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e hydroxyapatite was successfully synthesized, characterized, and used as an alternative low-cost adsorbent material to study
the adsorption behavior of La(III) and Eu(III) ions from nitrate aqueous solutions as a function of contact time, initial metal ion
concentration, pH, and temperature by using a bath technique. e kinetic data correspond very well to the pseudo-second-order
equation, and in both cases the uptake was affected by intraparticle diffusion. Isotherm adsorption data were well �tted by the
Freundlich model equation with 1/𝑛𝑛 𝑛 𝑛, indicating a multilayer and cooperative-type adsorption. ermodynamic parameters
for the adsorption systems were determinated at 293, 303, 313, and 323K. ese parameters show that adsorptions of La(III) and
Eu(III) ions on hydroxyapatite are endothermic and spontaneous processes.e adsorption was found to follow the order Eu(III) >
La(III) and is dependent on ion concentration, pH, and temperature.

1. Introduction

e concentration of the polluting agents in the effluents has
increased considerably due to its excessive use in the indus-
trial and nuclear processes and to their unloading without
previous treatment [1–3].erefore, thewater contamination
by chemical substances, of high toxicity degree for living
beings, such as arsenic, barium, cadmium, cyanide, cobalt,
cuprum, chromium, and rare earth elements (REEs) has
been a problem of special interest in the environmental area
during the past few years. Recently, adsorption as process
for treating contaminated water has been object of several
investigations because this method allows removal of a great
amount of watery polluting agents on several types of organic
and inorganic adsorbent materials; moreover, this method
has shown to be economic and highly effective [4].ere are a
great variety of natural or synthetic inorganic materials with
different chemical, structural, and super�cial characteristics
that have been used as adsorbent materials in processes

of demineralization and elimination of heavy metals from
water. In general, their porous structures and high super�cial
areas of these materials favor the ion adsorption.

Hydroxyapatite Ca10(PO4)6(OH)2 has been identi�ed as
a promisingmaterial for environmental process because it has
a high affinity for the adsorption of many polluting agents of
nuclear and environmental interest. Its characteristics have
been well documented, and their mechanisms of retention
depend upon the metal chemical species [5–9].

Hydroxyapatite is a crystalline solid whose properties
make it an ideal back�ll material in nuclear waste repositories
as adsorbent. Its crystallographic structure arranged in a
hexagonal system is formed by a hexagonal stack of isolated
PO4

3− tetrahedrons creating tunnels. It exhibits a high sta-
bility under reducing and oxidizing conditions over a wide
temperature range. When it is treated at high temperature,
it gives apatite with ion exchanger properties; moreover,
hydroxyapatite can act as a host to small molecules [10]. In
addition, hydroxyapatite exhibits a very low water solubility
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(𝐾𝐾sp < 10−40) under alkaline conditions and is available at a
low cost.

e hydroxyapatite, as the most representative form of
apatite minerals, is present inmetamorphic rocks, sediments,
grounds, and suspended particles and has widely been used
as a substitute for bone and teeth because its mineral
components are similar to both bone and teeth [11]. e
hydroxyapatite can be obtained naturally from calcination
of animal bones [12]; it can also be produced synthetically
through precipitation from aqueous solutions containing
calcium and phosphates [13], from high-temperature solid-
state reactions [14], from an aqueous solution combustion
technique [15, 16], or from hydrothermal synthesis [17].
Hydroxyapatite can also be mined, but in this case the purity
is typically low [18].

In the context of the safety of nuclear waste repositories,
as well as for assessing radionuclide mobility in the environ-
ment or industrial wastes, the interaction among lanthanides
and actinides with sorbents has become a main subject of
many studies. Several models have been proposed to explain
the complex formation (e.g., nonelectrostatic and diffuse
layer among others). Lanthanum and europium belong to the
REE; only their trivalent oxidation states are stable in aqueous
solutions. eir chemical behaviors have been considered
typical of REE and of some trivalent actinides as well. In
contrast, both lanthanum and europium are used mainly in
the manufacture of cathode ray tubes, �uorescent lamp, and
screen for X-rays; in the nuclear industry europium is used
as absorbent of neutrons for the extinction and control rods
of the reactors. e isotopes of these elements are considered
toxic for the human health [19].us, the study of La(III) and
Eu(III) adsorption on inorganic materials is essential for the
control of these elements in the environment. Also, the study
of adsorption kinetics in wastewater treatment is important
in providing valuable insights into the reaction pathways
and into the mechanism of adsorption reaction. Indeed,
lanthanum and europium adsorption on several materials is
now well understood [20–36]. However, as far as we know
studies about their adsorption on hydroxyapatite have not
been done.

