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Role of Phosphate in the Remediation and Reuse of Heavy

Metal Polluted Wastes and Sites

Ange Nzihou - Patrick Sharrock

Abstract Heavy metal pollution is a major environmen-
tal concern because of the toxicity to humans and plants.
This toxicity is lethal even in trace quantities and metals
have a great tendency to bioaccumulate. The efficiency
of phosphate and apatites M;o(PO4)s(OH),, M: Metal, in
particular, in removing and immobilizing heavy metals
from wastewater, groundwater (as permeable reactive
barriers for in situ site remediation), fly ash, dredged
sludges and contaminated soil has led to various studies to
understand and explain the mechanisms involved. This
paper will address the use of apatite as sorbent and stabi-
lizing agents for the removal of heavy metals from various
media. Efficient physico-chemical immobilization of heavy
metals brings new perspectives for reuse of polluted waste
water, soils and land treated by selected phosphates.

Keywords Phosphates - Apatites - Heavy metals -
Remediation - Waste - Sites

Introduction

The presence of heavy metals in our environment is
increasingly due to industrial pollution of the atmosphere,
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waterways, soils and sediments. Contrary to organic mol-
ecules which can be metabolized or destroyed, metals can
only be transformed from labile toxic forms to more inert
insoluble and less bio-available forms to minimize their
harmful effects on living organisms.

Soluble phosphate was widely investigated as a means of
chemical treatment for the conversion of heavy metals into
insoluble compounds. Phosphoric acid, ammonium, sodium
and potassium phosphates will react with multivalent cat-
ions to form insoluble orthophosphates. Several hydrogen or
dihydrogen phosphates have been investigated also with the
aim of scavenging soluble heavy metals. The end products of
the reactions of soluble phosphates with metal ions are
insoluble metal phosphate salts akin to naturally occurring
minerals which are stable in geological environments.

Hydrargyrite, Pbs(PO4)3Cl, is a typical example of a
lead phosphate with very low solubility in a wide pH range
[1]. Another frequently encountered example is the apatite
family, with hydroxylapatite, Cas(PO,4);(OH), (HA), the
lead member of a large class of substituted compounds of
similar structures. Solid solutions may be formed with a
large range of concentrations of divalent or trivalent metals
replacing calcium, and with fluorine or chlorine substitut-
ing for hydroxyl ions and carbonate, vanadate or arsenate
found in lieu of phosphate.

Fish bones and the skeleton of mammals are composed
of calcium phosphate closely resembling HA. Bones, bone
char and synthetic HA have been examined for their
capacity to retain heavy metals by absorption from aqueous
solutions. HA can effectively be used for the treatment of

heavy metal polluted waste materials.
In this review we will examine recent developments in

the treatment with calcium phosphate of solid and liquid
streams contaminated with heavy metals. We will begin
with a review of the physicochemical properties of HA and



its capacity to sorb heavy metal ions. Sorption is the loss of
a chemical species from an aqueous solution to a contin-
uous solid phase. Adsorption to form a monolayer is the
two-dimensional accumulation of matter at the mineral—
water interface at specific sites. Multiple layers may also
form at an interface by adsorption processes. Precipitation
is the three-dimensional growth of a solid phase.

The use of natural or synthetic HA will be presented
with comments on the mechanisms proposed for heavy
metal adsorption. Treatment of heavy metal polluted water
will be considered as well as the formation of barriers for
remediation of contaminated soils or sediments.

The Apatite Family

Hydroxylapatite, Cas(PO4);(OH), (HA) has a low solubil-
ity product [2] of Ky, =35 x 107'"". Carbonated HA
constitutes the inorganic phase present in the bones of
mammals and is very stable under normal environmental
conditions. It does however dissolve in acidic solution to
generate calcium cations and hydrogenophosphate anions,
but remains stable under basic pH conditions. In pure water
(with no added phosphate or calcium) the point of zero
charge is precisely at the neutral pH value of pH 7 and
defines the point where negative and positive charges are
found in equal amounts on the surface of solid particles.
The surface of HA particles are hydrated when present in
aqueous media [3] and the surface phosphate groups are
protonated near pH 7. Calcium and phosphate sites are not
present in equal amounts: the theoretical values are 3.1 and
5.1 atom nm~2 for calcium and phosphate respectively.
Figure 1 shows the equilibria involved. Under basic pH
conditions the outer surface of HA solids will be negatively
charged whereas under acidic conditions it will be posi-
tively charged.

