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a b s t r a c t

Natural apatites represent a cost effective soil amendment, which can be used for in situ reduction of lead
bioavailability and mobility. In our previous work, we selected Lisina apatite (LA) as a promising natural
mineral for lead immobilization based on theoretical predictions. This study investigated the adsorption
equilibrium and kinetics of aqueous Pb sorption onto Lisina apatite and synthetic hydroxyapatite (HAP) at
different temperatures. XRD analysis indicated that LA consists of three minerals: fluorapatite, quartz and
muscovite. After reaction with a Pb solution, only FA peaks were changed, confirming that fluorapatite
present in LA is responsible for Pb sorption. Sorption experiments confirmed that both LA and HAP are
effective in Pb removal. Langmuir, Freundlich, Temkin, Koble–Corrigan and Redlich–Peterson isotherm
models were applied to experimental data. The kinetics of the sorption process on both minerals was
echanism well characterized by the pseudo-second order reaction rate. Results indicate that Pb immobilization by
HAP is a two-step process: the first rapid phase, possibly surface complexation and secondary dissolution
of HAP and precipitation of pyromorphite. The sorption of Pb by Lisina apatite is also a two-step process,
but the reaction mechanisms are more complicated and need further research as the results indicate that
different mechanisms dominate at different temperatures. The values of thermodynamic equilibrium
constants and Gibbs free energy were also calculated. The values of �G0 obtained confirm the feasibility

ective
of both HAP and LA as eff

. Introduction

Contamination due to the presence of heavy metals in soils, sur-
ace and ground waters represents a major environmental problem.

ost heavy metals are extremely toxic, non-biodegradable and
end to accumulate in living organisms.

Lead is one of the most widespread heavy metals present in the
nvironment due to historical use of Pb-containing products such
s paint, petrol and pesticides [1]. The main sources of lead con-
amination are mining, processing and smelting operations, metal
lating and other industries. Pb leaching from contaminated soils is
constant source of surface and ground water contamination. Lead

s highly toxic to humans, especially young children even at low
oncentrations because of its bioaccumulation in the food chain
2]. Therefore, constant efforts are being made to remediate Pb

ontaminated sites.

Until recently, the main basis for environmental risk assessment
as the total concentration of an element [3]. According to that con-

ept, efforts were made to eliminate Pb from the contaminated site.

∗ Corresponding author. Tel.: +381 11 3303 744; fax: +381 11 3370 387.
E-mail address: tanjak@tmf.bg.ac.rs (T. Kaludjerovic-Radoicic).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.03.061
sorbents of the Pb ion.
© 2010 Elsevier B.V. All rights reserved.

Some classical methods of soil lead remediation consist of contami-
nated soil removal followed by physical and/or chemical treatment
such as: solidification, vitrification, washing, leaching and particle
size separation [4,5]. These conventional engineering type reme-
dial approaches have proven economically prohibitive and at times
ecologically unfriendly.

In the new approach, only the bioavailable fraction of the total
contaminant concentration is considered when risk assessment
is made. On the basis of this approach, assisted natural remedi-
ation processes were proposed [3]. These in situ immobilization
techniques use abundant, rather inexpensive natural substances
for transforming the contaminants to more insoluble phases, thus
preventing them from accumulating in the biosphere [6].

This approach can be used for Pb contamination as, in most
cases, Pb is present in the environment in the form of highly
soluble minerals such as PbO, Pb(CO3)2 and PbSO4 [7]. For remedi-
ation of Pb contamination, phosphate minerals, especially apatites,
were suggested [8–10]. The apatites investigated include syn-

thetic hydroxyapatite (HAP) [11–14], apatites of biological origin
such as bone meal [15] and Apatite IITM [16,17], and naturally
occurring apatite minerals (phosphate rock) [18–28]. Naturally
occurring apatite minerals can represent a low cost alternative to
synthetic HAP. The stability of the reaction product is of the high-

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:tanjak@tmf.bg.ac.rs
dx.doi.org/10.1016/j.cej.2010.03.061


504 T. Kaludjerovic-Radoicic, S. Raicevic / Chemical

Table 1
HAP and LA properties.
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Name Ca/P molar ratio Surface area, m2 g−1 X− group