e purpose of this study was to investigate the adsorp-
tion behavior of La(III) and Eu(III) ions from nitrate aqueous
solution onto synthetic hydroxyapatite and to evaluate the
potential of this material to adsorb these REE ions. ese
studies were dedicated to the synthesis process, physico-
chemical characterization of the synthesized powder, and
to the description of adsorption process. e kinetics, equi-
librium, and thermodynamics parameters of the adsorption
of those REE ions onto synthetic hydroxyapatite have been
analyzed and discussed in the light of current known models
available in open literature, and relevant parameters were
determined.

2. Experimental

2.1. Synthesis and Characterization of Hydroxyapatite.
Hydro-xyapatite powder was chemically synthesized by
wet chemical precipitation method, followed by calcination
according to the procedure reported by Kannan et al. [37];

calcium nitrate tetrahydrate Ca(NO3)2⋅4H2O (Aldrich) and
diammonium hydrogen phosphate (NH4)2HPO4 (Aldrich)
were used as starting chemical precursors of analytical grade
without further puri�cation. e obtained powders were
heat treated at 1050∘C for 2 h; the resulting material was
used for later characterization and to measure its adsorption
capacity for La(III) and Eu(III). To know the purity and
crystalline structure of the synthesized hydroxyapatite, a
diffractometer Siemens D-5000 connected to an X-ray tube
of copper anode was used. e 𝐾𝐾𝛼𝛼 was selected by means
of a monochromator of diffracted beam. e diffraction
pattern was scanned with a sweeping of 5∘ to 70∘ in 2𝜃𝜃 angle,
with a counting time of 0.07 s per step. e spectra were
compared with the Joint Committee on Powder Diffraction
Standards (JCPDS) �les. e speci�c surface area, average
pore radius and total pore volume of the synthesized
material, were determined by the Brunauer-Emmett-Teller
(BET) method with a Belsorp-max equipment; the samples
were heated at 60∘C for 8 h before speci�c surface areas were
measured.

An Infrared Spectroscopy (IR) analysis was done using
an IR Nicolette 550 spectrophotometer via the conventional
method of KBr disc. e morphology and grain size of the
prepared hydroxyapatite powders were determined using a
JEOL-JMS 5900 LV Scanning Electron Microscopy (SEM).
e chemical composition of the hydroxyapatite synthesized
was analyzed by Energy Dispersive Spectrometry (EDS)
connected to a JEOL-JMS 5900 system. Determinations
for acidic and basic surface sites on hydroxyapatite were
generated by potentiometric titration proposed by Boehm
and Voll [38] using NaOH 0.1mol/L and HCl 0.1mol/L
solutions, respectively. Mass titration method was applied to
determine the zero point charge (zpc) of the hydroxyapatite
surface by means of pH measurements, using an inert elec-
trolyte solution of KNO3 at 25

∘C under a nitrogen-controlled
atmosphere, adjusted by addition of HNO3 or KOH solutions
under continuous agitation by 24 hours [39].

2.2. Adsorption Studies. ese studies were carried out by
batch technique at room temperature and pressure to obtain
rate and equilibrium data. e stock solutions of La(III) and
Eu(III) were prepared by dissolving a known quantity of
both La(NO3)3⋅6H2O (99.9% Aldrich) and Eu(NO3)3⋅5H2O
(99.9% Aldrich), respectively, in distilled water (natural
pHs = 6.0 for both ions). Other solutions were prepared by
successive dilutions of the stocks.

