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Abstract

The in situ (in place) immobilization of toxic metals, using inexpensive “reactive” amendments, is considered as a simple and cost-effective
approach for the treatment of soils, contaminated by the presence of heavy metals, when these soils are difficult or costly to be removed and
treated ex situ. Several application studies have demonstrated that the stabilization of contaminated soils and groundwaters by the addition of
apatite minerals has the potential to be a successful and widely applicable remediation strategy for the case of Pb, Cd, as well as for other toxic
metals, existing in polluted soils. On the other hand, the specific immobilization mechanism(s) of these toxic metals remains rather elusive. The
present work involves an interdisciplinary theoretical and experimental approach, designed to gain at the fundamental (molecular) level the
understanding of respective mechanisms, considering the immobilization of Pb and Cd by the addition of apatites. The theoretical analysis of
stability, regarding the apatite/Pb or apatite/Cd systems and the relevant results of sorption experiments, pointed out two different mechanisms
for the immobilization of Pb or Cd by the use of apatites. The possible practical consequences of these findings for the selection/application
of natural apatites for the remediation of contaminated soils by the presence of heavy metals have been also discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction lution control devices are inadequate or even non-existing.
Another permanent threat is the collapse of tailing dams,
The contamination of soils due to the presence of toxic which would release large amounts of toxic/heavy metals
metals, can result in serious negative consequences, suckhat can reach the Danube River through its tributaries. Be-
as the loss of ecosystems and of agricultural productivity, cause the contamination of soil with heavy metals and espe-
the deterioration of food chain, tainted water resources, eco-cially with lead and cadmium is increasingly recognized as
nomic damage, human and animal serious health problemspublic health hazard, due to their high toxicity for humans
etc. In several parts of the world the soil contamination rep- and animals, the emergency clean up of environmental “hot
resents the most severe environmental problfihsespe- spots” in Serbia and Montenegro is considered as an urgent
cially in the former Yugoslavia this issue is considered as task|[2].
a serious regional environmental degradation predicament Currently, several technologies can be employed to clean
[2]. Several mining and metallurgical industrial sites in this up the soils and the mining wastes contaminated by toxic
area are considered as environmental “hot spots”, becausemetals, including thermal, biological, and physical/chemical
they are using rather antiquated technology, whereas the polprocedures, or their appropriate combinations. These tech-
niques usually require the removal of contaminated soil, its
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from the polluted areas; therefore, creating a secondary dis-phases, presenting lower solubility, hence increased stability
posal problem, due to the presence of lead and of other toxic[13-15]
metals. Such treatment/removal technologies are generally The present work involves an interdisciplinary theoreti-
costly to practice and destructive to the application sites, cal and experimental approach, designed to obtain a better
from which the wastes are removed. In addition, these re- understanding of the respective mechanisms, taking place at
moval technologies are often partially effective for the total the fundamental (molecular) level, regarding the immobiliza-
removal (efficient clean up) of toxic metals, or for the suf- tion of lead and cadmium by the addition of HAP, as well as
ficient reduction of their mobility and bioavailability to the by natural apatites. The analysis of apatite/Pb and apatite/Cd
environment. systems was based on the calculation of ion—ion interaction
Recently, more attention has been focused on the develop-potentialV(rp); it was revealed that cadmium initially forms a
ment of in situ (in place) immobilization methods of metalsin solid solution, replacing the calcium ions from the HAP crys-
soils, which are generally less expensive and non-disruptivetal lattice, whereas the immobilization of lead by HAP was
for the natural landscape, the hydrological conditions and based on a dissolution/precipitation mechanism, resulting in
the respective ecosystems, than the conventional excavationthe formation of a new lead hydroxy-pyromorphite highly
treatment and disposal methods are. The in situ immobiliza- insoluble phase.
tion of metals in soils, using inexpensive amendments, such It has been also demonstrated that the examined natural
as minerals (apatite, zeolite, or clay) or waste by-products apatites (especially the Lisina apatite, denoted hereafter as
(e.g. steel shot, beringite, iron-rich biosolids) is considered LA, whose large deposits are located in South Serbia), in
as a promising alternative to the currently available remedi- contrast to the synthetic HAP, can immobilize lead due to
ation methodg$3-6]. The main goal of in situ remediation different mechanisms: direct incorporation into the lattice,
techniques is to reduce the fraction of toxic elements or com- or precipitation of insoluble Pb—apatite and diffusion of Pb
pounds, which are potentially mobile to the environment or into the solid phase, without the destruction (dissolution) of
bioavailable. the latter. The theoretically predicted existence of the two
The application of these techniques is mostly relies on different mechanisms, regarding the immobilization of lead
the fundamental understanding of natural geochemical pro-by HAP or by LA, was also experimentally confirmed. Possi-
cesses, governing the speciation, migration and bioavailabil- ble advantages and disadvantages considering the application
ity of metals in the soil or groundwater environment. It is of natural apatites, especially that of LA originating from a
noting that these processes are also important for the detoxi-mineral deposit in Serbia, for future clean up efforts of the
fication of highly toxic heavy metal-loaded industrial wastes, environmental “hot spots” have been discussed.
following their treatment by stabilization using apatifés
The main advantage of the stabilization approach is the sim-
ple mixing of amendments with soil, using common agricul- 2. Materials and methods
tural facilities, or placing it as a liner around the contaminated
location. The main disadvantage of this approach is that the2.1. Materials (apatites)
final product of remediation, which contains the immobilized
contaminant, although existing in inactive form, still remains Stoichiometric HAP was synthesized in the laboratory
in the soil. by a slow titration of Ca(OH) solution with PO, at el-
Several application studies have demonstrated the effec-evated temperature (98) in nitrogen atmosphere, follow-
tive immobilization of Pb, Cd and of other toxic metals by ing a previously described procedyfi&]. Chemical analy-
the addition of synthetic hydroxyapatite (denoted hereafter assis confirmed that the product was stoichiometric hydroxya-
HAP, Cao(POs)s(OH)2) [8-11] Therefore, indicating that  patite with the formula Ca(PO4)s(OH),, having Ca/P ra-
the stabilization of contaminated soils and groundwaters by tio 1.67+ 0.02 and surface area 22, as determined
using apatite minerals has the potential to be a successful andy the application of BET method. The solid phase con-
widely applicable remediation strategy for the case of Pb, Cd, sists of spherical aggregates, arounguii®in diameter. The
or of other heavy metals, when present in polluted soils. Lead spherical aggregates are composed of smaller particles (about
especially represents the most common contaminant of soil100-200 nm in diameter), as it was determined from SEM
in Serbia, as a consequence of industrial pollution (Trepca, micrographs.
one of the largest Pb mines in Europe is located in Kosovo)  Based on theoretical predictions the natural apatite from
and past war activities that destroyed some oil facilities. On the phosphate ore deposit in Lisina (LA), near Bosilegrad
the other hand, the specific mechanism(s) regarding the im-(Serbia) was selected for sorption experiments and it
mobilization of these toxic metals remains rather elusive. Al- was compared with HAP. This phosphate ore contains
though a mechanism has been proposed based on the adsorg3.3% apatite. Chemical analysj$7] showed that this
tion of lead and cadmium on the surface of HAP, followed by sample was found to present the following composition:
cation exchange with calciufi2], most researchers have Ca.94Nag.03K0.05A11.38F0.22Si6P1.9650.16Cl0.04F0.11022.28
suggested that the dissolution of HAP can release phos-The sample was ground to fine powder with particle size
phate anions for the subsequent precipitation of the new solidlower than 20Qum.
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Table 1