HAP 1.67 21.0 OH−

LA 1.5 4.49 F−

st importance when using in situ remediation techniques, as the
ontaminant is not removed from the environment [29]. There-
ore, before the use of any natural mineral for in situ remediation
f contaminated sites, it is important to investigate in detail the
echanisms involved.
The present work involves experimental investigation and com-

uter modeling of Pb retention by two minerals: synthetic HAP
nd Lisina apatite from the phosphate ore deposit in south Ser-
ia (denoted hereafter as LA). The sorption properties of HAP
nd LA were investigated using various two-parameter and three-
arameter sorption isotherms. The kinetics of the reaction of Pb

mmobilization was investigated using pseudo-first and pseudo-
econd order kinetic models. XRD analysis was performed on
ynthetic HAP and Lisina apatite and on the reaction products
f these minerals with a solution of lead-nitrate. The systems
ere modeled using the Visual MINTEQ computer program. Visual
INTEQ was used to calculate which minerals could precipitate in

b-HAP and Pb-LA systems. The experimental results were com-
ared with the computer simulation.

. Materials and methods

.1. Materials (apatites)

Two sorbents were used in this study: stoichiometric hydroxya-
atite (HAP) and natural apatite from the phosphate ore deposits

n Lisina (LA), near Bosilegrad (Serbia).
Stoichiometric HAP was synthesized in the laboratory by a

low titration of the Ca(OH)2 solution with H3PO4 at an elevated
emperature (95 ◦C) in a nitrogen atmosphere, following a previ-
usly described procedure [30]. Chemical analysis confirmed that
he product was stoichiometric hydroxyapatite with the formula
a10(PO4)6(OH)2, having a Ca/P ratio 1.67 ± 0.02 and surface area
1.0 m2 g−1, as determined by the application of the B.E.T. method.
EM micrographs show that the solid phase consists of spherical
ggregates, around 10 �m in diameter. The spherical aggregates
re composed of smaller particles, about 100–200 nm in diameter.

Based on theoretical predictions the natural apatite from the
hosphate ore deposits in Lisina (LA), near Bosilegrad (Serbia) was
elected for the sorption experiment [31]. This phosphate ore con-
ains 43.3% apatite. This sample has the following chemical com-
osition: Ca2.94Na0.03K0.05Al1.38Fe0.22Si6P1.96S0.16Cl0.04F0.11O22.28
31]. A surface area of 4.49 m2 g−1 was determined using the B.E.T.

ethod. The sample was ground to fine powder with a particle size
ower than 200 �m and was used without further modifications.

The comparison of HAP and LA properties is given in Table 1.

.2. Sorption experiments

.2.1. Batch sorption studies
The sorption and kinetic properties of lead removal by HAP and

A apatite samples were determined in batch experiments. 0.2 g
f HAP/LA was held in contact with 50 mL of solution containing
.415/0.4826 mmol L−1 Pb (as nitrate salt). The suspensions were

gitated using a reciprocal shaker (150 rpm) under constant tem-
erature. The initial pH of suspensions was 5.1 for HAP and 5.6 for
A and it was not further modified during these experiments in
rder to simulate the real environmental conditions, where the pH
ontrol is either not applicable or very difficult to achieve. After
Engineering Journal 160 (2010) 503–510

the corresponding time interval, the suspensions were sampled
through direct filtration, using a 0.45 �m membrane filter. The
filtrates were analyzed for Pb and Ca content using a Shimadzu
AA-6501 F atomic absorption (flame) Spectrometer. Detection lim-
its for Pb and Ca were 10 �g L−1. The amount of lead sorbed on
HAP/LA at a specific time (q) could be calculated by the obtained
data using the mass balance equation.

According to the mass balance equation, the total number of
moles of lead ions in the solution at time t = 0 plus the number of
moles adsorbed on apatite at t = 0 is equal to the number of moles
left in the solution plus the number of moles adsorbed on HAP/LA:

m(q0 − q) = V(c − c0) (1)

As HAP/LA at t = 0 did not contain any lead ions, q0 = 0.
Therefore:

q = V

m
(c0 − c) (2)

where V is the volume of the solution (L); m is the mass of HAP/LA
(g); c0 is the initial concentration of lead in solution (mmol L−1);
c is the lead ion concentration in the solution at a given time
(mmol L−1); q0 is the initial lead concentration in the adsorbent
(mmol g−1 HAP/LA); q is the amount of lead sorbed on HAP/LA at a
given time (mmol g−1 HAP/LA).