Adsorption studies were performed by shaking 0.1 g
of hydroxyapatite and 10mL of each individual metal ion
solution in closed vials; a�er a speci�c contact time the
solid was separated from the liquid by centrifugation (5
minutes at 3000 rpm), and the clear supernatant was analyzed
for metal ion concentration. All experimental data were
considered as the average of duplicate determinations; a
good reproducibility was obtained; standard deviations were
usually less than 5% of mean values.) e pH values of the
supernatants measured at the end of the experiments were
assumed to be equilibrium pH and they were 5.7 ± 0.03. A
digital pHmeter (Cole-Parmer model 05669-20), combined
with a glass electrode, was used for these measurements.
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Initial and �nal La(III) and Eu(III) concentrations in
solution were determined with a Shimadzu ultraviolet-visible
265 spectrophotometer by means of the xylenol orange
method at 575 nm and 575.3 nm, respectively [40]. e
experimental calibration lines were: absorption = 30469
[La(III)] and absorption = 26253 [Eu(III)]. Aliquots of 2mL
of the clear supernatant were mixed with 3mL of a 4.5 ×
10−4mol/L xilenol orange solution; a �nal volume of 10mL
was completed with a buffer solution (acetic acid/sodium
acetate) of pH = 5.6. e amounts of La(III) and Eu(III) ions
adsorbed per gram of hydroxyapatite at a speci�c contact
time (𝑞𝑞𝑡𝑡) or at equilibrium (𝑞𝑞𝑒𝑒) were determined by the
following equation:

𝑞𝑞𝑡𝑡 or 𝑞𝑞𝑒𝑒 =
󶀢󶀢𝐶𝐶𝑖𝑖 − 𝐶𝐶𝑓𝑓󶀲󶀲𝑉𝑉

𝑤𝑤
, (1)

where 𝑞𝑞𝑡𝑡 and 𝑞𝑞𝑒𝑒 are the amount of REE ions adsorbed in
mg/g at time 𝑡𝑡 or at equilibrium, respectively, 𝐶𝐶𝑖𝑖 and 𝐶𝐶𝑓𝑓 are
the initial and �nal REE ion concentration in the solution
(mg/L);𝑉𝑉 is the volume of the solutions (0.01 L), and𝑤𝑤 is the
mass of hydroxyapatite (0.1 g). e distribution coefficient
was calculated as follows:𝐾𝐾𝑑𝑑 = 𝑞𝑞𝑒𝑒/𝐶𝐶𝑓𝑓.

Kinetic data were obtained at various intervals of time
(1–60minutes; [La(III)] = 5.7 × 10−5mol/L and [EuIII)] = 6.5
× 10−5mol/L), and they were evaluated using several models.
A�er �xing the optimal time for equilibrium, isotherms
and thermodynamic studies were done; these data were
mathematically treated as well.

3. Results and Discussion

3.1. Hydroxyapatite Characterization. According to crystal
structure analyses performed by X-ray diffraction, a pure and
well-crystallized sample was obtained with only one phase
(Figure 1). is diffractogram is typical of hydroxyapatite as
compared and identi�ed with the JCPDS �le 01-04-3708.e
speci�c surface area, measured by �ETmethod, was found to
be 59.70m2/g; the total pore volumewas 0.112 cm3/g, and the
pore diameter was 7.50 nm.

Infrared analyses con�rmed the purity of the hydroxyap-
atite, whose characteristic absorption bands observed in the
spectrum (Figure no showed) were as follows: at 962.6 cm−1

and 1040 cm−1 attributed to the presence of PO4
3− groups;

a low-intensity band at 957 cm−1 attributed at P-OH groups;
at 3431.39 cm−1 as a result from the hydrogen vibrations and
a broad band at 1032.9 cm−1 that indicates the presence of
OH− groups near the solid surface. Other species were not
observed in the spectrum.

e micrographs, obtained by SEM (Figure 2), show that
the synthetic hydroxyapatite used in this work is composed
of rhombus geometry and layered porous particles with
approximate diameters between 10 to 100𝜇𝜇m. Figure 2
also shows the EDS analysis of the synthesized material,
revealing only the presence of carbon (due to the supporting
ribbon), oxygen, phosphorus, and calcium in the material.
e experimental ratio Ca : P (2.1) is in agreement with the
stoichiometric value.
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F 1: X-ray diffraction (XRD) pattern of synthetic hydroxyap-
atite sample.

e synthetic hydroxyapatite sample has an acidic surface
character because 3.70meq/g of acidic surface sites was
obtained in comparisonwith 0.37meq/g of basic surface sites.
e zpc value for the synthetic hydroxyapatite was 7.68; this
result is in agreement with the values reported in literature
[41, 42].