Substitutions are ubiquitous in apatite chemistry and a
wide variety of ions can be incorporated into the apatite
structure. Fluorine can replace hydroxide ion, carbonate
can be found in lieu of phosphate, and divalent metal ions
can substitute for calcium ions in large proportions. The
easy formation of mixed metal phosphates can explain the
capacity of HA to remove heavy metals from aqueous
solutions and retain them in the solid phase. Figure 2
illustrates the crystal structure of HA pointing out all the

=POH «— =PO™+ H*
=CaOH3 «— =CaOH+ H"

Fig. 1 Illustration of the charged groups present on HA surfaces

P @O(PO4) OO(OH) oCa(l) ®Ca(2)

Fig. 2 Hydroxylapatite crystal structure seen down the hexagonal
axis. The central hydroxyl group lies in a tunnel surrounded by Ca(1)
calcium atoms bound to phosphate groups

exchangeable groups, including the two crystallographi-
cally different calcium atoms.

Water Purification with Apatites

The first reports on the use of HA for metal ion capture
from aqueous solutions were generated by Suzuki and
collaborators in 1981 [4]. They discovered that HA collects
heavy metal ions such as lead, copper and cadmium ions by
exchange with calcium in its main structure. The group
published data on single heavy metal sorption on HA as
well as multi-metal sorption experiments showing that lead
ions are preferentially picked up by HA, and can even
replace other metals previously sorbed [5, 6]. Binary and
ternary equilibria were discussed, selectivity coefficients
and values of mass transfer coefficients were determined.
The rate of mass transfer was obtained for various ions and
discussed in terms of film diffusion and an exchange pro-
cess of ions at specific sites of the apatite structure.

The first basic conclusion was that the phenomenon
taking place was a simple ion exchange between a part of
the calcium ions in the apatite structure and the heavy
metal ions in the aqueous phase, provided no exchange of
calcium took place with protons. Indeed, the authors rec-
ognized that HA “decomposes” in acidic solutions. How-
ever, even under slightly acidic conditions (pH near 5),
examination of breakthrough curves suggested that a very
small amount of HA actually dissolved in the aqueous
phase at the same time as ion exchange. When the pH was
smaller than 3, HA crystals were observed to dissolve



gradually by neutralization of the protons. Experiments
conducted in the region of pH 5-6 showed rectangular
isotherms, or irreversible isotherms, for all the systems
investigated. Under these conditions it was found that the
exchange reaction did not have a serious effect on the
apatite structure. In any case, the HA structure was main-
tained and the divalent heavy metal ions were held in the
structure. The rate of metal exchange was found to be
particularly rapid for lead ions and it was concluded that
the fast reaction seems to take place at the surface of the
apatite particles.

The ranking of the ions according to the amount
exchanged revealed that transition metals were more
strongly sorbed than alkaline earth ions. To explain the
differences observed between the various metal ions, a
dehydration mechanism was proposed to be a rate deter-
mining step. Because dissolved heavy metal ions are
associated with bound water molecules acting as ligands,
the water to metal coordination bonds first have to be
broken before exchange can take place with calcium ions at
the surface of the HA. Lead ions have a lower enthalpy of
hydration than calcium ions, and cadmium ions have a
higher enthalpy of hydration, providing an explanation why
lead ions are collected in a larger amount than other ions
which form strong aqua complexes. Electronegativity and
ionic radius mismatch were also invoked to compare the
various ions and their capacity to exchange for calcium
ions. It was also found that lead ions exchange very quickly
with calcium ions, but that a slower process continues to
remove lead from solution with time. It was recognized
that the kinetics of metal sorption showed the coexistence
of two processes. The fast initial mass transfer was related
to the surface ion exchange reaction while the slower
process was assumed to correspond to mass transfer
resistance, described as governed by solid diffusion rather
than by pore diffusion or surface diffusion. Thus the pre-
dominant resistance to mass transfer for heavy metal ions
lied in intra-particle diffusion.

