. The experimental isotherm data were analyzed using
Langmuir, Freundlich, Toth, and Tempkin isotherm equations. The best fit was obtained by
the Toth model with high correlation coefficients (r2 > 0.99). The Langmuir model also
yielded a good fit to experimental data (r2 around 0.98–0.99) with a maximum monolayer
adsorption capacity of 240.74mg/g.
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1. Introduction

Heavy metals and their compounds are widely
used in industrial applications such as metallurgy,
battery, paper, and paint manufacture [1]. The pres-
ence of heavy metals in the ecosystem involves
environmental problems because they are non-degrad-

able and are, therefore, continued to accumulate in
water bodies [2,3]. Numerous metals, such as cad-
mium, mercury, lead, chromium, copper, manganese,
etc., are known to be significantly toxic. The presence
of toxic heavy metals in water has caused several
health problems with animals, plants, and human
beings [4]. Among toxic heavy metals, cadmium is
one of the most dangerous metals for human health
[5]. Cadmium is highly used as corrosion-resistant*Corresponding author.
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and protective coating for iron, steel, and copper. The
industrial uses of cadmium are increasing in plastics,
paint pigments, electroplating, batteries, mining, and
alloy industries [6]. Cadmium is a highly toxic ele-
ment and considered as a carcinogen. It can enter the
human body by eating food, drinking water, breath-
ing, or smoking. Most of the cadmium that enters the
body goes to the kidney and liver and can remain
there for many years and can cause serious damage to
the kidney and bones [7].

One of the most important challenges for scien-
tists is to develop efficient methods to control envi-
ronmental pollution. Various methods including
precipitation, ion exchange, and adsorption have
been frequently practiced for the removal of heavy
metals from water [8–13]. Among these methods,
sorption is a simple and attractive method for heavy
metal removal from aqueous effluents due to its high
efficiency and easy handling. Economical feasibility
of such processes can be gained by the application of
low-cost adsorbents.

Calcium hydroxyapatite (Hap), Ca10(PO4)6(OH)2, is
an important inorganic material in biology and chem-
istry [14–16], their availability structure, ion-exchange
property, adsorption affinity, and their characteristic
to establish bonds with organic molecules of different
sizes have conferred to this material to attract more
attention during the last two decades. The interaction
between macromolecules and hydroxyapatite has
received special attention because of the physicochem-
ical properties of this material, which is similar to
bone mineral, as well as its biocompatibility, osteocon-
duction, and bioresorption properties [17,18].
Hydroxyapatite is widely used for chromatographic
purposes [19,20] and is suitable for a number of bio-
medical applications, e.g. artificial bone and roofs of
teeth as well as serving as a carrier for drug delivery
[21–23]. In addition, this material can be efficient
matrixes of water purification. As of now, many stud-
ies have reported the use of hydroxyapatite in the
removal of rare earths, heavy metals, and organic
matters [24–35]. However, these efforts have not pro-
duced materials that meet all the demands of sorption
activity.

The aim of the present study was to synthesize
Hap by simple and rapid co-precipitation between cal-
cium nitrate (Ca(NO3)2) and di-ammonium hydrogen
phosphate ((NH4)2HPO4H2O) at room temperature
and its use in cadmium removal from aqueous solu-
tions. The effects, such as equilibrium time and initial
metal concentration, were investigated. Kinetic and
equilibrium parameters were determined to under-
stand the adsorption mechanism.

2. Materials and methods

2.1. Preparation and characterization of Hap

All reagents used in the preparation and the
adsorption studies were of analytical grade. Hap was
synthesized by the co-precipitation method. A calcium
nitrate solution Ca(NO3)2�4H2O (Scharlau, Spain) was
immediately poured at room temperature into a di-
ammonium hydrogen phosphate (NH4)2HPO4 (Riedel-
de Haën, Germany) and the pH of the solution was
adjusted to 7 by ammoniac solution. After low agita-
tion for 2 h, the suspension was filtered on a large
Buchner funnel, washed with distilled water, dried at
70�C for 48 h, and sieved in particle sizes lower than
63 lm. A specimen was characterized by X-ray diffrac-
tion (XRD) using a XPERT-PRO diffractometer system,
Infrared spectroscopy IR using VERTEX 70 spectro-
photometer, and transmission electron microscope-
energy dispersive X-ray spectrometer (TEM-EDX)
using a ZALUZEC Model.