Chemical compositions of the examined apatites

Apatites Symbol Chemical composition References

Hydroxyapatite HAP Cay(POy)6(OH)2 [16]

North Carolina Apatite NCA Géis3Nag.34Mgo.13P4.77 (5]
C1.23022.77F2.49

Apatite Il Apatite Il Ca sNag.4Ps5.6Co.4025.6H2 [3]

Lisina apatite LA Ca.94Na 03K 0.05A! 1.38F €0, 2255 [17]
P1.9650.16Cl0.04022.2d70.11

Two more natural apatite samples, originated from USA 3. Short description of the theoretical approach for
and previously applied for soil remediation purposes (North the determination of stability of the studied system
Carolina Apatite (NCA) and Apatite IlI) were also evalu- (additive/apatite—impurity/Pb or Cd)
ated for comparison reasons. The chemical compositions of
the examined apatites are presentedlable 1 The dif- The theoretical approach regarding the selection of the
ferent content of P in these materials has been also con-most suitable amendment (solid additive) in contaminated
sidered and incorporated in the applied ion—ion interaction soils for the stabilization of contained toxic metals by immo-

model. bilization, is based on the calculation édh—ion interaction
potential \(r)”, which represents the main term of the cohe-

2.2. Methods sive energy in the respective system. This physical parameter
defines: (i) the capacity of solid matrix for the incorporation