Mechanisms of Heavy Metals Removal
from Aqueous Phase

In general, ion conducting channels and exchangeable ions
are located in flexible frameworks that can adapt to its
filling and chemistry by changing their lattice constants.
HA has calcium ions located on external crystal faces and
also along the tunnels that penetrate its structure. Members
of the apatite family are thus ideally suited for extensive
ion exchange reactions. The HA structure is tolerant to
many substitutions and even complete replacement of
calcium ions with other ions as well as the formation of
solid solutions [7]. However, intra-particle diffusion is

difficult and slow at room temperature. Mixtures of apatites
form a one phase solid solution when heated near sintering
temperatures [8]. The formation of secondary phases dur-
ing exposure of HA to metal ions results in the formation of
precipitates with low solubility on the HA surfaces effec-
tively clogging the possible tunnel pathways for metal
uptake inside the polycrystalline particles. Diffusion is then
overwhelmed by accumulation of amorphous products
causing mass transfer resistance. The common observation
of the dual kinetics of heavy metal ion sorption on HA with
the rapid first step limited in exchange capacity and related
to specific surface area led authors to propose a dissolu-
tion—precipitation mechanism for the second slower step.
Indeed, under acidic pH conditions when HA will dissolve
more readily, HA shows increased capacity for heavy metal
ion removal [9]. This has led to some confusion concerning
the actual mechanism responsible for the global exchange
capacities and exchange rates [10].

The two mechanisms most often cited for heavy metal
capture by HA are the ion-exchange process and the dis-
solution—precipitation process [11]. In the first case, the
metal attaches to the HA surface or diffuses inside and
provokes calcium release by pushing out the more soluble
endogenous calcium ions. The smaller solubility of the
heavy metal phosphate pushes the exchange reaction
towards release of calcium ions. In the second case, cal-
cium is dissolved first, together with accompanying phos-
phate ions, and the heavy metal ions precipitate by
homogeneous (in solution) or heterogeneous (on the
remaining solid HA) nucleation [12, 13]. Both mechanisms
can account for the fact that the sorption reaction slows
down considerably after the initial HA surfaces are covered
by less soluble phosphates. Following ion exchange, the
new less soluble metal phosphate forms a coating which
prevents subsequent dissolution of the underlying calcium
ions and blocks the exchange reaction. This is similar to the
effect of heavy metal phosphate coating of HA particles
caused by heterogeneous precipitation [14]. In any case the
final result is the removal of a certain quantity of heavy
metal ions depending on the HA crystallinity [15], density,
specific surface area, composition and other factors such as
pH, metal concentrations, rate of addition, temperature and
presence of ligands [16-20]. The literature on this subject
has been reviewed [21].

Another important observation reported on examination
of lead ions sorption on HA is the pH drop correlated with
the initial fast metal uptake. This phenomenon can be
explained by the formation of a metal-phosphate bond
replacing the protonated surface phosphate groups. This
also explains the lag in calcium release during the initial
periods of lead fixation in column flow-through experi-
ments. Recent evidence points to surface complexes
formed by substituting surface protons or calcium ions by



incoming metal ions [22, 23]. In the case of cupric ions, the
large differences in radii between exchanging ionic species
inhibits migration into the inner part of the HA structure.
EXAFS study concludes that the fixation of copper in the
calcium sites in the interior of the HA crystal is unlikely.
The same applies to uranium [24-26].

