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Removal of Lead lons by Hydroxyapatite Prepared from the Egg Shell
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Carbonate hydroxyapatite (CHAP) was synthesized from domestic hen egg shells. The obtained CHAP was
characterized by X-ray diffraction (XRD) and Fourier transform infrared spectroscopy and investigated as
metal adsorption for Pb?* from aqueous solutions. The effect of various parameters on the adsorption process
such as contact time, solution pH, and temperature was studied to optimize the conditions for maximum
adsorption. The results showed that the removal efficiency of Pb?" by carbonate hydroxyapatite calcined at
600 °C (CHAPF) reached 99.78 %, with an initial Pb?" concentration of 200 mg-L™%, pH = 3, and a
solid/liquid ratio of 1 g-L~. The equilibrium removal process of lead ions by CHAPF foam at pH = 3 was
well described by the Langmuir isotherm model, with a maximum adsorption capacity of 500 mg-g~* at
(25 and 35) °C. The removal mechanism of Pb?* by the CHAPF varies, depending on the initial concentration
of lead in the aqueous solution: the dissolution of CHAPF and precipitation of hydropyromorphite
(Pb1o(PO4)s(OH),) is dominant at low concentration [(20 to 200) mg-L '], and the adsorption mechanism
of Pb?* on the CHAPF surface and ion exchange reaction between Ca?" of hydroxyapatite and Pb?" in
aqueous solution is dominant at high concentration [(500 to 700) mg-L~]. The thermodynamics of the

immobilization process indicates an exothermic sorption process of Pb?",

I ntroduction

Heavy metals are detrimental to the environment because of
their nonbiodegradable and persistent nature.> The toxicity of
these metals is enhanced through accumulation in living tissues
and the food chain.? Lead is an important metal from the
viewpoint of environmental toxicology.® Lead is widely used
in sulfuric acid manufacture, petrol refining, halogenation,
sulfonation, extraction and condensation, storage batteries,
alloys, solder, manufacture of pigments, ceramics, and plastics,
and as a consequence, it is often found in wastewaters arising
from these processes. Therefore, the elimination of heavy metals
from waters and wastewaters is important to protect public
health. Many methods have been proposed for heavy metal
removal. Chemical precipitation,* membrane filtration,® ion
exchange, and biosorption®’ are the most commonly used
processes; each has its merits and limitations in application. The
major advantages of biosorption include low cost, high ef-
ficiency, minimization of chemical or biological sludge, no
additional nutrient requirement, possibility of regeneration of
the biosorbent, and metal recovery.®~*° Hydroxyapatite is one
of the many adsorbents used. The efficiency of hydroxyapatite
depends on factors such as high sorption capacity for heavy
metals, low water solubility, and high stability under reducing
and oxidizing conditions.

Despite its prolific use in the biomedical domain, hydroxya-
patite remains a rather expensive materiel due to the use of high-
purity reagents.***? This leads to a search for low-cost materials
as alternative adsorbents. It is well-known that hydroxyapatite
can be prepared from a variety of raw materials. The most
frequently used precursors are animal bones,**** coral,*® etc.

Important issues in the industrial process are minimization
of wastes, recovery of precious materials, and regeneration of
wastes and energy. Egg shell waste is widely produced from
houses, restaurants, and bakeries. Egg shell has a little developed

* Corresponding author. E-mail: meskisamira@yahoo.fr.

porosity and pure CaCOj3 as an important constituent. In this
work, synthesized hydroxyapatite by using egg shell was
investigated from the viewpoint of recycling this waste product
and minimization of contaminants. Physical and chemical
properties of the hydroxyapatite prepared from egg shell were
determined, and the potential use of CHAP in the removal of
lead was studied.

On the basis of bioresource recycling, the interest of using
hen egg shell as an adsorbent has slightly increased in recent
years. Zheng et al.*® studied the sorption of Cd(I1) and Cu(Il)
from aqueous solution by carbonate hydroxyapatite derived from
egg shell as a low-cost sorbent, finding that it had a relatively
high sorption capacity compared to other sorbents. Liao et al.*’
reported the removal of lead(Il) ions from aqueous solution using
carbonate hydroxyapatite prepared from egg shell. The study
concluded that CHAP could be used as an efficient adsorbent
for removal of lead ions from aqueous solution with adsorption
capacities of 101 mg-g~* with a 60 min equilibrium time.