2.2.1. Sorption experiments of impurity, and (i) the stability of solid matrix/impurity sys-

2.2.1.1. Kinetics of Pb removal by apatiteBhe kinetics of tem. More information about the theoretical determination of
lead removal by HAP and LA apatite samples were deter- V(r) in the frame of the pseudo-potential theory and pseudo-
mined in batch experiments: 0.2 g of HAP or LA were held atomic approximation, as well as the necessary software for
in contact with 50 ml of a solution, containing 100 mg'L the calculation o¥/(ro) for practical systems, was originally
or 0.483 mmol =1 Pb (as nitrate salt). The suspensions were developed at the VINCA Institute of Nuclear Sciences and
agitated using a reciprocal shaker (150 rpm) under constantcan be found in the literatuf@8-23]
temperature (at 25C) for various time intervals (between In the following the calculation of ion—ion interaction
5min and 5.5h). The initial (“natural”) pH of suspension potentialV(r), which used to analyze the stability of solid
was 5.1 for HAP and 5.6 for LA and it was not further matrix/impurity systems, is briefly described. In the frame
modified (controlled) during these experiments, in order to of pseudo-potential theory this energy component may be
simulate the real environmental conditions existing during treated, by considering the atoms interacting in pairs, accord-
the remediation of contaminated soil by the application of ing to a central two-body potential. This two-body potential
stabilization technique, where the pH control is either not has an asymptotic form, which is independent of the pre-
applicable, or not necessary or very difficult to be real- cise pseudo-potential assumed and which exhibits the Friedel
ized. For the same reason a background electrolyte was nooscillations[20]. Considering certain suitable assumptions,
applied. After the corresponding time interval the suspen- which are presented and discussed in the following, an esti-
sions were sampled through direct filtration, using QuAb mation of the cohesive energy can be performed, by simply
membrane filter; the filtrates were analyzed for Pb content, assuming the energy of two-atom interactions, according to
using a Shimadzu AA-6501 F Atomic Absorption (flame) the asymptotic or Friedel potential.
Spectrometer. Applying the real space formulation of the pseudo-
potential metal theory, the cohesive energy per atom may
2.2.1.2. Sorption of Pb by apatite¥he sorption prop- be developed, according to the following perturbation series:
erties of HAP and LA apatite samples were determined . _
by applying standard batch experiments: 0.2g of HAP or E=Eo+Er+Eat-- @)
LA samples were mixed with 50ml of Pb(N§ solu- whose successive terms involve perturbations atan increasing
tion, containing different initial concentrations in the range order. The Oth and the 1st order terms (i.e.EgeE;) in this
0.0241-2.413 mmol ! of Pb. The suspensions were thermo expansion series depend on the volume per at@y Kut
stated at 25C and agitated at 150rpm for 1.5h, i.e. for they are independent of structure. The second orderEsrm
enough time to achieve equilibrium, according to the respec- is the first one to show the influence of structure. It can be
tive kinetic data (seEig. 7), as well as according to the rele- cast in the following form:
vant literature data. The suspension was subsequently filtered ,
and the concentrations of Pb and Ca content were determinedtz = 2N Z V(rij) (2)
as previously described. ij
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whereN is the number of atoms; the distance between the these cations on the Ca—Pb and Ca—Cd interactions has been

ith andjth atom cores, whereas the prime on the summation also considered in the respective calculations of the model.

symbol indicates that terms having | will be omitted. The

function V(rjj) appearing in the summation, acts as a two-

body potential in a restricted sense, i.e. it governs the change4. Results and discussion

of energy in a relative displacement of atonendj, which

leave the atomic volume, and hence &g and E; terms 4.1. Proof of concept

constant. If the atomic volume will be fixed and the terms of

higher order in the perturbation expansion will be neglected  The presence of metals in soils may be associated with

(see alsd20]), then the relative cohesion energy of a given various solid phases that can be reactive, semi-reactive or

structure will be measured t5p. inactive. The main goal of in situ remediation techniques is
The computation of the structure enerBy requires a to reduce the fraction of toxic elements, which is potentially

specific expression for the effective ion—ion interaction po- mobile or bioavailable, by the transformation of reactive and

tential V(r). This potential is sensitive to specific details of semi-reactive phases to more stabilized insoluble forms. For

the pseudo-potential us¢20]. However, irrespective of the  this reason, the relevant information regarding the stability

pseudo-potential/(r) has the following asymptotic form: of the final product, in connection with the application of the
. ) particular remediation technique, is very important in order

V() > 9w Z*W(2KF)” cos(XKFr) 3) to estimate appropriately its efficiency.
Er(2Kgr)® A molecular modeling approach, which was used to pre-

dict the formation and stability of partial or total substi-
tuted chloropyromorphite minerals (§{B0y)CI), has been
recently proposefP4]. In this approach, the lattice energy
values were determined by the application of ab initio cal-
culations, and used in a Born—Haber thermodynamic cycle
to calculate the heat of formation of substituted chloropyro-
morphites. This procedure was followed by the prediction of
entropy changes, based on the entropy of minerals and their
elementary constituents. The respective data were used for

a1 Z* Sin(2raa Z*) @ the calculation of Gibbs free energx G¢):
202 AG{ = AH} — T AS}

where Z' is the valence number for the given metal,
Ke = (372Z"152)13 is the Fermi wave numbes? the atomic
volume (in atomic units)Er = K2 the Fermi energy (in
Ry, 1Ry=13.5eV) andM2Kg) is the form factor of the
electron—ion interaction potential (in Ry), corresponding to
the wave number Rr. Starting from the general model
pseudo-potentigR1], the term ofW(2KE) can be presented
in the following form:

W(2KF) =

where the coefficients; andw; receive the following values: where AGS, AH and T AS¢ are the standard Gibbs free

a1=—0.2500 Ry (for short and the first half of long periods), energy, the heat of formation and the entropy change of crystal
ora1 =—0.0625 Ry (for the second half of long periods) and lattice, respectively.