The Various HA Forms

Synthetic HA is not the only form of calcium phosphate used
in metal removal investigations [27, 28]. Fish bones result-
ing from fishing waste have been studied as well as bone char
and meat and bone meal calcination residues [29, 30].
Fishbones, a natural apatite, was found to be comparable to
hydroxyapatite on a Ca content basis for removal of various
aqueous heavy metal ions [31-34]. It compares favorably to
apatite ores because of its purity and lower substitution of
undesirable metals. When the fishbones were dried, crushed
and fired in air at 900°C the immobilization property of
fishbone apatite was improved. Thomson et al. [35] com-
pared several natural and synthetic apatites in batch studies
and column tests and reported the synthetic products had
higher capacities than the natural products. On the other
hand, Dybowska et al. [36] reported that meat and bone meal
sterilized according to EU standards (containing 25% HA
and 75% organic matrix) and then incinerated at 725 or
850°C performed as well as synthetic apatite and better than
natural rock phosphate. The reactivity of apatites for all
tested metals (Pb, Cd, Cu and Zn) followed the general order:
synthetic > biological > mineral. Cheung et al. studied the
sorption of metal ions from aqueous solution using bone char
[30] composed mostly of HA but containing 9-11 wt%
carbon contributing 50% of the overall 100 m? g~ specific
surface area. They found that the sorption mechanisms can
be attributed to at least three pathways:

1. Tonexchange of divalent metal ions from hydroxyapatite.

2. Sorption of metal ions from the hydroxyapatite surface
lattice.

3. Sorption of metal ions from the carbon surface.

Meat and bone meal combustion residues were found to
contain over 56% of phosphate which could capture large
quantities of aqueous Pb>" ions in a few minutes with a
275 mg/g capacity. The ashes presented two beneficial
actions in ecotoxicological studies: they not only neutralize
lead toxicity but also act as a fertilizer.

Dried animal bones can also be used for Zn** removal
from water and it was found that 10 mM sulfuric acid can
release more than 90% of the metal by desorption [37].

A Tunisian phosphate rock was activated by base and
acid washings and found to have adequate heavy metal
retention properties of between 12 and 15 mg/g for various

metal cations [38, 39]. The activated raw material is
expected to have a competitive edge over other commercial
species. Low grade phosphorite deposits of sedimentary
origin located in India are considered as waste because of
their low phosphate values of 12.5% [40, 41]. They have
been evaluated as eco-friendly and cost-effective sorbents
for heavy metals. The used sorbents have been recycled in
frit materials for glaze production in a zero waste concept.

The Role of Organic Molecules on Heavy Metal
Exchange

Recent work has gained specific insight on the influence of
organic molecules with metal complexing ability on the
effectiveness of metal sequestration by HA [42]. It was
shown that strong complexing ligands such as EDTA
effectively stabilize the soluble form of metals and thereby
decrease their capture by HA in the solid phase. This effect
contrasts with the observation that various inorganic anions
have no effect on heavy metal removal by adsorption on
HA [43, 44].

Recent developments have led to the elaboration of
composite materials wherein HA is embedded in a poly-
mer matrix. An HA and polyurethane composite material
[45] was made with 20% or 50% HA dispersed in the
polymer foam to study lead ion uptake. It was found that
higher HA contents had higher removal capability but
slower removal rate. Also increased initial lead concen-
trations caused slower uptake rates. The dissolution of HA
and precipitation of hydroxypyromorphite was the domi-
nant mechanism at lower pH values of 2-3 for the
incoming solution. The adsorption of Pb®" ions on the
HA/polyurethane composite surface and ion exchange
reaction between Ca®" of HA and Pb*" in aqueous solu-
tion was dominant at higher pH values between 5 and 6.
Both mechanisms were found to compete at pH 4. An HA/
cellulose composite was also studied for its exchange
capacity and it was found that the cellulose matrix did not
interfere with the HA-heavy metal reaction time or
exchange capacity but helped in facilitating the water-
sorbent handling [46]. Up to 70 wt% HA could be incor-
porated in a polyacrylamide gel causing lower swelling in
water, but also slower removal rate of Pb®>" ions. The
removed amount of Pb>" ion was nearly same, regardless
of pH values of 2-5 [47].