Experimental Section

Sorbent Preparation. A carbonate hydroxyapatite sample
CHAP was prepared as follows: The egg shells (collected from
eggs from a grocery shop) were washed with tap water several
times and afterward with distilled water. Then, they were
transferred to the oven at 80 °C to dry. The dried egg shells
were crushed and milled. The average size of the egg shells
was 100 mm. A weight of 33.330 g of egg shell powder was
vigorously added to 46.160 mL of nitric acid HNO; (d = 1.4,
P = 65 %) and stirred at room temperature for 1 h. The reaction
that occurred is based on eq 1.

CaCo; + 2HNO; — Ca(NOy),, + CO, + H,0
@)

In the second step, a solution of phosphate was obtained by
the dilution of 13.700 mL of H3PO, (d = 1.68, P = 85 %) in
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130 mL of distilled water. Subsequently, a solution of H3PO,
was slowly added to the solution of Ca(NOs)yug. In all
experiments, the pH of Ca(NOs),aq Ssolution was adjusted to
pH 10 using an ammonia solution (NH,OH, p = 37 %), and
the suspension was maintained at ebullition temperature for 1 h
and at room temperature for 24 h. The reaction proceeded
according to eq 2.

10Ca(NOy),,q) + 20NH,OH + 6H,PO, —
Cay,(PO,)s(OH), + 20NH,NO, + 18H,0 (2)

Last, the suspension was filtered, dried, and ground into a
powder manually (mesh size 0.350 mm) to get the sample. Small
amounts of the powder were heated at 600 °C for 3 h and
furnace cooled to improve crystallinity and to check the purity.

Characterization of the Sorbents. To study the crystallinity
of the prepared samples, powder X-ray diffraction (XRD model
PHILLIPS X pert prof, analytical, system MPD) patterns were
recorded using Cu Ko radiation at 50 kV and 100 mA. Fourier
transform infrared spectroscopic (Shimadzu-8300 IR-TF) analy-
sis was performed to identify the presence of chemical functional
groups in the samples, and the point of zero charge (pHpzc)
was measured by a batch equilibration technique, with 0.1 N
of KNO; as an inert electrolyte.*®

Biosorption Studies. Biosorption equilibrium assays were
carried out by adding the dried sorbent in 250 mL of Pb?*
solution at the desired concentration and pH at 25 °C in a
shaking water bath at 100 rpm. After the required time to reach
equilibrium, the suspension was filtered, and the final concentra-
tion of Pb?" in solution was measured by using the atomic
absorption spectrophotometry technique (Shimadzu AA 6500,
air/C,Hs gas mixture). The amount of Pb?" adsorbed onto
hydroxyapatite ¢ (mg-g~*) was calculated by a mass balance
relationship

(G — GV

=" ®)

where q; (mg-g?) is the adsorption capacity; C, and C; are the
initial and equilibrium concentration (mg-L?) of lead ions in
solution; V (L) is the volume; and m (g) is the weight of the
adsorbent.

Results and Discussion

XRD Phase Analysis. The XRD patterns of prepared hy-
droxyapatite (CHAP) (Figure 1) were found to be similar to
that of a heat-treated sample at 600 °C (CHAPF) exhibiting
peaks corresponding to hydroxyapatite (JCPDS 9-432) with no
secondary phases indicating that the synthesized hydroxyapatite
was pure. It was also observed that the crystallinity of the
hydroxyapatite powders increased with temperature of calcina-
tion. The hydroxyapatite powders calcined at 600 °C (CHAPF)
showed well-defined broad crystalline peaks.

FTIR Analysis. Fourier transform infrared (FT-IR) analysis
was performed to identify the presence of chemical functional
groups in the samples. IR spectra of the CHAP powders before
and after calcinations at 600 °C are shown in Figure 2.