@2=0.520 or 0.048, respectively. The solubility producksp, which can be calculated from
lztkhas bgen preV|ou?Iy demcir?stratéd] thatthe values Ofb AG® according to the following equation, can determine the
W(2ke) andV/(r) terms for a multi-component system can be stability of a compound:

satisfactorily determined in the frame of the pseudo-atomic

approximation and in the case of solid solutions treatment, AG ¢aciion= AG proguct— AGreactant= —2-303RT 10g K'sp
as if they were composed of identical pseudo-atoms, having ) )
average propertieZ{, 2, a1 andas). The value ofV(ro) The values of Gibbs free energy for the substituted by cad-

represents the first (deep) minimum in this function and the Mium pyromorphite compounds and the corresponding val-
dominant term ok/(r); it corresponds to the structurally de- U€S Of solubility products are presentedrable 2 [24] Ac-
pendent component of the cohesive energy. Based on this,cordmg to th_ese results the following order of decrea_smg the
the value of\(ro) has been proposed as a measure for the (negative) Q|.bbs free energy values anq the change (increase)
stability of multi-component systeni$8,19,22] of.thg solubility product (ng(sp), regarding the gradual sub-
It has to be stressed however that the proposed ion—ion in-Stitution of lead by cadmium in pyromorphite, was found
f[eraction model predi_cts the stability of the so!id ph_afse as iFs CdPh(PQy)sCl < CdsPhy(POy)3Cl < Cds(POy)sCl
inherent property, which does not depend on its origin, i.e. it
considers the de novo precipitation or sorption by the matrix. ~ The order ofAG¢ andKgp values, regarding the substi-
In other words, this parameter gives certain information about tution of lead by zinc in pyromorphite, was found to follow
which of the two or more concurrent solid phases will pre- the same trend, as in the case of cadmium. It was proposed
dominate in the final product independently on mechanisms that the lattice energy and the Gibbs free energy could be de-
of their generation (precipitation or sorption). termined by the application of ab initio guantum mechanics
Since all phosphate minerals contain also other cationscalculations as suitable parameters, which can be used for the
(such K, Al, Fe, Mg and Na) in addition to Ca, the effect of qualitative evaluation of mineral stabilifg24].
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The Gibbs free energyXGy) as determined by using the ab initio quantum mechanics appf24fthe solubility product (logksp) [24] and the respective
ion—ion interaction potential(ro) of substituted pyromorphites, which is calculated in the present paper

Mineral AG? [24] (kJ/mol) logKsp [24] lon—ion interaction potential/(ro) (x10-2 Ry)
Pb;(POy)3ClI —-3716 -71 —69.69
CdPhky(POy)3ClI -3134 40 —49.22
CdsPlp(POy)3Cl —2331 200 —11.83
Cds(POy)3Cl —1544 356 -0.29
ZnPhy(POy)3Cl —3022 72 —48.50
Zn3Phy(POy)3Cl -1612 362 —-11.30
Zns(PQOy)sCl —323 631 -0.27

It was previously proposed that the stability of the solid
matrix/impurity system can be qualitatively characterized by
the value o/(rg), representing the main term of the cohesive
energy[18]. It is worth noting that/(rg) represents also an
important component of the free energy of the system, deter-
mining the corresponding part of heat of format[@s].

In the present paper the stabilities of substituted pyromor-
phites, as determined by the parameters derived from the ab
initio calculationg[24], were compared with those based on
V(rp) values, which were calculated for the same compounds,
and are presented ifable 2 In Figs. 1 and Zhe solubility
product (logKsp) is presented as a function of the number
of substituted Pb atoms, of the Gibbs free energy and of the
ion—ion interaction potential(rg) for the cadmium and zinc-
substituted pyromorphites, respectively. Asitcan be observed
from these data, the change of the solubility product Klgg
with the variation of Gibbs free energy and\{(fo) shows a
very similar trend.

Based on the calculation @{G¢ values it was concluded (@
(see alsd24]): (1) the cadmium- or zinc-substitution prod-
ucts of minerals are highly unstable and that the stability be-
tween them was found to decrease, according to the following 44
order:

Pb-pyromorphites>> Cd-pyromorphite> Zn-pyromorphite 3001 |

and (2) both total and partial substitution of lead by cad- =
mium or zinc seems to be unfavorable, due to the significant %, 2°°1
decrease of respective stability for the resulting system. =

The results presentedTable 2andFigs. 1 and 2lso point 1007
out the alternative use &f(ro) as a simple physical parame-
ter, instead oAG?, which can be applied for the qualitative
evaluation of mineral stability.

- -20
4.2. System hydroxyapatite—cadmium (b) N : ‘ e}{?ﬁ\
Grof \6(\\\
In Fig. 3 the values ofV(rg) were calculated for the Cdar%s 575 e & A

HAP/Cd system. These results show a significant difference oM
between the values &f(rg) for the case of HAP{0.026 Ry)

and for the case of Cd-substituted apatit®(223 Ry). The Fig. 1. Relationship between the solubility product (kag), the Gibbs free

remarkable lower value G/f(l’o) parameter for the Cd—apatite energy, the ion—ion interaction potentiffo) and the chemical composition
of Cd-substituted pyromorphites: (a) dependence of solubility product on

system |_mp_lles 't$ hlgher Stab'“ty in Compa”s_on W'th th_e the lattice energy and on the chemical composition, and (b) dependence of
pure stoichiometric HAP compound, a conclusion which is  sojubility product on the ion—ion interaction potential and on the chemical
in accordance with the experimental evidence, regarding thecomposition.
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s o B e O R value ofV(rp) for the Cd—apatite system in comparison with