2.2. Adsorption experiments

A stock solution of Cd2+ was prepared by dissolv-
ing an appropriate amount of Cd(NO3)2 � 4H2O in dis-
tilled water, and the concentrations used were
obtained by dilution of the stock solution. Adsorption
experiments were conducted in 250mL conical flasks
at constant agitation and at room temperature (25�C).
The experiments were carried out by varying the con-
tact time from 5 to 180min and the initial concentra-
tion from 50 to 500mg/L. After each adsorption
procedure was completed, the sample was centrifuged
at 3,000 rpm for 10min to separate the solid phase
from the liquid phase. The supernatants were ana-
lyzed for residual Cd2+ concentrations by an atomic
absorption spectrophotometer type GBC 904.

The adsorbed quantity was determined by using
the following equation.

q ¼ ðC0 � CÞ
R

ð1Þ

where q (mg/g) is the quantity of cadmium adsorbed
per unit mass of adsorbent, C0 (mg/L) is the initial
metal concentration, C (mg/L) is the metal concentra-
tion after adsorption, and R (g/L) is the mass of
adsorbent per liter of aqueous solution.

3. Results and discussion

3.1. Characterization of adsorbent

Fig. 1 shows XRD patterns of synthesized
adsorbent before and after the reaction with Cd2+. The
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figure shows reflections characteristic of hydroxyapa-
tite. The samples yielded broad and overlapping
reflections, indicating its low crystallinity. The unit
cell dimensions a and c obtained from the XRD pat-
tern of the Hap particles before the reaction were
0.943 and 0.689 nm, respectively. These dimensions
slightly decreased after the reaction to 0.941 and
0.686nm, respectively. This result may be due to the
substitution of Ca2+ by Cd2+ in the Hap crystal lattice.
The intensity of XRD pattern of Cd-loaded Hap was
apparently lower than that of original Hap, which
indicates that the degree of crystallinity decreases
after cadmium adsorption.

The IR spectra are dominated by bands character-
istic of hydroxyapatite (Fig. 2). The bands located at
3,564 cm�1 and at 624 cm�1 arise from stretching and
librational vibration modes, respectively, of OH� ions.
The two bands at 1,080 and 1,030 cm�1 arise from m3
PO4. The 960 cm�1 band arises from m1 PO4. The bands
at 600 and 565 cm�1 arise from m4 PO4, and 470 cm�1

arises from m2 PO4. The spectra also display bands of
CO2�

3 and HPO2�
4 impurity ions at 1,394 and 894 cm�1,

respectively.
Fig. 3 displays the TEM micrographs of the Hap

particles after the reaction with Cd2+. The products are
fine rod-like particles. The particles turn into agglomer-
ates less than 3 lm diameter composed of small pri-
mary particles. EDX analysis performed during TEM
observations is presented in Fig. 4. The obtained peaks
were identified as relative to Ca, P, O, Cd, C, and Cu.
C and Cu peaks are provided from the grid. Ca, P, O,

and Cd represent Cd-loaded Hap sample. This result
indicates that the cadmium is effectively adsorbed on
the surface of the hydroxyapatite.

3.2. Adsorption kinetics

Fig. 5 shows the plot of adsorbed amounts of Cd2+

vs. contact time. The result revealed that a removal
takes place in two different steps: the first step was
found to be rapid (first 60min), the second one exhib-
its a subsequent removal until equilibrium is reached,
which is slow and a quantitatively insignificant step.
The equilibrium time was 180min. In order to charac-
terize the kinetics involved in the adsorption process,
pseudo-first-order, pseudo-second-order, and intra-
particle diffusion models were proposed and the
kinetic data were analyzed.

The first-order rate expression of Lagergren based
on solid capacity is generally expressed as follows [36]:

q ¼ qeð1� e�k1tÞ ð2Þ

where qe and q (both in mg/g) are, respectively, the
amounts of cadmium adsorbed at equilibrium and at
any time “t”, and k1 (1/min) is the rate constant of
adsorption.

The pseudo-second-order model proposed by Ho
and McKay [37] was used to explain the sorption
kinetics. This model is based on the assumption that
the adsorption follows second-order chemisorption.
The pseudo-second-order model can be expressed as:

Fig. 1. XRD patterns of unloaded and Cd2+-loaded Hap.
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q ¼ k2q2et

1þ k2qet
ð3Þ

where k2 (g/mgmin) is the rate constant of pseudo-
second-order adsorption.