2.2.2. XRD analysis
Two sorption batch experiments were carried out, especially

designed to provide samples for XRD analysis. 2 g of HAP or LA
samples were mixed with 100 mL of Pb(NO3)2 solution, containing
4.826 mmol L−1 of Pb. The suspensions were thermostated at 25 ◦C
and agitated at 150 rpm for 5.5 h, i.e. for enough time to achieve
equilibrium, according to the respective kinetic data. The suspen-
sion was subsequently filtered and solid phases were dried at room
temperature for 2 days, and then stored for XRD analysis.

X-ray diffractometry (XRD) was performed by a Siemens Model
D500 PC diffraction system with Cu K� radiation at 35 kV and
20 mA. Measurements were made using a step scanning technique
with a fixed time of 4 s per 0.05◦ 2�. The XRD patterns were obtained
from 10 to 80◦ 2�.

2.3. Adsorption isotherms

To examine the relationship between sorbed and aqueous
concentration at equilibrium, various two-parameter (Langmuir,
Freundlich and Temkin) and three-parameter (Redlich–Peterson
and Koble–Corrigan) sorption isotherms were used to describe the
equilibrium between the Pb sorbed onto HAP/LA and Pb in the
solution. To determine the best-fit model for the sorption system,
experimental results were substituted into equilibrium isotherm
model equations and the values of equations parameters were
obtained using non-linear regression analysis. To assess the ade-
quacy of the fit, the analysis of variance (ANOVA) was performed
on all the isotherm models used in non-linear regression anal-
ysis. F-Ratios from ANOVA analysis are defined as the ratio of
the respective mean-square-effect and the mean-square-error. The
large values of F and the small values of Prob > F indicate the sig-
nificance of the model. Apart from these values, the correlation
coefficient (R2), the residual sum of squares error (SSE) and the
standard error (S.E.) of the fit were also reported for each model.

SSE can be defined as:

SSE =
m∑

i=1

(qc,i − qi)
2 (3)
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Standard error can be defined as:

.E. =

√√√√ 1
m − p

m∑
i=1

(qc,i − qi)
2 (4)

here q is the experimental and qc calculated value of the amount
f lead adsorbed onto HAP/LA, m is the number of experimental
oints and p is the number of parameters in the model.

The equations representing five adsorption isotherm models
sed in this study are reported in Appendix A.

.4. Kinetic studies

In order to determine the rate constants, the two most widely
sed kinetic models in sorption processes (pseudo-first and
seudo-second order models) have been applied to experimental
ata.

.4.1. The pseudo-first order equation
The Lagergren pseudo-first order equation can be expressed as:

dq

dt
= k1(qe − q) (5)

here q is the amount of metal sorbed at time t, qe is the amount
f metal sorbed at equilibrium and k1 is the sorption rate constant.

Integrating Eq. (5) for the boundary conditions t = 0 to t = t and
= 0 to q = qt, and rearranging it for linearized data plotting, the

ollowing equation is obtained:

og(qe − q) = log qe − k1

2.303
t (6)

his model can be applied if log(qe − qt) versus t gives a straight
ine, in which case qe and k1 can be calculated from the intercept
nd slope of the plot.

.4.2. The pseudo-second order equation
Since the introduction of the pseudo-second order model in

999, it has been widely applied in liquid-phase adsorption sys-
ems [32]. The pseudo-second order rate model is based on sorbent
apacity and can be expressed as a differential equation:

dq

dt
= k2(qe − q)2 (7)

Integrating Eq. (7) for the same boundary conditions, it can be
earranged in the following linear form:

t

qt
= 1

k2q2
e

+ 1
qe

t (8)

A plot of t/qt versus t should give a straight line with a slope of
/qe and intercept of 1/k2q2

e . Furthermore, the initial sorption rate
(mmol g−1 min−1), when t → 0, can also be calculated as follows:

= k2q2
e (9)

.5. Sorption thermodynamics

The thermodynamic equilibrium constant K0
e was obtained from

alculating the apparent equilibrium constant, (K ′
e) at different

nitial concentrations of Pb2+ and extrapolating to zero. K ′
e was

alculated using the following expression:
′
e = cS

ce
(10)

here cs is the concentration of Pb2+ sorbed on apatite (HAP or LA)
t equilibrium (mmol L−1) and ce is the equilibrium concentration
Engineering Journal 160 (2010) 503–510 505

of Pb2+ in the solution (mmol L−1). The Gibbs free energy for the
adsorption process was obtained using the formula:

�G0 = −RT ln K0
e (11)

where R is the ideal gas constant (8.315 kJ kmol−1 K−1) and T is the
temperature (K).