| A 3 the case of pure HAP and the decreas¥(of) value with the
decrease of Cd content in the Cd—apatite system (as repre-
sented by the right side of the diagrakig. 3) point towards
the two-step mechanism, regarding the immobilization of Cd
by HAP. The first step can be characterized by the dissolution
of HAP and the formation of new stable Cd—apatite phase on
its surface. Inthe second step the stability of Cd—apatite phase
would be further increased by the diffusion of Cd ions inside
the HAP crystal lattice. Using measurements performed by
a nuclear microprobe (proton induced X-ray emission and
Rutherford backscattering spectrum (RBS) analysis) it was
shown that cadmium was really incorporated into the bulk
of apatite particles through the mechanisms of diffusion and
ion exchang49,28 and references thereifljhe RBS clearly
showed that accumulation of cadmium on the solid surface
was not observed. On the contrary, cadmium was found to
distribute throughout the whole thickness of apatite parti-
cles. These experimental results strongly support the afore-
mentioned theoretical predictions based on the ion—ion inter-
action potential.

The relevant experimental results (presented in the fol-
lowing) demonstrate that the sorption of cadmium onto HAP
would not achieve the equilibrium stage during the standard
experimental time interval28,29], and strongly support the
proposed two-step mechanism of cadmium immobilization
by HAP.

The proposed mechanism can also explain other experi-
mental findings that under different conditions the number of
calcium moles released from HAP during this procedure was
found to be lower, than the moles of removed cadmium (i.e.
the Cd/Ca substitution ratio is around 1[3{]. This also im-
plies two groups of factors determining the efficiency of cad-
mium immobilization by HAP. The first group encompasses
certain factors, which influence the dissolution of HAP and
the formation of stoichiometric Cd—apatite; these factors are
Fig. 2. Relationship between the solubility product (Kag), the Gibbs free predgmlnantly determined by the properties of Cd—contalnlng
energy, the ion—ion interaction potentito) and the chemical composition ~ solution, such as pH value, temperature, concentration, spe-
of Zn-substituted pyromorphites: (a) dependence of solubility product on ciation, etc. In the second group belong factors, which influ-
the lattice energy and on the chemical composition, and (b) dependence ofence the maturation (“ageing”) of Cd—apatite phase, which
solubilit)_/ 'product on the ion—ion interaction potential and on the chemical 5o mainly determined by the properties of HAP solid phase,
composition. . . .

such as morphology, concentration of vacancies, physico-
chemical properties of HAP particles, etc. The proposed two-
higher stability of Cd—apatite phaf#6]. Therefore, this in- step mechanism of cadmium immobilization by HAP is also
teresting property of Cd—apatite system may be applied for in good agreement with recently reported experimental find-
the immobilization of cadmium in polluted soil by the addi- ings of other researchef30,31]
tion of HAP (see als§27,28)).

The results presented kifig. 3can also provide important  4.3. System hydroxyapatite—lead
information about the possible mechanism of cadmium im-
mobilization by the addition of HAP. From these data it is In Fig. 4 the ion—ion interaction potentia¥/(rg) val-
obvious that the initial uptake of Cd by HAP (as represented ues for the HAP/Pb system are presented. V&g val-
by the left side of the diagrarkjg. J) is followed (initially) by ues calculated for the pure (stoichiometric) HAP and for
the increase o¥/(rp) and hence, by the decrease of HAP/Cd the Pb-substituted apatite (pyromorphite;##BOy)s(OH)2)
systems’ stability. This result indicates that the direct incor- are presented inFig. 5 According to these data
poration of Cd ions into the HAP crystal lattice is not highly the Pb-substituted apatite (pyromorphite) is remarkably
probable inthis case. Onthe other hand, the remarkable lowemmore stable \{(ro)pyromorphite= —0.152 Ry) than pure HAP

logK o

logK o
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HAP/Cd

0.05

0.00 Ca,,,Cd,(PO,),(OH),

-0.05-4 HAP
-0.10 4

-0.15

-0.20 1 cd, (PO,),(OH),

-0.25
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V(ry) [Ry]

-0.35
-0.40 i
-0.45 -
-0.50 ]

-0.55 e N —— . . v
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Fig. 3. The ion—ion interaction potent(ro) for the HAP/Cd system. The number of Ca-substituted atoms by Cd in HAP is symbolized by

(V(ro)nap =—0.026 Ry). This difference of stability between side of the diagramkig. 4). These results indicate that the

HAP and pyromorphite may be applied for the use of apatite immobilization of lead by HAP is based on the formation of

to the fixation of lead in contaminated water or g8ilL3]. new, more stable pyromorphite phase, which is precipitated
The results presentedhig. 4point out also thatthe mech-  on the surface of HAP. This one-step mechanism of lead im-

anism of lead immobilization by HAP is simpler, than the de- mobilization by HAP is in good agreement with the mech-

scribed mechanism of cadmium immobilization. According anism proposed by several researchers, suggesting that the

to these results, the direct incorporation of lead into the HAP dissolution of HAP can provide phosphate anions, available

crystal lattice by the substitution of calcium cations is not for subsequent precipitation of pyromorphite from aqueous

probable, because this process would result in the increase ofolutions, containing lead catiofis3—15], according to the