In general, the FT-IR spectra of the carbonate hydroxyapatite
(CHAP) and those calcined at 600 °C (CHAPF) have intense
peaks at a frequency level of (3600 to 3300) cm™?, representing
—OH stretching.™® The peak between (1450 to 1380) cm~* and
1630 cm~! corresponds to the carbonate COs?>~ mode.?® The
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Figure 1. XRD patterns of CHAP (1) and CHAPF (2). Triangle,
hydroxyapatite.
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Figure 2. FTIR spectra of —, CHAP and - - -, CHAPF.

band at 870 cm™* could be assigned to the HPO,?~ group.?>*
In addition, the bands between (2210 and 1950) cm™* and (1046
and 486) cm™* are relative to PO,>~. The IR peak appearing at
611 cm™ 1 is assigned to the vibrations of OH™ for the adsorbed
water molecules.?>?® The IR spectra of the CHAPF show that
all bands present moderate intensities compared to that of
CHAP. The frequencies of most remaining bands have changed
slightly. This is attributed to changes in the structure that are a
result of the calcinations.

pHpzc. The point of zero charge (pHpzc) is defined as the
pH at which the total surface charges become zero. The values
obtained for the two samples are 7.52 for CHAP and 7.68 for
CHAPF. The negligible difference between these two values
can be explained by the presence of a specific sorption process
and thus the existence of impurities on the powders due to the
conditions of the preparation.

Effect of Contact Time. The effect of contact time on the
removal of Pb?t by CHAPF at an initial concentration of lead
(Co = (20, 50, 100, 200, 500, and 700) mg-L 1) and for sorbent
dosage (m = 1 g-L™*) showed rapid adsorption of Pb>" in the
first 10 min; thereafter, the adsorption rate decreased gradually,
and the adsorption reached an equilibrium in about 30 min as
shown in Figure 3. An increase in contact time up to 1 h showed
that the Pb?" removal by CHAPF increased by only about 1 %
over that obtained at a 30 min contact time. Aggregation of
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Figure 3. Effect of contact time on lead adsorption by CHAPF at given
conditions: pH = 3, dosage = 1 g-L~* at 25 °C. Squares, 20 mg-L™%;
circles, 50 mg-L™*; triangles, 100 mg-L%; stars, 200 mg-L"*; diamonds,
500 mg-L~%; and crosses, 700 mg-L L.
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Figure 4. Effect of pH on the lead sorption by CHAPF at given conditions:
Co = 100 mg-L%, dosage = 1 g-L %, contact time = 1 h at 25 °C.

Pb?* ions with the increase in contact time makes it almost
impossible for the Pb?* ions to diffuse deeper into the adsorbent
structure at the highest energy sites. The adsorption curves were
single, smooth, and continuous, leading to saturation, and
indicated the possible monolayer coverage on the surface of
the adsorbent by the Pb?" ions.

Effect of the pH. The effect of pH on adsorption of Pb?*
onto the biosorbent was investigated by varying the solution
pH from 1 to 8. The solution pH was adjusted with strong acid
(HNO3) and/or strong base (NaOH) and recorded with a pH
meter.

Earlier studies have shown that solution pH is an important
parameter influencing the biosorption of metal ions.?* The
removal of Pb?" ions was investigated as a function of solution
pH, and the result is indicated in Figure 4. As seen from this
figure, the biosorption of Pb?*t onto CHAPF is strongly pH
dependent. The optimum uptake occurred when the initial pH
was 2 and 3 when 99 % of the Pb?" was removed from solution.
When the pH passed over 3, the removal efficiency decreased
slightly as pH increased, possibly caused by the formation of
soluble hydroxyl complexes.?* These results are in good
agreement with the results of previous studies.?*%