2.6. Visual MINTEQ program simulation

Equilibrium modeling was conducted using a thermodynamic
program, Visual MINTEQ ver. 2.50 [33] to compare the results with
various possible precipitates that may control Pb solubility. The
input data for modeling (Pb2+, NO3

− and HAP or LA concentra-
tion and solution pH) were chosen from the experiment where
50 mL of the 2.415/0.4826 mg L−1 Pb(NO3)2 solution was equili-
brated with 0.2 g HAP/LA. In Visual MINTEQ the degree of saturation
with respect to a specific solid phase SI (saturation index) is defined
as:

SI = log

(
IAP
Ksp

)
(12)

where IAP is the ion activity product and Ksp is the solubility prod-
uct. A SI < 0 indicates that the solution is undersaturated while a
SI > 0 indicates that the solution is supersaturated with respect to
a given solid phase. A SI = 0 indicates that the solution is in equilib-
rium with a given solid.

3. Results and discussion

3.1. Equilibrium isotherm models

The analysis of equilibrium data is essential to understand
the sorption process and to be able to compare differ-
ent sorbents under different operational conditions. In this
paper, two-parameter (Langmuir, Freundlich and Temkin) and
three-parameter (Redlich–Peterson and Koble–Corrigan) isotherm
models were applied to the experimental data [31]. The results of
these five isotherm models applied to the Pb-HAP and Pb-LA sys-
tems are shown in Fig. 1(a) and (b). The isotherm constants, ANOVA
analysis values (F and Prob > F), correlation coefficients (R2), the
residual sum of squares errors (SSE) and the standard errors (S.E.)
for these models are presented in Table 2.

The ANOVA statistical analysis shows that all of the presented
models have very low values of Prob > F. The values of Prob > F are
all less than 0.0001, except for the Temkin isotherm in the Pb-
LA system, where Prob > F is 0.0005. From the data presented in
Table 2 it can be concluded that four of the tested isotherms can
be used to describe the sorption of aqueous lead by HAP and LA.
These isotherms are the Langmuir, Freundlich, Koble–Corrigan and
Redlich–Peterson isotherm. The Temkin isotherm model had the
lowest values of F and R2 and the highest values of SSE and S.E. in
both systems (Pb-HAP and Pb-LA), therefore it could not be used
for modeling of Pb sorption by HAP and LA.

Both Langmuir and Freundlich models described the sorption
processes with similar accuracy. The Freundlich isotherm fit had a
slightly higher value of R2 and lower values of SSE and S.E. in both
systems. The slightly higher F-values from the ANOVA statistical
analysis also indicate that the Freundlich isotherm model repre-
sents the experimental data a little better. Although both systems
can be accurately described by the Langmuir isotherm model, the

value of the parameter RL (Table 2) indicates the different shapes of
the isotherms. The values of the RL parameters are in the favorable
range for both systems, but at the opposite ends: for Pb-HAP system
RL = 0.0144, which is near the value for the irreversible isotherm,
while the value for the Pb-LA system is 0.80, which approaches the
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Table 2
Isotherm constants for lead ions on HAP and LA.

Isotherm Model parameter HAP LA

Langmuir KL (L mmol−1) 28.2 0.521
qm (mmol g−1) 0.442 0.400
RL 0.0144 0.80
R2 0.876 0.941
SSE 0.0309 0.00266
S.E. 0.053 0.0149
F-Value 93.2 210
Prob > F <0.0001 <0.0001

Freundlich KF (L mmol−1) 0.487 0.131
n 3.17 1.46
R2 0.887 0.947
SSE 0.0280 0.0024
S.E. 0.0505 0.0141
F-Value 103 234
Prob > F <0.0001 <0.0001

Temkin A 0.399 0.106
B 0.0507 0.0129
R2 0.802 0.536
SSE 0.0493 0.0209
S.E. 0.067 0.0417
F-Value 56.1 21.6
Prob > F <0.0001 0.0005

Koble–Corrigan A 1.92 0.131
B 3.26 0.00251
n 0.554 0.686
R2 0.891 0.942
SSE 0.0246 0.0024
S.E. 0.050 0.0148
F-Value 78.9 156
Prob > F <0.0001 <0.0001

Redlich–Peterson A 38.7 0.532
B 82.6 3.05
g 0.797 0.410
R2 0.895 0.948
SSE 0.0272 0.0025
ig. 1. Different sorption isotherm models applied to (a) Pb sorption by HAP and (b)
b sorption by LA.

inear isotherm shape. Based on the qm value of the Langmuir model
Table 2) hydroxyapatite has greater sorption capacity for aqueous
ead than Lisina apatite. The other Langmuir model constant, KL,
ndicates the affinity for the binding of aqueous lead. Based on this
onstant HAP has much greater affinity for Pb sorption than LA.
he applicability of the Langmuir model for synthetic and natural
patite minerals was also confirmed by other authors [13,23]. The
alue of the Freundlich model constant KF, which is a measure of
orption capacity, is also higher for Pb sorption by synthetic HAP
han for Lisina apatite.