V(rp) value and hence, in the decrease of system stability (asfollowing chemical reactions:

represented by the left side of the diagrdfig. 4). On the

other hand, the diffusion of lead from pyromorphite into HAP Cauo(POn)s(OH)z(solic) + 14H(aa)"

would be also followed by the incrggse‘mro) and hence,_ & 10Cqag?" + 6H2POy~ + 2H,0

by the decrease of the system stability (as shown in the right

HAP/Pb

0.05

0.00
-0.05 —'-
-0.10 "-'
-0.15 :
-0.20 ]
-0.25 —-
-0.30 —-
-0.35 :
-0.40 :

Ca, _Pb (PO,)(OH),

HAP

Pb, (PO,).(OH),

HPM

V(r,) [Ry]

-0.45
-0.50
-0.55

-0.60 —r * € T & F ¥ . &% ¥ & L %= I & I 3
0 1 2 3 - 5 6 7 8 9 10

x [Pb]

Fig. 4. The ion—ion interaction potenti(ro) for the HAP/Pb system. The number of Ca-substituted atoms by Pb in HAP is symbolized by
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0.03

0.00

V(rD)HAP i
B e

Hydroxyapatite Ca,y(POy)s(OH),

-0.06

V(r) [Ry]

-0.09

-0.12 |-

(rO)pymnmr -mle

—r Pyromorphite Ph,,(PO,)s(OH),
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0 1 2 3 4 5 6
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Fig. 5. The ion—ion interaction potenti(r) of stoichiometric hydroxyapatite (HAP) and of Pb—apatite (pyromorphite).

oy 3 source of inexpensive material for the treatment of sites con-
10PRag)™ + 6H2POy(aq)” + 2H20 taminated with Pb, Cd and other heavy/toxic metals. The
& Pbyo(PO3)(OH)(solid) + 14H(aq) .stabili.ty and s_orption proper_ties of Lising apgtite (LA) were
investigated, in order to estimate its suitability for practical
It is considered of practical interest to underline certain application.
consequences of the aforementioned mechanism on the effi-  The results obtained with Lisina apatite (LA) were also
ciency of lead immobilization by HAP. This immobilization  compared with the North Carolina Apatite (NCA), as well as
is the result of two co-current processes: (i) dissolution of with Apatite 11, i.e. with two other forms of natural apatites of
HAP, and (ii) formation of a new solid phase (pyromorphite) different origin (USA), which were previously successfully
and its subsequent deposition on the surface of HAP. There-ysed for the remediation of lead-contaminated sites, existing
fore, the process of lead immobilization will be followed around mining operations in USE8,5]. In Fig. 6 the V(ro)
by the permanent decrease of free HAP surface, which isvalues are presented for the LA/Pb, NCA/Pb and Apatite
the provider of the necessary phosphate anions for the for-|i/Pb systems. Due to the low calcium content of LA (see
mation of pyromorphite. After the covering of all available Table J) the respective curve of LA/Pb system was termi-
HAP surface by the produced pyromorphite, the process of nated at the point corresponding to the valuex(@o] = 3.
lead removal is expected to terminate. As a consequence, thgsrom these data it is obvious that the most stable form
efficiency of lead removal depends on the available HAP sur- of |ead-substituted apatite (presentiki@ro) =—0.538 Ry)
face, as well as on the physico-chemical parameters of metal-can be obtained from NCA. According to the same cti-
laden solution, which influence the dissolution of HAP and terion, the stability of lead—apatite system derived from

the formation of pyromorphite. LA (showing V(ro) = —0.035 Ry) and from Apatite Il (with
V(rg) =—0.076 Ry) are expected to be similar. The shape of
4.4, System natural apatites—lead respective curves for the NCA/Pb and LA/Pb systems indi-

cates the similar behavior of these apatites in terms of lead

The available field data and the obtained research expe-sorption (left side of the diagram iRig. 6), in comparison
rience indicate that the in situ Pb immobilization by apatite with HAP (Fig. 4), or with Apatite Il (Fig. 6).
may provide an economical alternative, when compared with  Another consequence of these data is that the incorpo-
the ex situ treatment methods, in order to achieve the pre-ration of lead into the crystal lattice of LA or of NCA was
set cleanup goals and to solve the respective environmen-followed (initially) by the decrease &f(rp) values and hence,
tal pollution problemg3,5,6,27] The main prerequisite for by the increase of system stability. According to the data pre-
the cost-effective fixation of lead in contaminated sites and sented inFig. 6, LA holds another specificity; it can be no-
the prevention of its migration towards the groundwater re- ticed that in the Pb—LA system the diffusion of Pb ions into
sources is the availability of low-cost apatite minerals in the apatite lattice is followed by the decreas&/6f) value
large quantities, which present high sorption capacity for (right side of the diagram for LA/Pb system kig. 6) and
lead. hence, by the increase of system’s stability. From this point of

