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ABSTRACT

The adsorption of Zn** on synthetic hydroxyapatite was investigated using a batch method
and a radiotracer technique. The commercial hydroxyapatite and hydroxyapatite of high
crystallinity with Ca/P ratio of 1.563:1.688 prepared by a wet precipitation process were
used in this study. The adsorption of zinc on hydroxyapatite was pH independent ranging
from 4.5 to 6.5 as a result of buffering properties of hydroxyapatite. The adsorption of zinc
was rapid and the percentage of Zn adsorption on both samples of hydroxyapatite was
>96% during the first 30 min of the contact time. The experimental data for adsorption of
zinc have been interpreted in terms of Langmuir isotherm and the values of maximum
adsorption capacity of zinc on a commercial hydroxyapatite and hydroxyapatite prepared
by wet precipitation process were calculated to be 0.437 and 0.605 mmol g ', respectively.
The competition effect of Fe** towards Zn®* adsorption was stronger than that of Ca®*,
Mg?*, and Sr** ions. The ability of the bivalent cations to depress the adsorption of zinc on

hydroxyapatite was in the following order: Fe?*>Ca® >Sr*t ~ Mg2+.
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1. Introduction

Zinc is a trace element, ubiquitous in environment
and it is regarded as an essential element of life. It is
necessary for development and growth of all species,
including humans, and it participates in mineraliza-
tion in biological systems. It is found in all human tis-
sues, while the major part of the total body zinc is
contained in bones. Zinc is also a cofactor for many
enzymes and is essential for DNA replication. How-
ever, insufficiency as well as excess of zinc can cause
diseases. Acute adverse effects of its high intake
include nausea, vomiting, and diarrhea. Chronic

*Corresponding author.

excess can result in copper deficiency and profound
neurological diseases [1].

Human exposure to zinc and its substances present
in environment occurs mainly through drinking water
and contaminated food. Zinc acts as a micronutrient
when it is present in trace amounts but when the
permissible limit is exceeded, it can be harmful. The
concentration of zinc is usually lower in natural sur-
face water and groundwater than in drinking water,
as a result of leaching from pipings and fittings. The
daily requirement of zinc for an adult human is
15-20mgd~". It is considered, with respect to the
recent studies on humans, that the derivation of a
recommended level of zinc in drinking water is not
required at this time. However, drinking water
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containing zinc at levels above 3mgL™" has an
undesirable astringent taste [2].

Zinc and its compounds are used in many indus-
trial processes such as galvanization, vulcanization,
production of some alloys, paints, pigments, cosmet-
ics, and insecticides, which cause increase of its level
in environment and, therefore, it represents a serious
threat to human health, living, and ecological systems.
Due to its extensive application in industry, zinc can
be found in effluents, sludge, and solid wastes [3].
The mobility, reactivity, and bioavailability of Zn?*
ions are significantly affected by its adsorption proper-
ties. In acidic sediments and soils, the majority of zinc
is available in ionic forms, and cation exchange pro-
cesses influence its rate. Interactions with organic
ligands are dominant in alkaline soils [4-6].

Various methods are available for the removal of
toxic pollutants from water and wastewater including
reverse osmosis, ion exchange, precipitation, electrodi-
alysis, and adsorption. The adsorption on the low-cost
adsorbent is the most suitable and frequently used
method for the treatment of industrial wastewater due
to its simplicity and high efficiency. Some low-cost
adsorbents have been used for the removal of Zn**
from aqueous media [7-13].

Hydroxyapatite (HA), Ca;o(PO4)s(OH),, is most
commonly found in nature in phosphate rocks as a
member of the apatite mineral group. It can undergo a
series of cationic and anionic isomorphous substitu-
tions, leading to the formation of isomorphous sub-
stances. In addition, hydroxyapatite is an important
component of bones and teeth of vertebrates [14]. Gen-
erally, hydroxyapatite is a suitable sorbent for heavy
metals and radionuclides due to its low water solubil-
ity, high stability under reducing and oxidizing condi-
tions, high specific surface area, and good buffering
properties. The mechanisms of the metal cations reten-
tion by HA are different and include ion exchange
processes, adsorption, dissolution—precipitation, and
substitution of Ca®* ions in HA by other metals dur-
ing co-precipitation [15]. Several studies have focused
on successful use of HA of different origins in remov-
ing zinc ions from the solution [16-20].