For the interpretation of experimental kinetic data,
from a mechanistic viewpoint, prediction of the rate-
limiting step is an important consideration. The adsor-
bate transport from the solution phase to the surface
of the adsorbent particles occurs in several steps. The
overall adsorption process may be controlled either by
one or more steps, e.g. film or external diffusion, pore
diffusion, surface diffusion, and adsorption on the
pore surface, or a combination of more than one step.
The possibility of intra-particle diffusion was explored
by using the intra-particle diffusion model [38]:

q ¼ kidt
0:5 þ I ð4Þ

where kid is the intra-particle diffusion rate constant
(mg/gmin1/2) and I (mg/g) is a constant.

If the Weber–Morris plot of q vs. t0.5 satisfies the
linear relationship with the experimental data, then
the sorption process is found to be controlled by
intra-particle diffusion only. However, if the data
exhibit multi-linear plots, then two or more steps
influence the sorption process.

Fig. 6 shows the pore-diffusion plot of cadmium
adsorption onto hydroxyapatite. The plots are multi-
linear, having at least three linear segments. The first,
sharper portion is attributed to the diffusion of adsor-
bate through the solution to the external surface of
adsorbent or boundary layer diffusion of solute mole-
cules. The second, linear portion is the gradual equilib-
rium stage with intra-particle diffusion dominating. The
third portion is attributed to the final equilibrium stage
for which the intra-particle diffusion starts to slow
down due to the extremely low adsorbate concentration
left in the solution [39]. A decrease in the slope (which
is equal to kid) of each segment was observed. This
decrease for macro-to mesopore diffusion is a normal
consequence of the relative free path for diffusion that is
available in each pore size. As the pore size decreases,
the path available for diffusion becomes smaller, which
leads to a decrease in the rate of diffusion.

Parameters of the pseudo-first-order, pseudo-
second-order, and intra-particle diffusion models were
estimated with the aid of the nonlinear regression.
The obtained data and the correlation coefficients, r2,
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Fig. 2. FT-IR spectra of unloaded and Cd2+-loaded Hap.

Fig. 3. TEM pictures of Cd2+-loaded Hap.
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are given in Table 1. The table shows that the correla-
tion coefficient for the pseudo-second-order kinetic
model is close to unity than those of the other models.
From these results, it was concluded that the pseudo-
second-order model was better than the Lagergren
first-order and the intra-particle diffusion models for
the systems investigated in this work. Since ion
adsorption follows pseudo-second-order kinetics, this
suggested that boundary layer resistance was not the
rate-limiting step [40]. The rate of cadmium adsorp-
tion may be controlled largely by a chemisorption
process, in conjunction with the chemical characteris-
tics of the hydroxyapatite and cadmium ions.

3.3. Adsorption isotherm

The equilibrium sorption capacity of the hydroxy-
apatite for cadmium ions increased with a rise in ini-
tial concentration, as shown in Fig. 7. Cadmium
removal is highly concentration dependent. The
increase in adsorption capacity with concentration is
probably due to a high driving force for mass trans-
fer. In fact, high concentration in solution implicates
high metal ions fixed at the surface of the adsorbent.
Several theories of adsorption equilibrium were
applied for the analysis of equilibrium sorption data
obtained.

Fig. 4. EDX analyses of Cd2+-loaded Hap.

Fig. 5. Effect of contact time on the adsorption of Cd2+ by
hydroxyapatite: C0 = 200mg/L, R=1 g/L, temperature = 25�
C, pH=5.5.

Fig. 6. Intraparticle diffusion plots for the adsorption of
Cd2+ by hydroxyapatite.
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3.3.1. Langmuir adsorption model

The Langmuir adsorption model [41] is established
based on the following hypotheses: (1) uniformly
energetic adsorption sites, (2) monolayer coverage,
and (3) no lateral interaction between adsorbed mole-
cules. Graphically, a plateau characterizes the Lang-
muir isotherm. A basic assumption is that sorption
takes place at specific homogeneous sites within the
adsorbent. Once a cadmium ion occupies a site, no
further adsorption can take place at that site. A math-
ematical expression of the Langmuir isotherm is:

qe ¼ qmKLCe

1þ KLCe

ð5Þ

where qe (mg/g) is the adsorbed amount at equilib-
rium, Ce is the equilibrium concentration of the metal
ion (mg/L), KL is Langmuir equilibrium constant, and
qm is the maximum adsorption capacity (mg/g).