Based on R2 values, it could be concluded that the introduc-
ion of the third parameter in Koble–Corrigan and Redlich–Peterson
sotherms improved the fit for the Pb-HAP system. The
oble–Corrigan model also has the lowest values of SSE and S.E. This

s in accordance with the data of Baillez et al. [12] who found that
he Koble–Corrigan isotherm (also called the Freundlich–Langmuir
sotherm) modeled the Pb-HAP system well. However, the F-
alues from the ANOVA statistical analysis show that significance
f regression surface in the Pb-HAP system is greatest for the
reundlich model. Based on these data it can be concluded that

he Freundlich, Koble–Corrigan and Redlich–Peterson models fit
qually well. Given the fact that the Freundlich model is the only
wo-parameter equation among these models, it could be consid-
red the best model in the Pb-HAP system.
S.E. 0.0521 0.0151
F-Value 71.2 241
Prob > F <0.0001 <0.0001

In the Pb-LA system, the Freundlich model has the smallest
values of SSE and S.E, while R2 and F-values from the ANOVA
statistical analysis are almost the same for the Freundlich and
Redlich–Peterson model. Based on these facts, the overall best
isotherm model in the Pb-LA system is the Freundlich model. This
may be an indication that the sorption of lead by natural Lisina
apatite is a heterogeneous process, during which the stronger bind-
ing sites are occupied first and the binding strength decreases with
the increase of degree of site occupation.

3.2. Kinetics of Pb sorption by HAP and LA

The results of the kinetics of Pb removal and Ca release by HAP
and LA at 37 ◦C are shown in Fig. 2(a) and (b). A rapid kinetic reac-
tion of Pb removal by both sorbents occurred in the first 5 min.
After that, in the second stage, the reaction rate slows down and the
amount of sorbed Pb slowly increases to a steady-state value. After
≈120 min of reaction, pseudo-equilibrium is achieved, with sorp-
tion capacities of 0.379 mmol g−1 HAP and 0.056 mmol g−1 LA. This
result is in accordance with experiments of other authors [13,14]
who also observed a two-phase reaction with a rapid first step and
a slower second phase. Sorption capacity of LA was significantly
lower than that of synthetic HAP. This can partially be attributed

to the fact that LA consists of 43.3% apatite, but can also indicate
different mechanisms involved in these two systems. The results
for the Ca release show a similar trend: the aqueous Ca concentra-
tion increases very fast during the first stage of reaction, while this
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ig. 2. Kinetics of Pb removal and Ca release at 37 ◦C: (a) using hydroxyapatite (HAP)
nd (b) using Lisina apatite (LA).

ncrease slows down in the second stage and reaches a steady-state
alue.

Lagergren pseudo-first order and pseudo-second order rate
quations were applied to experimental data for Pb-HAP and Pb-LA
ystems at temperatures 25 ◦C [31], 37 ◦C and 50 ◦C. Rate constants,
alculated qe values and regression coefficients (R2) for pseudo-first
nd pseudo-second order kinetic models are presented in Table 3.
alculated qe values, obtained using the Lagergren pseudo-first
rder equation, are substantially different from the experimental
nes, while qe values obtained from pseudo-second order equa-
ion agree well with experimental values. Based on qe and R2 the

seudo-second order model was chosen as more appropriate for
oth systems at all the temperatures investigated. The pseudo-
econd order model assumes that two reactions are occurring in
he process, the first one is fast and reaches equilibrium quickly

able 3
xperimental and calculated amounts of Pb sorbed at equilibrium (qe), sorption rate con
nd pseudo-second order kinetic models.