3.2. Adsorption Kinetics. Figure 3 shows the effect of contact
time upon the metal ion adsorption on hydroxyapatite. e
�gure represents the amounts in mg of La(III) or Eu(III) ions
adsorbed per gram of synthetic hydroxyapatite as a function
of contact time at room temperature.

As can be seen in Figure 3, the La(III) and Eu(III) adsorp-
tion on hydroxyapatite occurs quickly; 20 to 30 minutes are
enough to achieve their adsorption equilibria.e 𝑞𝑞max values
for 𝑡𝑡 𝑡 𝑡𝑡 minutes were 0.25 ± 0.01mg/g for La(III) and
0.94 ± 0.01mg/g for Eu(III). ese fast ion adsorptions are
certainly related to the high dispersion degree of adsorbent
as well as the high availability of external speci�c surface
area. ese results are important from the point of view of
the efficiency of adsorption technologies; in just a short time,
adsorption allows removal of these polluting agents, which
translates into reduced operating and processing costs.

e kinetics of adsorption describe the adsorbate adsorp-
tion rate, which in turn governs the residence time of
adsorption reaction. It is one of the important characteristics
in de�ning the efficiency of adsorption. To investigate the
kinetic parameters for both La(III) andEu(III) adsorptions by
hydroxyapatite at room temperature, the data were analyzed
by means of the following models: pseudo-�rst-order [43],
Elovich [44], pseudo-second-order [45], and intraparticle
mass transfer diffusion [46]. For the two �rst models 𝑅𝑅2
values were ≤0.97; whereas for both La(III) and Eu(III)
adsorptions on hydroxyapatite the best �tting (𝑅𝑅2 > 0.999)
was obtained by means of the pseudo-second-order equation
(see Table 1). is model is based on the assumption that the
rate-limiting step may be chemisorption involving valence
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F 2: MEB micrographs (a) 300x, (b) 1000x and EDS analyses of synthetic hydroxyapatite sample.
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F 3: Amount of REEs adsorbed on synthetic hydroxyapatite
(𝑞𝑞𝑡𝑡) and �tting of the data to the pseudo-second-order model (𝑡𝑡𝑡𝑡𝑡𝑡𝑡)
both of them as a function of contact time. [La(III)]i = 5.7 ×
10−5mol/L; [Eu(III)]i = 6.5 × 10

−5mol/L. e equations of the lines
are: 𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 4.0+1.88𝑡𝑡 (𝑅𝑅

2 = 0.9999) for La(III) and 𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 1.02+1.60𝑡𝑡
(𝑅𝑅2 = 0.9999) for Eu(III).

forces through sharing or exchange of electrons between
adsorbent and adsorbate.

e results corresponding to the intraparticle mass trans-
fer diffusion model are included in Table 1 and Figure 4. e
�rst linear portion corresponds to the macropore diffusion
and being𝐶𝐶 𝐶𝐶 , the boundary-layer effect can be considered

as minimal for 𝑡𝑡 𝑡 𝑡 minute. e second portion describes
the micropore diffusion before equilibrium is attained. Both
macropore and diffusions are faster for Eu(III) than for
La(III). Finally, the third horizontal line describes the equi-
librium condition, where 𝐶𝐶 𝐶𝐶𝐶 max.

A comparison of the 𝑞𝑞max values obtained for the La(III)
and Eu(III) adsorption on hydroxyapatite with those data
collected in literature about the adsorption of these REE on
different inorganic materials is shown in Table 2. ese data
show that synthetic hydroxyapatite exhibits an adsorption
capacity toward La(III) and Eu(III); moreover, this material
can be useful for removing REE from aqueous solutions.