This work was aimed to study influence of the
contact time, effect of pH, and effect of competitive
cations on adsorption of zinc ions. The adsorption of
zinc on the synthetic hydroxyapatite as a function of
zinc concentration in aqueous phase was studied.
The data were fit to the Langmuir isotherm equation.
The study was performed in order to test the possi-
bility of the synthetic HA utilization for the removal
of radioactive Zn** cations from simulated aqueous
solutions.
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2. Experimental
2.1. Reagents

All chemicals used in experiments were analytical
reagent-grade pure materials from supplies company
Slavus, s.r.o., Bratislava SR. Radioisotope of %Zn
(Czech Metrological Institute, Prague, Czech Republic)
with volume activity 1.6MBqmL™" was used as a
radio indicator.

2.2. Preparation and characterization of hydroxyapatite

The samples of hydroxyapatite used were synthetic
hydroxyapatites, grade puriss from Sigma-Aldrich
Chemie GmbH, Germany (HA1) and the hydroxyapa-
tite (HA2) was prepared by precipitation according to
the method of Tiselius et al. [21].

An EDX analyzer fitted with a Si(Li) detector with
a resolution of 130eV coupled to a JEOL JXA-840A
scanning electron microscope was used for chemical
composition analysis of the sample of hydroxyapatite.
Characterization of hydroxyapatite samples HA1 and
HA2 with SEM micrographs, TEM images, and EDX
spectrum is described in detail in previous work [22].

2.3. Adsorption experiments

Adsorption of zinc on the sample of hydroxyapa-
tite was studied by radioisotope indication method
using radioisotope ®>Zn (y-radiation energy 1.116 MeV,
half-life 244d). A batch method was used in static
arrangement of experiment under aerobic conditions
at laboratory temperature. Adsorption parameters
were determined after adding 3mL of Zn** ions in
aqueous phase to 30 mg of hydroxyapatite in a plastic
tube with a tap, and both the phases were mixed in
an orbital shaker at a constant speed of mixing. After
adsorption of zinc, the suspension was centrifugated
at 6,000rotmin”' for 10min and an aliquot of the
supernatant was measured on the Gamma Counter
1470 Wizard using Nal(T1) detector. The statistical
error of the measurement was below 1%.

The influence of contact time on the zinc adsorp-
tion was analyzed from 3 to 480 min with the concen-
tration of Zn>* ions in aqueous phase 1 x 107 5x107%,
and 1x 10> moldm .

Adsorption behavior of zinc was studied as a func-
tion of pH. The initial solution was distilled water
with pH values that were adjusted from %3 to =8§,
using HCl or NaOH solutions and labeled with a
stock solution of ®Zn with zinc carrier concentration
of 3.7 %10 moldm . The final concentration of Zn**
ions in aqueous phase was 3.7x107" moldm™>. The
pH measurements were performed using pH meter
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CPH 51 from Fisher Scientific Co., before the experi-
ment (initial pH) and after the interaction of HA with
the solution at the equilibrium time (final pH).

Adsorption experiments were carried out using an
initial concentration of Zn** ions in aqueous phase
ranging from 1x107° to 1x 107" moldm™. The solu-
tions of Zn** with different concentrations were pre-
pared from its chloride salt in distilled water and the
tracer ®°Zn was added.

Effect of competitive cations on the adsorption of
zinc was studied with its concentration 1x 10~>mol
dm™, while the concentration of competitive ions was
in the range of 1x107° to 5x 10" mol dm™>.

Adsorption properties of hydroxyapatite were cal-
culated by the following Egs. (1)-(4) [23]:

Distribution coefficient Kyq = C b V
Ceq M
ap-a V 3 1
0tz 1
o em’gT) @
100 - K,
Adsorption percentage R = 00 Vd (%) 2)
Adsorption capacity I' = K - ceq(mol g ™) 3

Equilibrium concentration ceq = C(;—'u (moldm™)  (4)

0

where ¢y is the initial concentration (mol dm ), Ceq 18
the equilibrium concentration (moldm™), V is the vol-
ume of aqueous phase (cm®), m is the mass of sorbent
(g), ap is the volume activity of initial solution
(Bqem™), and 4 is the equilibrium volume activity of
solution (Bqcm™).

3. Results and discussion
3.1. Contact time

The influence of contact time was investigated in
the range of 3-480 min at initial pH 4, for three initial
Zn%" concentrations of 1x107% 5x107% and 1x107°
mol dm . The percentage of zinc adsorption on HA1
and HA2 was more than 96% during 1h for the initial
Zn**concentrations of 1x107* and 5x10* mol dm .
The influence of contact time on the adsorption of zinc
on hydroxyapatite HA1 and HA2 is presented in
Fig. 1. The equilibrium time of 2 h was chosen for fur-
ther experiments.