Temp. qe,exp , mmol Pb g−1 Pseudo-first order model

k1, min−1 qe,cal. , mmol Pb g−1 R2

HAP 25 ◦C 0.480 0.220 0.119 0.870
37 ◦C 0.379 0.0409 0.126 0.718
50 ◦C 0.351 0.0390 0.251 0.984

LA 25 ◦C 0.053 0.0614 0.0983 0.667
37 ◦C 0.056 0.0271 0.0140 0.584
50 ◦C 0.060 0.0966 0.0347 0.781
Fig. 3. Results of pseudo-second order model experimental data fitting for (a) Pb-
HAP system and (b) Pb-LA system.

and the second is a slower reaction that can continue for long time
periods [34].

The results for the pseudo-second order rate model for Pb-HAP
and Pb-LA systems are shown in Fig. 3(a) and (b). Contrary to the
similar shape of kinetic curves, the influence of temperature on
these two systems is completely different. The rate constant of the
sorption reaction in the Pb-HAP system gradually decreases with
increase of temperature: k2 (25 ◦C) > k2 (37 ◦C) > k2 (50 ◦C). In the
case of the Pb-LA system, the results are different and more compli-
cated to explain as k2 (25 ◦C) > k2 (37 ◦C) ≈ k2 (50 ◦C). These values

of rate constants could indicate that two different mechanisms are
involved in Pb sorption by LA: one of them dominates at 25 ◦C, while
at elevated temperatures the other mechanism controls the pro-
cess. Based on our previous work [31] and present data we postulate

stants (k1 and k2) and corresponding regression coefficients (R2), for pseudo-first

Pseudo-second order model

k2, g mmol−1 Pb min−1 qe,cal. , mmol Pb g−1 h, mmol Pb g−1 min−1 R2

11.0 0.480 2.56 1
1.19 0.398 0.188 0.999
0.346 0.366 0.0462 0.999

73.8 0.0522 0.0110 0.953
7.97 0.0570 0.0260 0.996
7.42 0.0599 0.0266 0.996
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Table 4
Thermodynamic equilibrium constant (K0

e ) and Gibbs free energy �G0 at 25 ◦C for
Pb sorption on HAP and LA.

Adsorbent Equilibrium constant (K0) Gibbs free energy, �G0, kJ mol−1
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Table 5
Lattice parameters of HAP, FA and FA-Pb.

a, Å c, Å L, nm

0.483 mmol L Pb as nitrate salt. XRD has shown that fluorap-
e

HAP 36.6 −8.92
LA 6.97 −4.81

hat the mechanism of Pb sorption by HAP is surface complexation
n the first rapid phase and dissolution of HAP followed by precipi-
ation of pyromorphite in the second slower phase. The reaction of
b sorption by Lisina apatite is also a two-step process: the rapid
rst phase could be attributed to surface complexation followed
y the incorporation of Pb ions into the LA lattice. This was addi-
ionally supported by the increase of concentration of the released
a more than the amount of sorbed Pb while the phosphate con-
entration remains below the detection limit. However, in this case
urther research is needed as the temperature dependence of rate
onstants suggests that different mechanisms might be dominant
t different temperatures.

.3. Sorption thermodynamics

The results of thermodynamic equilibrium constants and Gibbs
ree energy are summarized in Table 4. The Gibbs free energy val-
es indicate the degree of spontaneity of a process, a more negative
alue indicating a more energetically favorable process. HAP shows
alues of �G0 greater than that for LA indicating the larger affin-
ty for Pb removal as was also shown by the greater value of the
orption capacity of synthetic hydroxyapatite. The values of �G0

btained confirm the feasibility of both HAP and LA as effective
orbents for the Pb ion.

.4. XRD analysis

XRD analysis was used for phase identification as well as for
attice parameter calculation. Crystallite size was obtained from
roadening of diffraction peaks using the Scherer equation.

XRD patterns of HAP and LA before reaction with Pb are shown
n Fig. 4. It can be seen that synthetic HAP is pure hydroxyapatite

ith lattice parameters shown in Table 5. Lattice parameters a and c
re in accordance with literature data for synthetic hydroxyapatite

35].

Lisina apatite consists of three minerals: fluorapatite (FA),
uartz (Q) and muscovite KAl2(Si3Al)O10(OH, F)2 (M). Lattice
arameters a and c for fluorapatite are shown in Table 5.

ig. 4. XRD patterns of hydroxyapatite (HAP) and Lisina apatite (LA) before reaction
ith Pb.
HAP 9.43 6.90 36.7
FA 9.38 6.89 44.9
FA-Pb 9.37 6.89 43.1

The XRD pattern of solid residue of the HAP reaction with the
Pb solution c = 4.826 mmol L−1 for 5.5 h did not show any new solid
phase formation (data not shown). According to many authors
[2,11,37] hydroxypyromorphite should form in this reaction. The
reason that HPM was not detected in our experiment could be its
low concentration in the solid phase or the poor crystallinity of the
newly formed solid phase.