Kinetic Studies. To analyze the adsorption rates of Pb?* ions
onto CHAPF, the experimental data were tested with a pseudo-
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Figure 5. Test of pseudo-second-order model for the adsorption lead on
the CHAPF at given conditions (T = 25 °C, w = 100 rpm, pH = 3, dosage
=1g-L™} and time = 1 h). Squares, 20 mg-L™*; circles, 50 mg-L™%;
triangles, 100 mg-L"?%; stars, 200 mg-L~?*; diamonds, 500 mg-L%; and
crosses, 700 mg-L %

Table 1. Pseudo-Second-Order Parameters for the Adsorption Lead
on CHAPF at 25 °C

C0 KZ Oecal qe‘exp
(mg-L™%) (min~") R (mg-g™ (mg-g™)
20 0.768 0.999 20.833 20.828
50 0.033 0.992 40.983 55.859
100 0.007 1.000 121.951 122.593
200 0.006 0.999 204.081 198.953
500 0.000 0.984 526.315 476.562
700 0.000 0.946 454,545 493.750

second-order equation. The kinetic rate linearized equation is
expressed as®®

t 1 1
LA 4
O qui Qe ( )

where t is the contact time (min); q: and g, are the amount of
Pb?* removed at an arbitrary time and at equilibrium (mg-g™1),
respectively; and Kj is the rate constant (g-mg~t-min~1). Plots
of t/g, versus t for the removal kinetics of Pb?" ions by the
CHAPF are shown in Figure 5.

The Oexp and the geca values for the pseudo-second-order
model are also shown in Table 1. The O ey, and the Qg ca Values
are very close to each other, and also, the calculated coefficients
of determination, R?, are close to unity.

On the basis of the regression coefficient and calculated values
of adsorption capacity, the adsorption process was found to obey
the pseudo-second-order kinetic model.

Adsorption Isotherm. The adsorption isotherms of lead
adsorption on CHAPF at various temperatures are depicted in
Figure 6. According to the shapes of the curves, the isotherms
corresponding to lead adsorption onto CHAPF may be classified
as L type of the Giles classification.?® The L type isotherm
suggests a relatively high affinity between lead ions and CHAPF.
This also indicates that no strong competition occurs for the
adsorption sites between solvent molecules and adsorbate
molecules.

The adsorption isotherm study was carried out using two
isotherm models: Langmuir and Freundlich isotherm models.
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Figure 6. Adsorption isotherms of lead over CHAPF at different temper-
atures. Diamonds, 25 °C; circles, 35 °C; and triangles, 50 °C (w = 100
rpm, pH = 3, dosage = 1 g-L %, and time =1 h).
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Figure 7. Langmuir adsorption isotherm of lead onto CHAPF for several
temperatures: diamonds, 25 °C; circles, 35 °C; and triangles, 50 °C (v =
100 rpm, pH = 3, dosage = 1 g-L %, and time =1 h).

The applicability of the isotherm models to the adsorption study
data was compared by judging the coefficients of determination,
R? values.

Langmuir Isotherm. The Langmuir isotherm assumes mono-
layer adsorption onto a surface containing a finite number of
adsorption sites of uniform adsorption with no transmigration
of adsorbate in the plane of the surface.?” The linear form of
the Langmuir isotherm equation is given as

C
—e=iC+ 1

— 5
qe qm ¢ quL ( )

where C. is the equilibrium concentration of the adsorbate
(mg-L™Y); g is the amount of adsorbate adsorbed per unit mass
of adsorbent (mg-g™); and gy, and K, are Langmuir constants
related to adsorption capacity and rate of adsorption, respectively.

When C./q. was plotted against C,, a straight line with slope
of 1/q, was obtained, as shown in Figure 7. An R? value of
0.999 indicated that the adsorption data of lead onto the CHAPF
at all the three temperatures studied were best fit to the Langmuir
isotherm model. The Langmuir constants K_ and g, were
calculated from eq 5, and their values are shown in Table 2.