Lisina, located in Serbia, is the biggest deposit of natu- view, the Pb—LA system behaves similarly with the Cd—HAP
ral apatite in the western Balkans, representing a potentialsystem.
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Based onthe presented data it can be concluded that duringperimental conditions but with different HAP samples from
the immobilization of lead by LA two different mechanisms Bio-Rad Laboratories showed that the initial lead concen-
are involved: the first one includes the direct incorporation tration of 0.486 mmol L1 was decreased drastically during
of lead ions from the solution into the LA lattice. The sec- the initial 2 min and falls it was below the detection within
ond includes a two-step mechanism, i.e. the initial precipita- 15 min [8]. The kinetic curve in the case of LA presents a
tion of Pb—apatite and its subsequent diffusion into the LA similar pattern Fig. 7b), although the process was slower
solid phase. It is difficult to determine which is the prevailing and less effective, i.e. the (residual) amount of lead in the
mechanism during the immobilization of lead by LA apatite, aqueous solution was decreased from 100 to 60 mig(br
because this depends also on several other factors, such asom 0.480 to 0.284 mmol 1) within 60 min; at that point
the physico-chemical and morphological characteristics of the equilibrium was almost achieved.

applied LA, the concentration of Pb in the solution, as well Contrary to the similar trend of kinetic curves for HAP
as on specific environmental factors, i.e. pH, temperature,and LA (Fig. 7), the respective isotherms of these materials
interfering substances, etc. were found to be completely differerfig. 8). The adsorp-

tion isotherm of LA increased almost monotonously in the
4.5. Sorption experiments whole investigated range of lead concentrations, whereas the

isotherm of HAP was increased sharply in the beginning, but
The presented results from the theoretical analysis point afterwards equilibrium (saturation) was achieved.
out that the natural apatite LA can be a promising material for ~ As the isotherm shapes are largely determined by the ad-
the immobilization of lead. In order to prove this theoretical Sorption mechanism, they can be used to diagnose the na-
prediction, it was further experimentally tested to evaluate ture of the adsorption. According to the general classifica-
the sorption properties of LA. tion of adsorption isotherms, as proposed by Giles and Smith
The comparison of sorption properties between HAP and [32], the isotherm of Pb—LA systerfig. &) is a typical C1-
LA for the removal of lead from aqueous solutions is pre- type isotherm (“quasi-linear”), which can be explained by the
sented inFigs. 7 and 8As it can be observed from these penetration of substrate (LA) micropores by the solute (Pb),
results Fig. 7a), the process of lead removal by HAP is ki- Whereby new adsorption sites are opened up. The respective
netically very fast. The concentration of lead in the solution isotherm of Pb-HAP systenf{g. 8a) is a typical L2-type
was decreased substantially from 100 to 10 mg,lLe. from isotherm, which is confined to surface (“monolayer”) cover-
0.483 to 0.04 mmol £1 during the initial 15 min. Following age.
this period, the concentration of lead in the solution was fur- ~ This difference in the shape and trend of adsorption
ther decreased to almost non-detecting concentrations afteisotherms between HAP and LA indicates the existence of
90 min (i.e. below 0.000048 mmoH). This resultisinac-  two distinct mechanisms, regarding the immobilization of
cordance with the relevant experiments of other researcherdead by the application of these materials. This observation
[8,13]. For example, experiments performed under similar ex- is in accordance with the results presentedig. 6, show-
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Fig. 7. Kinetics of lead removal by: (a) synthetic HAP, and (b) natural apatite (LA) &€25

ing that the mechanism of lead sorption by LA is based on are expected to influence predominantly the process kinet-
its incorporation into the LA matrix. However, this process, ics, and (ii) internal factors, such as cohesive energy, lat-
although probably limited by diffusion processes, cannot be tice energy, Gibbs free energy, etc., determining mainly the
terminated due to the encapsulation of LA particles by the stability of the final product. The ion—ion interaction poten-
produced insoluble pyromorphite phase, which is a typical tial parameter, which has been used in the present analy-
characteristic of HAP, NCA and Apatite 1l materials. sis belongs to the second group of factors, because it de-
The principal guestion which can be addressed to the pro-termines the stability of the final product as its inherent
posed theoretical criterion is the following: how the simple property.
ion—ion interaction potential parameter can be used as a sim-  From this point of view the proposed criterion can be con-
ple criterion for the analysis of the complex process of toxic sidered to represent “a necessary, but not sufficient” condition
metals immobilization by the addition of phosphates, which for the complete estimation of efficacy of toxic metals immo-
actually depends on several physical and chemical parame-ilization by the addition of phosphates. In other words, when
ters? the stability of the final product obtained after the stabiliza-
In general, the factors determining the efficacy of toxic tion of toxic metal with a particular amendment is low, as
metals stabilization in polluted soils by the use of phosphates measured by the respective value iafri—ion interaction po-
can be divided into the following two groups: (i) external tential’, then the remediation process cannot be sufficiently
physico-chemical factors, such as pH, temperature, pollu- effective, independently on the other external conditions. For
tant concentration, solubility of the amendment, etc., which this reason the ion—ion interaction potential represents an im-
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portant parameter, which can be applied for the pre-selectionof clean up procedures of environmental “hot spots” in Serbia
of optimal amendment candidates to be used for stabilizationand Montenegro.
processes of metal-contaminated soils, during the early plan-  From the presented results it can be concluded that HAP
ning stage of a relevant project, even before the necessary exand Apatite 1l samples may immobilize lead by a dissolu-
perimental investigations; thereby, saving both valuable time tion/precipitation mechanism, resulting in de novo formation
and funding resources. of stable and insoluble pyromorphite. The immobilization of
lead by NCA includes also the direct incorporation of lead
into the apatite lattice. The stability analysis of LA/Pb system
5. Concluding remarks reveals that during the immobilization of lead by this natural
apatite two distinct mechanisms can be involved: (i) direct
The main purposes of this study was: (i) to investigate incorporation of lead into the LA lattice, and (ii) precipita-
the stability of apatite/Pb and apatite/Cd systems in order tion of a new Pb—apatite phase and subsequent diffusion of
to compare the suitability of different apatites for the in situ lead into LA. The comparison of sorption isotherms between
immobilization of lead or cadmium, existing in contaminated HAP/Pb and LA/Pb systems indicated the existence of differ-
soils, and (i) to evaluate the effectiveness of natural apatite ent mechanisms, which are involved in the sorption of lead
LA from a large mineral deposit in Serbia for the application by the two examined apatites (HAP, LA).
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In order to improve the proof of correctness of predictions [7] Th. loannidis, A.l. Zouboulis, Detoxification of a highly toxic lead-
based on the proposed theoretical model, we have used in  loaded industrial solid waste by stabilization using apatites, J. Haz-
this paper two sets of data: (i) data from the literature, which ___ ard- Mater. B 97 (2003) 173-191. o