3.3. Adsorption Isotherms. An adsorption isotherm is char-
acterized by certain constants whose values express the
surface properties and affinity of the adsorbent that can
also be used to �nd the adsorptive capacity of adsorbent at
equilibrium. us, the equilibrium distributions of La(III)
and Eu(III) ions between the liquid phase and the solid
adsorbent phase (hydroxyapatite) were studied as a function
of ion initial concentrations. e initial concentration ranges
were 3.3 × 10−5–2.2 × 10−4mol/L and 1.7 × 10−4–3.6 ×
10−4mol/L for lanthanum and 1.9 × 10−4–4 × 10−4mol/L for
europium. No one of these isotherms (𝑞𝑞𝑒𝑒 versus 𝐶𝐶𝑒𝑒) attained
a plateau. erefore, they were surveyed by means of the
adsorption isotherm model of Freundlich, using both linear
and nonlinear equations, whose results were identical. e
values of 1/𝑛𝑛 were higher than 1 in all cases. e obtained
straight lines are shown in Figure 5. When Langmuir and
Langmuir-Freundlich models were applied the slopes of the
lines were negative; therefore, data were not well �tted to
these models.
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T 1: Kinetics models applied to experimental data and parameters evaluated for [La(III)] = 5.7 × 10−5 M and [Eu(III)] = 6.5 × 10−5 M
adsorption on hydroxyapatite at room temperature and pHeq = 5.75 ± 0.03.

Models, equations, and [conditions] Parameters La(III) Eu(III)
Pseudo-second-order

𝑡𝑡
𝑞𝑞𝑡𝑡

=
1
𝐾𝐾2

𝑞𝑞2max +
1
𝑞𝑞𝑒𝑒
𝑡𝑡

𝐾𝐾2 (g/mgminute)
𝑞𝑞max (mg/g)

8.5
0.25

0.65
0.98

Intraparticle mass transfert diffusion
𝑞𝑞𝑡𝑡 = 𝐾𝐾IP𝑡𝑡

1/2

[t = 0 to 1minute]
𝐾𝐾IP (mg/gminute1/2) 0.04 0.22

𝑞𝑞𝑡𝑡 = 𝐾𝐾IP𝑡𝑡
1/2 + 𝐶𝐶

[La(III): t = 1 to 7minutes]
[Eu(III): t = 1 to 15minutes]

𝐾𝐾IP (mg/gminute1/2)
C (mg/g)

5.5 × 10−4
0.17

0.026
0.32

𝑞𝑞𝑡𝑡 = 𝐾𝐾IP𝑡𝑡
1/2 + 𝑞𝑞max

[La(III): t = 1 to 7 minutes]
[Eu(III): t = 15 to 60 minutes]

𝐾𝐾IP (mg/gminute1/2)
𝑞𝑞max (mg/g)

7.3 × 10−6
0.23

1.5 × 10−3
0.92

T 2: Maximum lanthanum and europium adsorption capacities (𝑞𝑞max) on hydroxyapatite and other adsorbents.

Adsorbents REE ion 𝑞𝑞max (mg/g) 𝑞𝑞max (mmol/g) References

Hydroxyapatite La(III) 0.25 ± 0.01 0.006 Present work
Eu(III) 0.94 ± 0.01 0.002 Present work

Sargassum biomass La(III) 0.8-0.9 [23]
BaCO3 Eu(III) 16 0.1 [26]
TiO2 La(III) 0.49 ± 0.01 [28]
ZSM-5 zeolite Eu(III) 2.2 × 10−5 [30]
TiO2 Eu(III) 0.01 [33]
Inmobilized pseudomonas aeruginosa La(III) 0.342 [32]
TiAlPH Eu(III) 20−30 [35]

Table 3 shows the data for the systems �tted by means of
the Freundlich 1/𝑛𝑛 𝑛 𝑛 model. e values of 1/𝑛𝑛 were 4.7
and 2.3 for La(III) and 1.85 for Eu(III). An example of this
behavior was found for the adsorption isotherm of atrazine
by activated phosphoric acid-treated biomass [47].