XRD patterns of LA before and after the reaction with the Pb
solution are shown in Fig. 5. Fig. 5 shows the 2� range from 25◦

to 35◦. Lattice parameters a and c for apatite peaks of the Lisina
mineral after reaction with the Pb solution are shown in Table 5.

The XRD patterns of quartz and muscovite did not change after
the reaction with the Pb solution, while there was significant
change in FA peaks. The greatest changes occurred to the 0 0 2, 2 1 0
and 2 2 2 peaks (47.2, 31.1, and 24.5%, respectively). The reduced
intensity of FA peaks after reaction with Pb might be an indica-
tion of PR dissolution [36]. This dissolution could be induced by
removal of soluble phosphates from the solution in the presence
of Pb through precipitation reactions. Reduced FA peaks could also
indicate increased sorption of metals onto LA. Increased sorption
of metals onto mineral surfaces can also be responsible for reduced
intensity of XRD peaks because of the increased mass absorption
coefficient of X-rays upon adsorption of metals. A similar reduc-
tion in FA peak intensities was attributed to the formation of the
solid solution of Ca and Pb apatites [24]. Lattice parameters of FA
after reaction with the Pb solution are of approximately the same
values as values for FA before the reaction (Table 5). No new solid
phase was detected by XRD measurements. A small decrease in the
crystallite size was observed after the reaction.

3.5. Visual MINTEQ computer program simulations

The Visual MINTEQ program was run to simulate the experi-
ment in which 0.2 g of HAP/LA reacted with the solution containing

−1 2+
atite was the main constituent of Lisina apatite. The Visual MINTEQ
database value of the fluorapatite solubility product is Ksp = −58.6.
In some investigations, however, it was shown that the real solu-
bility product for natural (mineral) fluorapatites is lower than this

Fig. 5. XRD patterns of Lisina apatite: (A) before reaction with Pb and (B) after
reaction with 4.826 mmol L−1 of Pb for 5.5 h.
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atabase value. The value reported by Valsami-Jones et al. [37] for
ineral apatite is −70. When using the value Ksp = −58.6 calcu-

ations have shown a high amount of phosphates present in the
olution. In our work the phosphates were below the detection limit
data not shown). Based on the comparison of this and other exper-
mental data with Visual MINTEQ calculations, it was concluded
hat this Ksp is not appropriate for Lisina apatite. In further calcu-
ations the Visual MINTEQ database was modified and the value of
sp = −70 was added as the value of the solubility product of mineral
uorapatite.

Visual MINTEQ calculations show that in the Pb-HAP system
he percentage of Pb removed from the solution is 99.97%, while
he experimental value was 99.6%. The calculations show that at
he end of the reaction when equilibrium is reached, there would
e two solids present: pyromorphite (HPM) and hydroxyapatite.
ccording to this, HAP dissolved to form HPM until there were Pb

ons present in the solution. Only 0.03% of the Pb initial concentra-
ion remained in the solution. This indicates that according to the
isual MINTWQ calculations the main mechanism of Pb removal

rom the solution is dissolution of HAP followed by HPM precipita-
ion. Our experimental data, however, did not show any new solid
hase formation. As discussed in Section 3.4 the reason for this
ould be the low concentration of HPM or the poor crystallinity of
he newly formed solid phase. According to Visual MINTEQ calcu-
ations synthetic HAP is an appropriate sorbent for Pb removal.

In the case of the Pb-LA system, there is significant differ-
nce between calculated and experimental values of percentage
f Pb removed from the solution (99.95% calculated versus 41.6%
xperimental). Visual MINTEQ predicts two solids at equilibrium:
uorapatite and pyromorphite. The calculations show that ≈100%

ead would be precipitated, i.e. that LA dissolved to provide PO4
3−

ons for HPM formation. Fluoride ions that would be produced
emained in the solution, as HPM is a more stable phase than
uoropyromorphite, Pb10(PO4)6F2. The dissolution–precipitation
echanism suggested by the Visual MINTEQ model cannot describe

he process of Pb sorption by Lisina apatite because of the large
iscrepancy between experimental and calculated values of the
ercentage of Pb removed from the solution.