. [8] Y. Xu, FW. Schwartz, Lead immobilization by hydroxyapatite in
concern the sorption of Pb and Cd by HAP (supported by

. ) . aqueous solutions, J. Contam. Hydrol. 15 (1994) 187-206.
about 15 references), and (ii) experimental data obtained by (9] s. Mandjiny, K.A. Matis, A.l. Zouboulis, M. Fedoroff, J. Jean-

the authors. The presented results from the theoretical anal-  jean, J.C. Rouchaud, N. Toulhoat, V. Potocek, C. Loos-Nesovic, P.

ysis and from the sorption experiments demonstrate that the Maireles-Torres, D. Jones, Calcium hydroxyapatites: evaluation of

LA sample (from the Lisina deposit in Serbia) present suffi- sorption properties for cadmium ions in aqueous solution, J. Mater.
. . . N . . Sci. 33 (1998) 5433-5439.

Plent sorpt_lon properties, q.uallfymg that this natural apatl_te [10] F. Monteil-Rivera, M. Fedoroff, Sorption of inorganic species on

is a potentially useful material, which could be used for the in apatites from aqueous solutions, in: Encyclopedia of Surface and

situ treatment of environmental “hot spots” in the area of Ser- Colloid Science, Marcel Dekker, New York, 2002, pp. 1-26.

bia and Montenegro, contaminated with lead and presumably[11] S. Raicevic, Z. Vukovic, T.L. Lizunova, V.F. Komarov, The uptake
with other toxic metals. According to the obtained resultsthe ~ ©f strontium by calcium phosphate phase formed at an elevated pH,
. . . . J. Radioanal. Nucl. Chem. 204 (1996) 363-370.
main disadvantages of LA in comparison with HAP, as well 15, 15k, k. Ishigaki, M. Miyake, Synthetic hydroxyapatites as
as with the other evaluated natural apatites are: (i) the lower  jnorganic cation exchangers. Part 3. Exchange characteristics of lead
sorption capacity for lead, which possibly is a consequence  ions (PB*), J. Chem. Soc., Faraday Trans. | 80 (1984) 3157-3165.
of its lower calcium content, and (i) the kinetically slower [13] Q.Y. Ma, S.J. Traina, T.J. Logan, J.A. Ryan, In situ lead immobi-
uptake of lead, which is limited by diffusion processes. lization by apatite, Environ. Sci. Technol. 27 (1993) 1803-1810.

On the other hand. LA presents also certain advantages .n[14] S.K. Lower, P.A. Maurice, S.J. Traina, Simultaneous dissolution of
! p I Vi ges| hydroxyapatite and precipitation of hydroxypyromorphite: direct ev-

comparison with the other examined apatites. The dissolu- idence of homogeneous nucleation, Geochim. Cosmochim. Acta 62
tion/precipitation mechanism of Pb immobilization by HAP, (1998) 1773-1780.

NCA and Apatite Il leads to the occlusion of apatite parti- [15] S.K. Lower, P.A. Maurice, S.J. Traina, E.H. Carlson, Aqueous Pb
cles within the produced stable and insoluble pyromorphite. sorption by hydroxyapatite: applications of atomic force microscopy

. O to dissolution, nucleation, and growth studies, Am. Mineral. 83
As a consequence, the process of immobilization would be (1998) 147-158

e)_(peCted to terminate, when ?‘” the.ava“able apatite Surfa-.ces{lﬁ] I.D. Smiciklas, S.K. Milonjic, P. Pfendt, S. Raicevic, The point of
will be covered by pyromorphite. This problem does not exist zero charge and sorption of cadmium (Il) and strontium (Il) ions
in the case of LA application, due to its ability to incorpo- on synthetic hydroxyapatite, Sep. Purif. Technol. 18 (2000) 185-

rate lead directly into the crystal lattice and subsequently to 194.

. T s [17] T. Kaludjerovic, A. Dudukovic, I. Plecas, S. Raicevic, Natural ap-
diffuse the precipitated Pb—apatiteig. 6). atite — an efficient and inexpensive material for large-scale remedia-
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