In a study on porous HA granules which could remove
aqueous lead ions at a rate of 0.5 mg g~' min~" it was
observed that small lead phosphate aggregates were
released from the HA sorbent together with calcium ions
under some hydrodynamic flow conditions. It was reported
that organic ligands tend to interfere with the water puri-
fication procedure [48].



In a study of the sorption of lead ions from simulated
industrial wastewater onto Jordanian low-grade phosphate,
it was found that increasing the concentration ratio of
ligand to metal ion decreased the percentage removal of
lead ions significantly for several organic carboxylic
ligands [49]. Nevertheless, lead ions and lead-ligand
complexes were observed to sorb on the phosphate ore
[50, 51].

Wang et al. studied the effects of low molecular weight
organic acids on the kinetics and adsorption isotherms of
Cu®" onto HA [52]. The maximal adsorption quantity
decreased with increase in the logarithm of cumulative
formation constants of Cu*" and organic acids. Investi-
gating the various species formed as a function of solution
pH, it was found that the effects of ligands on the uptake of
copper depended on the stabilities and charges of the
complex formed. The stronger the organic acid coordinated
to copper, the more the metal quantity adsorbed on HA
decreased.

Remediation of Heavy Metal Contaminated Soils

There are many examples of remediated soils that were
contaminated with organic pollutants but there are few
cases where heavy-metal polluted soils were treated,
despite the fact that in most polluted sites in industrialized
countries a variety of heavy metals are present. Toxic
elements that remain untreated in soils and sediments
represent a threat to surface and groundwater reserves. The
persistent presence of mobile heavy metals in soils is a
continuing challenge for authorities responsible for envi-
ronmental protection [53, 54].

Usual remediation techniques involve ex-situ treatment
of excavated material followed by land-filling and long-
term monitoring following solidification/stabilization. This
is not ecologically neutral to the landscapes and ecosys-
tems involved. Alternative non destructive in situ treatment
technologies are clean up options which can decrease the
environmental disturbance and risk of exposure to living
organisms. In situ stabilization is operated when leachable
and bioavailable metals are transferred to less soluble
forms that remain inert for long time periods. Chemical
immobilization technologies can be combined with plant
seeding and growth as a form of phytostabilization to
attenuate contaminant dispersion via wind and hydrologi-
cal processes. However, metal pollutions are also toxic to
plants and the treatments used must specifically aim at
reducing toxic metal mobility while maintaining needed
mineral availability for plants in particular magnesium,
iron and other vital oligo-elements [55-57].

The use of inexpensive minerals in remediation tech-
niques is based on the well recognized role of stable spe-
cies across a wide range of geological conditions. Clays,
zeolites and apatites are attractive sequestering agents for
in situ immobilization of toxic elements and reduction of
risk associated with migration of potentially harmful spe-
cies. Phosphates and particularly HA is known to be very
effective in redistributing lead and other heavy metal ions
into compounds more strongly withheld by soils. Reduced
phytotoxicity goes with greater plant growth and lower
concentrations of toxic elements in plant tissues. We will
examine how HA and other phosphate chemical treatments
leading to the formation of metal phosphates promote soil
stabilization.

The Role of HA in Immobilizing Soil Heavy Metals

Contaminated soil has been dry mixed with HA with inter-
esting results [58], but most studies rely on water present in
soils for transfer of reactants or heavy metals to the more
residual fractions of soils [59]. Sequential extraction proce-
dures have demonstrated that exchangeable fraction of Cu
and Zn in contaminated soils can be transformed into
unavailable forms after chemical remediation [60]. The
incorporation of heavy metals in apatites and the formation
of silicate apatites have been compared to the formation of
mineral reservoirs which can retain metals in their crystal
structure following thermal treatment [61]. Biogenic apatite
(fish bones) was compared to other phosphate sources and
found to be less contaminated initially with heavy metals
than processed or mined phosphate rock or fertilizers, but
was found to be apparently more soluble, enhancing metal
capture and providing a slow release of phosphate for con-
tinued long-term treatment [62].