3.2. pH dependence

The pH of a solution is an important parameter
that controls adsorption process because of ionization
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Fig. 1. The dependency of zinc sorption on the time for the
sample of hydroxyapatite.

of the surface functional groups and alteration of the
solution composition. It is well known that a synthetic
hydroxyapatite exhibits excellent buffering properties
in the initial pH range of 4-10 [24,25]. The buffering
capacity of HA is the result of acid-base reactions of
accessible chemical groups on the surface. Adsorption
of zinc on the hydroxyapatite was studied using the
initial pH ranging from 3.2 to 8.2. After 2h of contact
time, final pH value and the activity of ®*Zn of solu-
tions were measured. The results are presented in
Fig. 2. In the initial pH range of 4.5-6.5, final pH val-
ues are the same. The percentage of zinc adsorption
was constant in the whole examined range of pH. The
zinc ionic species that predominate at a specific solu-
tion pH may play an important role in the adsorption
of zinc on hydroxyapatite. Zn(Il) is present in the
forms of Zn®*, Zn(OH)*, Zn(OH)}, Zn(OH);, and
Zn(OH)?™ at various pH values (Fig. 3). Upto pH 6.5,
zinc is present in the solution mainly in the form of
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Fig. 2. The percentage of the zinc sorption (open symbols)
and final pH (solid symbols) vs initial pH.
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Zn®* ions and the adsorption is guided by ion
exchange process with hydroxyapatite. The positively
charged Zn(OH)" hydrolytic product appears in the
pH range of 6-10, while Zn(OH), starts to precipitate
at pH 7.

The mechanisms of the metal cations retention are
different and include ionic exchange reactions at the
surface or co-precipitation of low-soluble metal phos-
phate phases [26]. Hydroxyapatite could provide
phosphates by dissolution in acidic environment by
Eq. (5). These phosphates can react with metal ions to
precipitate low-soluble metal phosphate crystals with
an apatitic structure according to Eq. (6):

Calo(PO4)6(OH)2 + 14H+

()
— 10Ca*" + 6H,PO; + 2H,0
10Me?t + 6H,PO; + 2H,O
— Me;o(PO4)4(OH), + 14H* 6)
According to the exchange theory, metal ions

adsorbed onto the surface of the hydroxyapatite parti-
cle will substitute Ca®* ions from the apatite lattice by
diffusion process by Eq. (7).

Cal() (PO4)6 (OH)2 + xMe2+

— (Cago_y)Me,(POy),(OH), + xCa*" @
The adsorption of zinc on hydroxyapatite can be
divided into two steps. The first represents a rapid
complexation of zinc on specific sites of the HA sur-
face, displacing partially the H" ions, resulting in pH
reduction and calcium release. The second step is

[Zn**)por = 1.00 M

Zn*t

1.0
Zn(OH),

0.8

0.6 A OH) 5

Fraction

0.4

pH

Fig. 3. Distribution diagram for the Zn(II) species as a
function of pH (using the program Medusa).
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attributed to an ion exchange with Ca®* and the par-
tial dissolution of HA followed by the precipitation of
a metal-containing hydroxyapatite formation [17]. In
the substitution with Zn”**, the surface phase of
hydroxyapatite contains only a small part of zinc ions
incorporated in the particles. The replacement of Ca**
with Zn** should make the crystal structure of HA
unstable because of the considerably smaller radii of
Zn** (0.074 nm) than that of Ca** (0.099 nm). Zn>" ions
introduced into the hydroxyapatite lattice by ion
exchange process could support the conversion of the
amorphous hydrated surface layer [27]. The formation
of a new crystalline phase of Znz(PO,),-4H,O (hopeite)
on the HA surface is observed at higher zinc concen-
trations [28].

3.3. Adsorption isotherms

The percentage of zinc adsorption on synthetic
hydroxyapatite HA1 and HA2 showed nearly no
change with increase in concentration of Zn** in solu-
tion up to 1x 10 *moldm ™. Further increase of Zn**
concentrations in solution decreased the adsorption of
zinc (Fig. 4(a)). The amount of zinc adsorbed on
hydroxyapatite increased along with the increase in
concentration of Zn?" in solution, until the equilibrium
was achieved.

The Langmuir isotherm has been proposed for
modeling experimental data. The Langmuir isotherm
model is a theoretical model for monolayer adsorp-
tion:

IMiaxb.Ceq

where T is the adsorption capacity (molg™"), Ipmax is
the maximum of the adsorption capacity correspond-
ing to site saturation (molg "), ceq is the equilibrium
concentration (moldm ), and b is the ratio of adsorp-
tion/desorption rates.