Two different mechanisms of Pb immobilization by HAP and
ome mineral apatites were previously suggested [31]. Immobi-
ization of Pb by HAP leads to encapsulation of HAP particles
y insoluble pyromorphite, preventing the further process of
b immobilization. In contrast, some mineral apatites form the
patite/Pb solid solution instead of the pyromorphite. This allows
he diffusion of Pb from the surface into the HAP particle result-
ng in slow but continual sorption of Pb. Results presented here
trongly support the existence of these two mechanisms and point
ut some advantages of mineral apatites as matrix for barriers and
mendments for the assisted natural remediation of Pb.

. Conclusions

In order to determine the most appropriate adsorption isotherm
or lead sorption by synthetic and natural apatite, the experimental
ata were substituted into five isotherm models. The most appro-
riate model for Pb sorption by synthetic hydroxyapatite as well
s by Lisina apatite is the Freundlich isotherm model. The kinet-
cs of the sorption reaction was studied using the pseudo-first
nd pseudo-second order rate model. It was determined that the
seudo-second order model described the kinetic data in both sys-

ems (Pb-HAP and Pb-LA) accurately. The kinetics of Pb removal by
hese two sorbents is a two-phase process, with a rapid first phase
nd a slower second phase, which leads to pseudo-equilibrium.
he calculated values of the Gibbs free energy (�G0 < 0) indicate
hat the processes of lead sorption from the aqueous solution by

[

[
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HAP and LA are spontaneous. The results of this study show that
natural apatite from Lisina ore deposit in south Serbia can be an
effective way for Pb contamination treatment. Synthetic hydroxya-
patite used in this study has a larger sorption capacity and affinity
to Pb than Lisina apatite, but based on the greater cost of synthetic
mineral, the use of Lisina apatite can be suggested.
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sorption of cadmium(II) and strontium(II) ions on synthetic hydroxyapatite,
Sep. Purif. Technol. 18 (2000) 185–194.

31] S. Raicevic, T. Kaludjerovic-Radoicic, A.I. Zouboulis, In situ stabilization of toxic
metals in polluted soils using phosphates: theoretical prediction and experi-
mental verification, J. Hazard. Mater. 117 (2005) 41–53.

[

Engineering Journal 160 (2010) 503–510

32] F.C. Wu, R.L. Tseng, S.C. Huang, R.S. Juang, Characteristics of pseudo-second-
order kinetic model for liquid-phase adsorption: a mini-review, Chem. Eng. J.
151 (2009) 1–9.

33] J.P. Gustafsson, Visual Minteq 2.30, 2000 [online] Available at
http://www.lwr.kth.se/english/OurSoftWare/Vminteq/index.htm, verified
September 2009.

34] Y. Khambhaty, K. Mody, S. Basha, B. Jha, Kinetic, equilibrium and thermody-
namic studies on biosorption of hexavalent chromium by dead fungal biomass
of marine Aspergillus niger, Chem. Eng. J. 145 (2009) 489–495.

35] S.K. Lower, P.A. Maurice, S.J. Traina, Simultaneous dissolution of hydrox-
ylapatite and precipitation of hydroxypyromorphite: direct evidence of
homogeneous nucleation, Geochim. Cosmochim. Acta 62 (1998) 1773–
lead using phosphorus, J. Environ. Qual. 30 (2001) 1214–1221.
37] E. Valsami-Jones, K.V. Ragnarsdottir, A. Putnis, D. Bosbach, A.J. Kemp, G. Cressey,

The dissolution of apatite in the presence of aqueous metal cations at pH 2–7,
Chem. Geol. 151 (1998) 215–233.

http://www.lwr.kth.se/english/OurSoftWare/Vminteq/index.htm

	Aqueous Pb sorption by synthetic and natural apatite: Kinetics, equilibrium and thermodynamic studies
	Introduction
	Materials and methods
	Materials (apatites)
	Sorption experiments
	Batch sorption studies
	XRD analysis

	Adsorption isotherms
	Kinetic studies
	The pseudo-first order equation
	The pseudo-second order equation

	Sorption thermodynamics
	Visual MINTEQ program simulation

	Results and discussion
	Equilibrium isotherm models
	Kinetics of Pb sorption by HAP and LA
	Sorption thermodynamics
	XRD analysis
	Visual MINTEQ computer program simulations

	Conclusions
	Acknowledgments
	Supplementary data
	Supplementary data