Table 2. Isotherm Parameters at Various Temperatures for Two
Isotherm Models

Langmuir model Freundlich model

temperature Om Ky Ke
(°C) (mg-g™) (L-mg™) R (L-mgY) 1n R
25 500 0.206 0999 99.174 0.286 0.584
35 500 0.110 0999 68469 0.365 0.751
50 370.370 0.111 0999 56.937 0.328 0.802

Freundlich Isotherm. The Freundlich isotherm on the other
hand assumes heterogeneous surface energies, in which the
energy term in the Langmuir equation varies as a function of
the surface coverage.?® The well-known logarithmic form of
Freundlich isotherm is given by the following equation

Ing,=InK.+niInC, (6)

where C, is the equilibrium concentration of the adsorbate
(mg-L™Y); e is the amount of adsorbate adsorbed per unit mass
of adsorbent (mg-g~?); K and n are Freundlich constants with
n giving an indication of how favorable the adsorption process
is; and K¢ (L-mg™Y) is the adsorption capacity of the adsorbent.
Ke can be defined as the adsorption or distribution coefficient
and represents the quantity of lead adsorbed onto CHAPF for
a unit equilibrium concentration. The constant n is the empirical
parameter related to the intensity of adsorption, which varies
with the heterogeneity of the material. When 1/n values are in
the range 0.1 < 1/n < 1, the adsorption process is favorable.?®

The values of Kr were (99.174, 68.469, and 56.937) L-mg™*
at (25, 35, and 50) °C, respectively (Table 2). The decrease of
Ke with an increase in the temperature revealed that the
adsorption capacity of lead onto CHAPF powders increased with
a decrease in temperature. Like Kg, n decreased with an increase
in temperature, and this represents favorable adsorption at low
temperature. If nis below one, then the adsorption is a chemical
process; otherwise, the adsorption is a physical process.*° All
values of n exceed one, indicating a favorable adsorption of
lead onto CHAPF.

Lead Remoral Mechanism. Mechanisms such as ion ex-
change,* surface complexation,®* dissolution of hydroxyapatite,
precipitation of metal phosphate,®?3® and substitution of Ca in
hydroxyapatite by metal during recrystallization (coprecipita-
tion)** have been proposed to describe the uptake of heavy
metals from aqueous solution by hydroxyapatite.

To investigate the reaction capable of removing lead from
the solutions, the evolution of the pHFgin according to the contact
time was investigated at various initial concentrations of lead
and constant values of initial pH (pH = 3) and adsorbent dose
(1 g-L™1). The results are presented in Figure 8.

Figure 8 reveals two domains of variation. From the
concentration range [(20 to 200) mg-L™1], the pHgi increases
from 5 to 6, whereas when the concentration passed over 200
mg-L™%, the pHgina increased slightly. Therefore, the pHgina
increase will be induced by H* consumption and dissolution of
the hydroxyapatite to the H,PO,~ species described by eq 7
and precipitation of lead apatites, namely, hydroxypyromor-
phite, according to eq 8. As both low pH and the presence of
Pb?* ions accelerate hydroxyapatite dissolution and formation
of H,PO,~, in the range pH < 7, H,PO,~ is the dominant
phosphate species.

Cay(PO,)s(OH), + 14HT — 10Ca** + 6H,PO, + 2H,0
Q]



10Pb** + 6H,PO, + 2H,0 — Pb,,(PO,)s(OH), + 14H"
@)

For the higher concentration, there are two stages capable of
removing lead from the solutions. The first stage is the
adsorption of Pb2" on the surfaces of hydroxyapatite, followed
by the second stage, an ion exchange reaction between Pb?*
adsorbed and Ca?t of CHAPF. The ion exchange interaction
can be presented as follows®®

Cay(PO,)¢(OH), + xPb*" — Pb,Ca 19— (PO4)s(OH), +
xCa’*  (9)

Wu et al.*” showed that when pH < pHpzc, (P)—OH are the
significant surface species, whereas at a pH close to and higher
than the pHpzc, the dominant surface species are (P)—O~ and
Ca—(OH),", respectively. Our pHgina values < pHpzc suggest
that (P)—OH should be the dominant surface species. Therefore,
the surface complexation reaction can contribute to a removal
of lead by the following general reaction

(P)—OH-+Pb*" — (P—0—Pb" + H" (10)

The complexation of Pb?" on the CHAPF surface displaced
partially the H* ions,*” giving a pH decrease. However, Figure
8 does not reveal any decrease in the pHriny values. Conse-
quently, the probability of the contribution of the surface
complexation mechanism is small in our case.