The results of the measurements of zinc adsorp-
tion on synthetic HA are plotted according to the
Langmuir equation (Eq. (8)) in Fig. 4(b). The calcu-
lated values of maximum adsorption capacity of zinc
on HA1 and HA2 were 0437 and 0.605mmolg ',
respectively.

Several inorganic ion-exchange materials, either
naturally occurring or synthetic, can be used in a
remediation of soil and water from industrial and
nuclear wastes due to their ability to retain a variety
of ionic species. The maximum zinc uptakes for the
different materials are listed in Table 1. Langmuir iso-
therm model was used to fit the data of experiments,
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Fig. 4. The percentage of the zinc sorption (a) and the amount of zinc adsorbed on hydroxyapatite modeled by Langmuir

isotherm (b) in the presence of Zn>" ions.
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Fig. 5. The percentage of the zinc sorption on HA1 (a) and HA2 (b) as dependency on the concentration of competitive

ions in solution.

Table 1
Literature data of I'max for zinc and various samples of
natural and synthetic sorbents

Sorbent T'max (mmol gfl) Reference
Synthetic HA 0.437, 0.605 Our results
Synthetic HA 0.574 [29]
Natural HA 1.051-1.562 [30]

Bone char 0.505 [19]
Animal bones 0.181-0.210 [20]
Phosphate rock 0.667 [31]
Natural zeolite 0.134 [32]
Synthetic zeolite A 2.53 [33]
Bentonite 0.538 [34]

but the adsorption mechanism depends on the ionic
species of zinc, the nature of the sorbent, and experi-
mental conditions.

3.4. Competitive ions

The metal ions of interest in wastewater usually
coexist with various ions. The foreign ions can com-
pete for the binding sites on sorbent. The influence of
competitive cations (Ca*t, Mg2+, Sr?*, Fe®*) on the zinc
adsorption was studied. Ca** exhibits more affinity for
the surface sites of hydroxyapatite than Sr** and Mg**
[35]. Under applied experimental conditions, the pres-
ence of Mg2+, Ca%*, and Sr** ions had little effect on
the adsorption of Zn®*. With an increase of Ca®* con-
centration from 1x107° to 5x102moldm™2, the
adsorption of zinc decreased by approximately 6%.
The zinc adsorption on hydroxyapatite was signifi-
cantly decreased with an increasing concentration of
Fe®" ions in solution with concentration above 1x 107>
mol dm . The competition effect of Fe** towards Zn**
adsorption is obviously stronger than that of Ca**
ions. Fig. 5(a) and (b) shows that the percentage of the
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zinc adsorption on HA1 and HA2 as dependency on
the concentration of competitive ions. The selectivity
of hydroxyapatite for bivalent ions is in the following
order: FeZ* > Ca®* >Sr*" ~ Mg2+. In the case of Fe?*, the
oxidation of Fe** to Fe** could be expected at pH>5
under aerobic conditions. The precipitate of iron
hydroxides, eventually the iron (hydr)oxides, was
observed.

4. Conclusion

The adsorption of zinc on hydroxyapatite was
studied using batch techniques. The samples of
hydroxyapatite used in the adsorption experiments
were commercial synthetic hydroxyapatite and the
hydroxyapatite prepared by a wet precipitation pro-
cess. The adsorption of zinc was carried out through
radioisotope indication using ®Zn as the radiotracer.
The time required for achievement of the adsorption
equilibrium, the effect of pH and of foreign ions on
the adsorption of zinc on the samples of HA were
studied. The percentage of zinc adsorption in the
observed initial pH range was constant. The highest
values of percentage zinc adsorption on HA1l and
HA2 were achieved at the lowest concentration of the
zinc ions in solution. Adsorption isotherm was well
characterized by Langmuir equation and the value of
maximum adsorption capacity of zinc on hydroxyapa-
tite HA1 and HA2 was calculated to be 0.437 and
0.605 mmol g, respectively. The competition effect of
Fe’* towards Zn®* adsorption is obviously stronger
than that of Ca®* ions. Mg®* and Sr** ions have no
apparent effect on zinc adsorption on synthetic
hydroxyapatite. The ability of the bivalent cations
present in the environment to depress the adsorption
of zinc on hydroxyapatite is in the following order:
Fe’* > Ca®" >Sr** » Mg®*. This study showed that this
is a promising candidate for the removal of radio zinc
from aqueous solutions.
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