e Freundlich model is based on an empirical equation
that considers the adsorption on a heterogeneous surface
supporting sites of varied affinities and implies that the
energy distribution for the adsorption sites is exponen-
tial in nature [48]. e values of 𝐾𝐾𝐹𝐹, the binding con-
stant, and 1/𝑛𝑛, the exponent, determine the steepness and
curvature of the isotherm. e rates of adsorption and
desorption vary with the adsorption energy of the sites;
the possibility exists for more than one monomolecular
layer of adsorptive coverage as 𝐶𝐶𝑒𝑒 gets larger. Moreover,
it has even been considered that at high concentrations,
the equation would fail to �t experimental results. �ata of
the present research shows that for two different ranges of
[La3+]𝑖𝑖 the Freundlich model with 1/𝑛𝑛 𝑛 𝑛 adequately
�tted and that 𝐾𝐾𝐹𝐹 values depend on the initial concentra-
tion of lanthanum (see Table 3). Apart from the homo-
geneous surface, the Freundlich equation is also suitable
for a highly heterogeneous surface; an adsorption isotherm
lacking a plateau is an indication of a multilayer adsorption
[49].

e values of 1/𝑛𝑛, if less than 1, de�ne a normal-type
adsorption and are found in many cases. e systems with
1/𝑛𝑛 values higher than 1 are less common, but they has been
found for example: (a) with high concentration of solutions
and high retention capacity of sorbent [50]; (b) being high
both parameters [51] and (c) with low concentrations of
equilibrium solutions and a high capacity sorbent [52] as
the conditions in the present research. A possible explana-
tion could be a cooperative-type adsorption [47, 53]. e
cooperative effects involve both �uid-�uid interactions and
�uid-solid interactions with suitably located sites, and the
adsorption is enhanced when these sites are bridged with
clusters of water molecules, which �ll the microporosity.
e values found in the present research imply that the
REE adsorption onto hydroxyapatite is a cooperative-type
adsorption, which could be linked both to the nature of the
solid and to the behavior of these ions.

e higher the 𝐾𝐾𝐹𝐹 value, the greater the adsorption
intensity and the results of the present research indicate
a better adsorption for europium (𝐾𝐾𝐹𝐹 = 1.59 L/mg) than
for lanthanum (𝐾𝐾𝐹𝐹 = 1.17 L/mg) at equivalent initial
concentrations, even if the chemical behaviour of both ions
seems to be similar. ese values of 𝐾𝐾𝐹𝐹 are in the same
order of magnitude than the values obtained for the normal-
type adsorption system hydroxyapatite-�uoride [54] and the
cooperative-type system mentioned previously [47].
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T 3: Parameters of the Freundlich model (log 𝑞𝑞𝑒𝑒 = 1/𝑛𝑛 𝑛𝑛𝑛𝑛𝑛𝑒𝑒 + log𝐾𝐾𝐹𝐹) applied to experimental data for La(III) and Eu(III) adsorption
on hydroxyapatite at room temperature and pHeq = 5.75 ± 0.03.

Parameters [La(III)]I = 3.3 × 10−5–2.2 × 10−4 M [La(III)]I = 1.7–3.6 × 10−4 M [Eu(III)]I = 1.9–4 × 10−4 M
1/n 4.7 2.30 1.85
𝐾𝐾𝐹𝐹 (L/mg) 0.12 1.17 1.59
𝑅𝑅2 0.96 0.99 0.99
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F 4: Amount of REEs adsorbed on synthetic hydroxyapatite
(𝑞𝑞𝑡𝑡) and �tting of data to the intraparticle mass transfer diffusion
model. Rhombus: La(III) and circles: Eu(III). e equations of the
lines are the following: 𝑞𝑞𝑡𝑡 = 0.19 𝑡𝑡1/2 (𝑅𝑅2 = 1); 𝑞𝑞𝑡𝑡 = 0.024 𝑡𝑡1/2 + 0.17
(𝑅𝑅2 = 0.94) and 𝑞𝑞𝑡𝑡 = 0.003 𝑡𝑡1/2 + 0.22 (𝑅𝑅2 = 0.7) for La(III) and
𝑞𝑞𝑡𝑡 = 0.47 𝑡𝑡1/2 (𝑅𝑅2 = 1); 𝑞𝑞𝑡𝑡 = 0.16 𝑡𝑡1/2 + 0.31 (𝑅𝑅2= 0.999) and 𝑞𝑞𝑡𝑡 =
0.004 𝑡𝑡1/2 + 0.92 (𝑅𝑅2 = 0.82) for Eu(III).