Aqueous Pb>* in lead contaminated soils was reduced
after reaction with HA [63]. The hypothesis set forth to
explain this result was that the HA dissolved and precipitated
hydroxypyromorphite [Pb;o(PO4)s(OH),] to effectively
remove lead from the aqueous phase. More generally, it was
found that lead chemical immobilization by any phosphate
source could be related to the formation of pyromorphite
Pbs(PO4);X where X = F, Cl, Br, OH, the most stable
environmental Pb compounds under a wide range of pH
values [64]. Two morphological forms of pyromorphite Pbs
(PO4);Cl were observed in the presence of Cl™, phosphate,
lead ions and goethite (a-Fe(OH);) present in soils: incrus-
tations, indicating direct reaction of Pb>* and C1~ ions with
PO,>~ adsorbed on goethite surface, and aggregates of
pyromorphite crystals indicating that the reaction with
PO43_ ions took place in the volume of the solution [65]. The



insoluble lead sulfide galena (PbS) could be successfully
treated by reacting with HA [66]. When galena, which is
frequently found in mining wastes, is exposed to air atmo-
sphere it becomes unstable causing it to become a labile
source of Pb in soils. Transformation of unstable lead forms
into sparingly soluble pyromorphite was confirmed in the
presence of HA. Conversion of soil Pb to chloro-
pyromorphite [Pbs(PO4)3Cl] was observed in a contami-
nated soil collected adjacent to a historical smelter when HA
was added.[67]. Addition of hydroxyapatite to the soil
caused a decrease in each of the first four more bio-available
fractions of sequential extractable Pb and an increase in the
recalcitrant extraction residue. Extended X-ray absorption
fine structure (EXAFS) spectroscopy provided additional
evidence that the change of soil Pb to pyromorphite was
possible by simple amendments of hydroxyapatite to soil.
The EXAFS approach illustrated that organically-com-
plexed Pb was persistent in all HA amended soils, suggesting
that an enriched soil organic carbon may be an inhibitory
factor for pyromorphite transformations [68]. EXAFS was
also used to provide evidence for the formation of several
species during the immobilization of zinc ions by phosphate
addition to contaminated dredged sediments.[69]. Both
phosphate addition and calcination reduced leachability of
heavy metals with the combined treatment achieving up to an
89% reduction. Due to the complexity of any soil matrix, the
exact immobilization mechanisms following amendments
have not been clarified, which could include precipitation,
chemical adsorption and ion exchange, surface precipitation,
formation of stable complexes with organic ligands, and
redox reaction [70].

Special attention has been devoted to immobilization of
radioactive metal ions with emphasis on the long-term
performance of HA as reactive material for the removal of
uranium in passive groundwater remediation systems [71,
72]. The formation of autunite Ca(UQO,),(PO,), or cher-
nikovite H,(UO,)2(PO4), was proposed as the low solu-
bility uranium salts formed by reaction with HA [73].
EXAFS confirmed that uranium was phosphate bound to
HA surfaces as an inner-sphere complex for relatively low
U(VI) concentrations. Above 7000 ppm, chernikovite and
autunite formations were detected by X-ray diffraction and
fluorescence spectroscopy [26]. HA was found to be a
strong sorbent for 9OSr, in soil for retardation of radionu-
clide migration. [74]. The effectiveness of HA, alone or
with clay, was tested for U retention by equilibrating with
CaCl, and subjecting to the Toxicity Characteristic
Leaching Procedure (TCLP). HA and mixtures of HA with
illite or zeolite, were highly effective in reducing U
extractability in both batch and leaching tests [75].

Poorly crystalline HA synthesized from gypsum waste
or from incinerated poultry litter was described as advan-
tageous when remediation targets vast amounts of

contaminated soils. [76] Numerous natural and synthetic
phosphates materials have been used for soil remediation
including HA, biological apatite, rock phosphate, soluble
phosphate fertilizers such as monoammonium phosphate,
diammonium phosphate, phosphoric acid, phosphatic clay
and mixtures [64, 77]. Most of the studies on heavy metal
stabilization in soils were performed using various phos-
phorus-containing amendments, which reduce the metal
mobility by precipitating insoluble mineral species
[78-80]. All the observed results are compatible with
available or predicted thermochemical data for the forma-
tion and stability of base metal phosphates in soils and
sediments (1).