Finally, the surface precipitation mechanism, accompanied
generally by the absence of a saturation stage,®® was also
withdrawn because the result obtained by the Langmuir model
indicates the monolayer adsorption of lead onto CHAPF. In
addition, the observation of equilibrium sorption after a few
minutes confirmed the absence of a surface precipitation process
for the reason that the coprecipitates of heavy metals are possible
only at long-term contacts as indicated by Sposito.®

Thermodynamic Studies. Thermodynamic parameters such
as Gibbs energy change (AG®), enthalpy change (AH®), and

A -
d
= g—n .7'x=
5 {./l/é/ o —6—*
//f(
. / '/' —
N/
IE 7 / ﬁ/
3
I
5 Jae T s
2 T T T T T T

0 10 20 30 40 50 60 70
Time (min)

Figure 8. Evolution of the pHpiny with time at various concentration of

lead. Squares, 20 mg-L~*; circles, 50 mg-L~*; triangles, 100 mg-L"}; stars,

200 mg-L*; diamonds, 500 mg-L"%; and crosses, 700 mg-L* (w = 100

rpm, pH = 3, dosage = 1 g-L*, and time = 1 h).
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Figure 9. Enthalpy determination curves for the sorption of lead onto
CHAPF.

Table 3. Thermodynamic Parameters for Sorption of Pb?fonto
CHAPF

temperature K AG® AS AH®
(K) (Lgh (kIrmol™) (kJ'mol™) (kI-mol™}) R
298 103 —36.985
308 55 —37.537 0.029 —28.575 0.912
323 41111 —37.974

entropy change (AS°) for the sorption of Pb?* on CHAPF were
determined using the following equations®®

AG® = —RTInK (11)
INK = AH® — TAS® (12)

where AG® is the change in Gibbs energy (kJ-mol~%); AH® is
the change in enthalpy (kJ-mol™); AS’ is the change in entropy
(J*mol~t-K™1); T is the absolute temperature in kelvin; R is
the gas constant; and K is the equilibrium constant of sorption.
Equations 11 and 12, can be rewritten as

()-8 e

R RT

AH° and AS values for lead sorption can be evaluated from
the slope and intercept of the linear plot In K vs 1/T (Figure 9,
Table 3).

Negative values of the Gibbs energy (AG°) indicate the
feasibility and spontaneous nature of the lead sorption process,
while the negative value of the enthalpy (AH°®) suggests the
exothermic nature of the sorption of Pb?* on CHAPF. We notice
that the Gibbs energy (AG°®) is very close for the three
temperatures which means that the temperature 25 °C is more
favorable for the sorption of lead. A positive entropy of sorption
also reflects the affinity of the sorbent for Pb?".

Conclusion

This study shows that the carbonate hydroxyapatite prepared
from egg shell (CHAPF) represents the highest capacity for
adsorption of Pb?* ions from aqueous solution. It has been found
that the initial rate of adsorption was high. The sorption
isotherms follow the model of Langmuir with high adsorption
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capacities and low temperature dependency. The thermodynamic
functions were calculated, and it can be concluded that the
adsorption of Pb?" over CHAPF is an exothermic and spontane-
0US Process.

The adsorption was greatly pH dependent, with a high uptake
of lead at pH = 3. These results show that the lead uptake by
CHAPF was very sensitive to the initial concentration of Pb?*
in aqueous solution. The study revealed that the mechanism of
dissolution of CHAPF and precipitation of hydrophyromorphite
was dominant at low concentrations of Pb?" [(20 to 200)
mg-L1]. For the high concentrations [(500 to 700) mg-L 1],
two stages were observed: adsorption of Pb?" ions on the
CHAPF surface and an ion exchange reaction between Ca?* of
CHAPF and Pb?* ions in aqueous solution.
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