e adsorption percentages were dependent on the initial
concentrations as shown in Figure 6. When [REE]i > 1.5 ×
10−4M, these values are 95.9±0.9% for La(III) and 96.3±0.5%
for Eu(III).

e formation of hydrolyzed REE species depends on
metal concentration and pH of solution [36, 55]. e species
distribution diagrams [56] for La(III) and Eu(III) as a
function of pH (at their minimal initial concentrations of
the present work) show that at equilibrium pH (5.7 ± 0.03),
trivalent lanthanum and europium are the only ionic species
present in the solutions, (La(OH)2+ is formed at pH between
6.8 and 9.5, La(OH)3 at pH > 8.5, and Eu(OH)3 at pH > 6.6).
erefore, it can be inferred that adsorption of these ions on
hydroxyapatite is not due to the precipitation of hydroxides.

Cation removal from aqueous solutions by hydroxya-
patite may occur through different adsorption processes
(i.e., adsorption, ion-exchange, surface complexation, and
coprecipitation) depending on the experimental conditions
and nature of both adsorbing cations and hydroxyapatite
itself. At pH values higher than zpc, the adsorbent surface
becomes negative due to adsorption of OH− from the solu-
tion. Increase in electrostatic attraction forces, acting between
the surface and the cations from the solution, contributes to
a greater action adsorption at higher pHs. e equilibrium

−0.1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0.1 0.15 0.2 0.25 0.3 0.35

F 5: Isotherms of Freundlich model with 1/𝑛𝑛 𝑛𝑛  for REEs
on synthetic hydroxyapatite. e equations of the lines are: log 𝑞𝑞𝑒𝑒 =
2.3 log𝐶𝐶𝑒𝑒+0.07 (𝑅𝑅

2 =0.995) for [La(III)]: 1.7 × 10−4–3.6×10−4mol/L
(rhombus); log 𝑞𝑞𝑒𝑒 = 4.7 log𝐶𝐶𝑒𝑒 − 0.9 (𝑅𝑅

2 = 0.96) for [La(III)]: 3.3 ×
10−5–2.2 × 10−4mol/L (triangles); log 𝑞𝑞𝑒𝑒 = 1.8 log 𝐶𝐶𝑒𝑒 + 0.2 (𝑅𝑅2 =
0.99) for [Eu(III)]: 1.9 × 10−4–4 × 10−4mol/L (circles).

pH values (5.7 ± 0.03) are acid regarding the zpc value
of hydroxyapatite (7.68); moreover, it is interesting to note
the value of acidic surface sites (3.70meq/g) and the basic
surface sites (0.37meq/g) for the behavior of the system. e
results of the present investigation could not be explained
considering adsorption of OH− from the solution because
the equilibrium pH is less than the zpc of the hydroxyapatite;
in this case, its surface becomes positive like trivalent REEs.
en, only a surface complexation or an ion exchange with
calcium could be suggested.

3.4. ermodynamic Parameters. Batch adsorption experi-
ments as described previously were performed in duplicate at
temperatures of 293, 303, 313, and 323K by using the follow-
ing initial concentrations: 3.6×10−4mol/L for La(III) and 4.6×
10−4mol/L for Eu(III) ions. EquilibriumpHwas 5.7.ermo-
dynamic parameters were deduced by means of the depen-
dence of the distribution coefficient 𝐾𝐾𝑑𝑑 on temperature. e
results show that the La(III) and Eu(III) adsorptions propor-
tionally increase with temperature. is result is expected; at
higher temperature cations are moving faster, which retards
speci�c or electrostatic interactions that become weaker. e
ions become smaller because solvation is reduced. e stan-
dard enthalpy changes for adsorption (Δ𝐻𝐻∘) were estimated
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T 4: Changes of enthalpy, entropy, and Gibbs-free energy for the adsorption of lanthanum and europium on hydroxyapatite.