HA has been used on a large scale (90 tonnes) to make
PRBs to successfully remediate groundwater containing
several heavy metals [81].

Role of HA as Permeable Reactive Barriers
Principles and Concept

As an alternative to traditional pump-and-treat and dig-and
treat methods for the remediation of contaminated
groundwater, permeable reactive barrier is a relatively new
in situ technology, and is attracting increased attention
[82-84]

Permeable reactive barrier (PRB) technology has gained
acceptance as an effective passive remediation strategy for
the treatment of a variety of chlorinated organic and
inorganic contaminants in groundwater by combinations of
chemical, physical and biological treatments [85, 86].

In the subsurface the flow of the water is intercepted by
a perpendicular “wall” of reactive materials that intercepts
a plume of contaminated groundwater moving under the
natural gradient and transforms the contaminant into an
environmentally acceptable form. The goal is to have
contaminant levels below target concentration at compli-
ance points down gradient of the barrier. The barriers also
prevent groundwater contaminants from migrating to
uncontaminated aquifers, which may be difficult to locate
and remedy [87-92].

The principle of the barrier is described in Fig. 3.

A benefit of its application is the large number of pol-
lutants that can be treated often bringing their concentra-
tion below the detection limit. Moreover the site on the
surface above the treated aquifer is available for other
activities and can be economically re-used once the
installation is concluded and during the remediation pro-
cess. There is the possibility to treat waste plumes that are
heterogeneous in composition and concentration and a
reduction of costs (~50%) and energy compared to Pump
and treat methodology could be achieve. In addition PRB
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Fig. 3 Principle of the Permeable Reactive Barrier

has lower impact to the rate of groundwater flow compared
to Pump and treat.

PRB requires minimal maintenance because it operates
in a totally passive manner. However, the four following
characteristics need to be evaluated for the implementation
a PRB: (1) hydrogeology, (2) contaminant loading, (3)
geochemistry, and (4) microbiology. Hydrogeologic char-
acterization must be done accurately as it determines
groundwater flowpatterns and the distribution of the con-
taminant plume.

Performance, maintenance of PRB as well as the ori-
entation of the efforts in research over the past decade have
generated number of contributions in the literature [93-96].

Material Used for the Design of PRBs

Numerous studies have been performed in PRB. The PRB
could be specific for dedicated contaminants. Several
reactive media are used.

Zero-valent Iron (Feo), ZVI: currently is the most
widespread material used for remediation of groundwater.
The ZVI wall functions to remove chlorinated organic
contaminants from the subsurface by reductively dechlo-
rinating these species as contaminated ground water flows
through the wall. While this is an extremely effective
remediation technology for halogenated organic contami-
nants, ZVI walls are not able to sequester metal ions. Other
media such as Calcite (CaCOs3;) PRB are used for the
removal of fluoride [97, 98], Polymer and silicate com-
posites and Zeolite, periclase (MgO), pecan shells, com-
post, peat moss, cottonseed meal, and lime, polysulfides,
granulated activated charcoal (GAC), cottonseed meal and
compost have been reported [97-105]. In the various cases
investigated, Microbial activities have been pointed out to
have a significant effect on the interaction between the
barriers and the pollutants containing the plume, or
microbial activity [81, 105, 106].

The following paragraph will be focused on the use of
HA as PRB material.

A number of literature references have reported the
positive role of hydroxyapatite (Apatite) PRBs in the
removal of a range of metals ions. The results of previous and
ongoing work demonstrate that stabilization of contaminated
soils and groundwater by apatite-group minerals has the
potential to be a successful and widely applicable remedia-
tion strategy for metals and radionuclides [107-120].

Apatite-group minerals form naturally and are stable
across a wide range of geological conditions for hundreds
of millions of years [12, 121-127]. Work by Wright and
others [122—124] investigated the trace-element composi-
tion of fossil apatite (teeth and bones) and sedimentary
phosphorite deposits of various geological ages.