3.3.2. Freundlich model

The Freundlich isotherm endorses the heterogene-
ity of the surface and assumes that the adsorption
occurs at sites with different energy of adsorption.
The energy of adsorption varies as a function of sur-
face coverage [42]. This equation is also applicable to
multilayer adsorption and is expressed by the follow-
ing equation:

qe ¼ KFC
1=n
e ð6Þ

where KF is the Freundlich constant and n is the heter-
ogeneity factor. The KF value is related to the adsorp-
tion capacity, while 1/n value is related to the
adsorption intensity.

3.3.3. Toth model

Toth has modified the Langmuir equation to
reduce the error between experimental data and pre-
dicted values of equilibrium adsorption data. He
assumes a quasi-Gaussian energy distribution. Most
sites have an adsorption energy lower than the peak
or maximum adsorption energy. The application of
his equation is best suited to multilayer adsorption
similar to BET isotherm which is a special type of
Langmuir isotherm and has very restrictive validity
[43]. The Toth correlation is given as [44]:

qe ¼ qmCe

ð1=KT þ Ct
eÞ1=t

ð7Þ

where qe is the adsorbed amount at equilibrium
(mg/g), Ce is the equilibrium concentration of the
adsorbate (mg/L), qm is the Toth maximum adsorp-
tion capacity (mg/g), KT is the Toth equilibrium
constant, and t is the Toth model exponent. The Toth
model is reduced to the Langmuir model when the
exponent t is equal to unity.

3.3.4. Tempkin model

Temkin and Pyzhev considered the effects of some
indirect adsorbate/adsorbate interactions on adsorp-
tion isotherms and suggested that because of these
interactions, the heat of adsorption of all the

Table 1
Kinetic constants for Cd2+ adsorption onto hydroxyapatite

Pseudo-first-order model

k1(1/min) 0.0818

qe (mg/g) 81.49

r2 0.95

Pseudo-second-order model

k2 (g/mgmin) 0.0014

qe (mg/g) 89.33

r2 0.99

Intra-particle diffusion model

kid
1 (mg/gmin0.5) 16,85

r2 0,99

kid
2 (mg/gmin0.5) 4,68

r2 0980

kid
3 (mg/gmin0.5) 0704

r2 0,86
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Fig. 7. Effect of Cd2+concentration on its adsorption by
hydroxyapatite: R= 1 g/L, contact time= 120min,
temperature = 25�C, pH=5.5.
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molecules in the layer would decrease linearly with
coverage. The Tempkin isotherm has been used in the
following form [45]:

qe ¼ RT

b
lnðACeÞ ð8Þ

where qe is the adsorbed amount at equilibrium
(mg/g), Ce is the equilibrium concentration of the
adsorbate (mg/L), and A and b are Tempkin
parameters. The constant b is related to the heat of
adsorption.

3.3.5. Analysis of adsorption isotherms

The amounts of adsorbed quantities of cadmium
ions at the equilibrium (qe) vs. equilibrium ions con-
centration are drawn in Fig. 7. The experimental
adsorption isotherms obtained were compared with

the adsorption isotherm models and the constants
appearing in each equation of those models were
determined by nonlinear regression analysis. The
results of these analyses are tabulated in Table 2. The
correlation coefficients (r2) are also shown in this
table. The table indicates that the best fit was obtained
by the Toth model with high correlation coefficients
(r2 > 0.99). The Langmuir model also yielded a good fit
to experimental data (r2 around 0.98–0.99) with a high
maximum monolayer adsorption capacity of
240.74mg/g for cadmium.

The obtained adsorption capacity of synthesized
hydroxyapatite was compared to previously reported
works on adsorption capacities of cadmium (II) ions
by different adsorbents as summarized in Table 3. The
table shows that, except some activated carbons and
D152 exchange resin, the experimental data of the
present study were found to be higher than those of
many corresponding adsorbents. Although a direct
comparison of co-precipitated Hap with the other
adsorbent materials is difficult, the synthesized
hydroxyapatite in this study shows high affinity for
cadmium compared to nano hydroxyapatite synthe-
sized by Mobasherpour et al. [33]. This result is due
to the differences in experimental conditions.

4. Conclusions

In this study, synthesized hydroxyapatite was used
for the removal of cadmium ions from aqueous solu-
tions. The obtained results show that hydroxyapatite
has a high affinity for Cd2+ ions. The adsorption was
rapid and kinetic data were better described by the
pseudo-second-order model.

The equilibrium uptake was increased with
increasing the initial concentration of metal ions in
solution. The adsorption isotherm could be well fitted
by the Toth and Langmuir equations. Finally, calcium
hydroxyapatite can be used as an effective adsorbent
for the treatment of wastewater containing cadmium.
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