REE Δ𝐻𝐻∘ (kJ/mol) Δ𝑆𝑆∘ (kJ/mol K) T, (K) Δ𝐺𝐺∘ (kJ/mol)

La(III)

5.9 0.08 293 −16.2
303 −17.0
313 −17.8
323 −18.5

Eu(III)

34.1 0.17 293 −15.2
303 −16.9
313 −18.5
323 −20.2
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F 6: Adsorption percentages on hydroxyapatite of La(III) and
Eu(III) versus initial concentrations.

from the slope of straight line plot log 𝐾𝐾𝑑𝑑 versus1/𝑇𝑇 (Figure
7), according to the Van’t Hoff equation [57] in lineal form:

log𝐾𝐾𝑑𝑑 =
Δ𝐻𝐻∘

2.303𝑅𝑅
󶀤󶀤
1
𝑇𝑇
󶀴󶀴 +

Δ𝑆𝑆∘

2.303𝑅𝑅
, (2)

where 𝐾𝐾𝑑𝑑 is the distribution coefficient value (cm3/g)
at temperature 𝑇𝑇 in Kelvin, 𝑅𝑅 is the ideal gas constant
(𝑅𝑅 𝑅 𝑅𝑅𝑅𝑅 𝑅 𝑅𝑅−3 kJ/mol), and Δ𝑆𝑆∘ is the entropy change. e
values of Δ𝐻𝐻∘ and Δ𝑆𝑆∘ for La(III) and Eu(III) adsorption
processes on hydroxyapatite are given in Table 4. e
positive values of Δ𝐻𝐻∘ indicate that these processes are of
endothermic nature; because they are lesser than 40 kJ/mol,
they are probably due to physical adsorption [58]. e values
of Δ𝑆𝑆∘ (see Table 4) are positive and reveal some structural
changes in adsorbate and adsorbent during the process; these
changes cause an increase of disorder in the solid-solution
system.is disorder could be the result of extratranslational
entropy gained by the water molecules previously adsorbed
onto adsorbent but displaced by metal ions.

Changes in standard Gibbs-free energy (Δ𝐻𝐻∘) were also
evaluated by using the following thermodynamic equation:

Δ𝐺𝐺∘ = Δ𝐻𝐻∘ − 𝑇𝑇𝑇𝑇𝑇∘ (3)
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F 7: Diagram of log𝐾𝐾𝑑𝑑 versus 1/𝑇𝑇. e equations of the lines
are: log𝐾𝐾𝑑𝑑 = −308(1/𝑇𝑇𝑇𝑇  𝑇 (𝑅𝑅2 = 0.996) for La(III), rhombus and
log𝐾𝐾𝑑𝑑 = −1780(1/𝑇𝑇𝑇𝑇𝑇𝑇𝑇   (𝑅𝑅2 = 0.97) for Eu(III), circles. 95%
con�dence intervals of the regression lines are included.

e values of Δ𝐺𝐺∘ are the fundamental criterion of spon-
taneity (see Table 4); their negative values reveal that the
adsorptions occur spontaneously at each temperature and
con�rm the thermodynamically feasibility of the adsorp-
tion processes. e obtained thermodynamic data provide
valuable information for the design of improved adsorption
schemes for treating lanthanide ions from waste solutions
using synthetic hydroxyapatite.

4. Conclusions

In this study, the hydroxyapatite was successfully synthesized
by the precipitation method; a porous and pure material was
obtained with structural, chemical, and super�cial character-
istics adequate to be used as adsorbent material for removing
La(III) and Eu(III) ions present in aqueous solutions. e
equilibrium of adsorption for these lanthanide ions was
quickly achieved. e synthesized hydroxyapatite showed an
adsorption efficiency of 0.25mg/g and 0.94mg/g for La(III)
and Eu(III), respectively. e kinetic data corresponded very
well to the pseudo-second-order equation, and the Fre-
undlich adsorption isotherm with 1/𝑛𝑛 𝑛 𝑛 adequately �tted
the experimental values for both ions indicating a multilayer
and cooperative-type process. Adsorpted amounts for La(III)
and Eu(III) were positively dependent on temperature.
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e thermodynamic values showed that the absorption pro-
cesses for La(III) and Eu(III) on hydroxyapatite are endother-
mic and spontaneous.ese data present to hydroxyapatite as
a viable and economic alternative for the removal of La(III)
and Eu(III) present in aqueous solutions because good results
were obtained in batch mode.
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