Metal ions are locked into the apatite structure with no
subsequent desorption, leaching, or exchange, even in the
face of diagenetic changes in the pore-water chemistry and
pH, high temperatures, and tectonic disruptions. More than
300 apatite-type minerals exist, with elements from the
entire periodic table replacing Ca, P, and OH in the fun-
damental apatite crystal structure [81]. Their solubility
products (K,) are very low and vary from about 1072° to
107150,

Mechanisms [12, 109, 125-132]

Two types of apatite are particularly concerned in PRB.
Calcium hydroxyapatite with the formula Ca;o(POs),
(OH), and Cajo—xNay(POy4),_,(CO3),(OH), so called
Apatite (II), a particular form of apatite generated as a
waste product from fish industry. The mechanism descri-
bed for the uptake and stabilization of metal and radio-
nuclides is dissolution and precipitation illustrated as
follows with uranium and lead:

— Stabilisation of uranium:
Cas(PO4);0H « 5Ca*" + 3P0, + OH™ (1)
2U03" + Ca?™ 4 2P0O; " < Ca(U0,),(PO,), (2)

Ca(U0O,),(POy4), has a low solubility product, log K, =
—45.5
— Stabilisation of lead:
Cajg_,Na,(POs),_,(CO3), (OH), + 14H' —
(10 — x)Ca*" + xNa™ + (6 — x)[H,(PO,)]~
+ XH2C03 + 2H20 (3)

10Pb*" + 6H,(PO,)~ + 20H
— Pblo(PO4)6<OH)2 + 12H7L (4)

This mechanism is the same identified in solution as
described in previous sections. The degree of protonation



of the phosphate and carbonate in the intermediate
reactions depends upon the pH. The above example is for
the typical range of acid mine drainage, i.e., pH between 3
and 6. Reactions (1) and (3) do not necessarily lead to
reaction (2) and (4). However, because the apatite provides
a small but constant supply of phosphate to solution, if
Pb>" is in solutions contacting the apatite, then reactions
(3) and (4) will take place. Apatite II dissolution is a strong
pH buffering reaction, buffering around neutral (6.5-7)
through its PO;~, OH™ and substituted CO3~ groups.

Other mechanisms such as ion exchange and the for-
mation of amorphous solids, surface complexation or
chemisorption are also reported in the literature to explain
the process of removal of the transition metals in particular,
through its uncompensated phosphate and hydroxyl surface
groups.

The metal-phosphate phase is very stable over geolog-
ical time because of its low solubility products (K,). These
metal-phosphate products are thermodynamically stable
over a broad range of environmental conditions, and pre-
cipitate rapidly, thus ensuring long term immobilization of
metal pollutants. Metals and apatite react very quickly at
the molecular scale, but at a macroscopic dimension, lim-
iting parameters like grain size, porosity, flow rate, barrier
design, influence the efficiency with which dissolved
metals come into contact with the surface of the reactive
media.

The use of Apatite has several advantages. In fact,
Apatite can sequester most heavy metals and radionuclides
which then precipitate as mineral phases in which the
metals are not bioavailable. Apatite is one of the best non-
specific surface sorbent for species that do not precipitate
as a separate phase and is the most cost-effective reactive
media for most metals and radionuclides. Apatite can be
mixed into contaminated soil or waste, emplaced in PRB or
used as a disposal liner and can be combined with most
other reactive media e.g., grout, calcite, zeolite, polymers,
bentonite, zero valent iron, and other remediation tech-
nologies, e.g., bioremediation, etc.

Conclusion

Phosphate chemistry can be used to develop environmen-
tally friendly processes for pollution clean-up and valori-
zation of brownfields and soils. Treated sediments with
heavy metals locked in a stable insoluble structure could be
valorized and work is in progress in this direction. Water
purification and recycling is becoming an important issue
and apatite chemistry will contribute to the valorization
effort in the near future. From the scientific results gathered
by much laboratory work it is becoming clear that
processes with phosphates, apatite formation and use

combined with thermal treatments are ready for industrial
pilot developments.
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