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a b s t r a c t

Apatite IITM, a biogenic hydroxyapatite, was evaluated as a reactive material for heavy metal (Cd, Cu, Co,
Ni and Hg) removal in passive treatments. Apatite IITM reacts with acid water by releasing phosphates that
increase the pH up to 6.5–7.5, complexing and inducing metals to precipitate as metal phosphates. The evo-
lution of the solution concentration of calcium, phosphate and metals together with SEM–EDS and XRD
examinations were used to identify the retention mechanisms. SEM observation shows low-crystalline
precipitate layers composed of P, O and M. Only in the case of Hg and Co were small amounts of crys-
assive treatment
ydroxyapatite
hosphate
eavy metal

mmobilisation

talline phases detected. Solubility data values were used to predict the measured column experiment
values and to support the removal process based on the dissolution of hydroxyapatite, the forma-
tion of metal–phosphate species in solution and the precipitation of metal phosphate. Cd5(PO4)3OH(s),
Cu2(PO4)OH(s), Ni3(PO4)2(s), Co3(PO4)28H2O(s) and Hg3(PO4)2(s) are proposed as the possible mineral
phases responsible for the removal processes. The results of the column experiments show that Apatite
IITM is a suitable filling for permeable reactive barriers.
. Introduction

Polymetallic sulphides (Fe, Mn, Cu, Cd, Zn, Ni, Co, Hg) are one
f the main sources of contaminated water in abandoned mines
nd waste dumps [1,2]. The release of these metals into bodies of
ater is increasing, and non-admissible levels are found in surface

nd groundwaters. Given their properties as active carcinogenic
gents, only a maximum admissible concentration of 20 �g/L for
i, 1 �g/L for Hg and 5 �g/L for Cd is permitted [3,4]. The toxicity
f Co is usually lower but can be high in the case of radioactive
astes in conjunction with Ni. The US Environmental Protection
gency (USEPA) prepared a list of 129 organic and inorganic pollu-

ants found in wastewater that constitute serious health hazards.
his Priority Pollutants List includes thirteen elements: Sb, As, Be,
d, Cr, Cu, Pb, Hg, Ni, Se, Ag, Tl and Zn.

Passive remediation systems such as permeable reactive bar-
iers (PRBs) are a good alternative to remediate contaminated

roundwater [5]. PRBs are a passive technology that installs a reac-
ive material across the migration path of a contaminated aquifer.
roundwater flows through and reacts with the material at the
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barrier, causing the acidity of the water to be neutralised and the
metals retained. PRB materials are effective provided they meet the
following conditions [6]: (1) they are sufficiently reactive to dimin-
ish the concentrations of the pollutants within the residence time
for the water inside the PRB; (2) they are permeable enough to con-
centrate the flow of the groundwater; (3) they preserve the perme-
ability and reactivity for long duration; and (4) they are cost effec-
tive. Conventional proposals for reactive materials to treat metal
contamination such as calcite result in the removal of trivalent met-
als (Fe, Al) by increasing the pH up to a value of 6–7. The efficient
removal of divalent metals, however, requires increasing the pH to
higher values [7,8]. Magnesium oxide has been shown to increase
the pH up to 8–9 and to promote the high removal efficiency of diva-
lent metals such as Cu, Zn, Pb, Mn, Ni, Co and Cd [9]. An alternative
to the use of magnesium oxide for the retention of divalent metals
is represented by the application of phosphate amendments.

Among the different sources of phosphate, both natural and
synthetic hydroxyapatite (HAP) has been postulated as a reactive
material to remove metals [10,11]. Natural HAP has been demon-
strated to immobilise Pb, Zn and U [12–15]. A synthetic phosphate
has a much larger surface area and has been used in nanotechnol-

ogy applications as well as in water and soil metal decontamination
[16–19]. Most synthetic compounds, however, are too expensive
for the extensive applications in infiltration ponds and reactive
barriers.

dx.doi.org/10.1016/j.jhazmat.2011.07.104
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jose.luis.cortina@upc.edu
dx.doi.org/10.1016/j.jhazmat.2011.07.104
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Table 1
Initial condition in the column experiments.

Experiments

Column

0 1 2 3 4 5

Length (mm) 17.44 18.60 17.44 16.86 16.28 31.97
Section (mm2) 172.03 172.03 172.03 172.03 172.03 172.03
Volume (mL) 3 3.2 3 2.9 2.8 5.5
Sample (g)

Initial 2.492 2.512 2.576 2.517 2.560 2.513
Final 1.102 2.985 2.481 2.042 2.343 0.804

Particle size (mm) 0.5–3 0.5–3 0.5–3 0.5–3 0.5–3 0.5–3
Apatite IITM (wt.%) 100 100 100 100 100 100
Pore vol (mL) 1.5 1.7 1.4 1.3 1.2 2.6
Porosity 0.49 0.52 0.47 0.46 0.44 0.48
BET surface areas (m2 g−1)

Initial 1.9 1.9 1.9 1.9 1.9 1.9
Final 100 47.3 41.8 24.8 17.1 1

Flow (mL/min) 0.02 0.02 0.02 0.02 0.02 0.02
Residence time (min) 73 83 71 67 61 132

Inlet

pH 4.5 4.9 4.8 5.0 5.0 2.0
Cd (mM) 0.67
Cu (mM) 1.18
Ni (mM) 1.28
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2− (mM) 10.41 10.41

More recently, biogenic HAP of different origins, such as fish
nd cow bones, bone chars and food waste, has also been used.
ccordingly, a low-crystalline form of a carbonated hydroxyapatite
as been commercialised under the trade name of Apatite IITM. The
conomically feasible use of Apatite IITM to stabilise metal pollution
n soils [20] and to remove Zn, Pb, Cd and U from groundwater is
eing developed [10,11,22].

Most of the literature on metal removal by HAP only provides
nformation regarding batch experiments, which is interpreted as
orption isotherms [14,23–26]. Accordingly, metal removal pro-
esses have not been completely identified. Sugiyama et al. [27]
uggested two general mechanisms for the ability of hydroxyap-
tite to take up divalent metal cations: (a) the first is concerned
ith the adsorption of ions on the solid surface face followed

y their diffusion into hydroxyapatite and the release of cations
riginally contained within hydroxyapatite (ion–ion exchange
echanism) and (b) the second involves the dissolution of the

ydroxyapatite in the aqueous solution containing divalent metals
ollowed by the precipitation or co-precipitation of metal phos-
hates (dissolution–precipitation mechanism). However, Elouear
t al. [25] and Valsami-Jones et al. [28] suggested that the
issolution–precipitation mechanism operates at a low pH (<4),
hereas at a higher pH, the removal of metals is attributed to

urface sorption or/and complexation. Thus, there have been few
xperimental studies conducted to identify the main chemical reac-
ions and the mineral phases formed during the treatment steps.

Unlike batch experiments, flow-through columns allow the sys-
em to operate continuously and precipitate a sufficient mass
f solid phases for identification. Moreover, these experiments
upply information regarding the physical chemical aspects that
ffect the changes in the porosity and permeability of the reac-
ive media. They are also very useful in determining the changes
n the effluent composition due to the competition between the
issolution–precipitation rates and the water flux.
Apatite IITM has proved suitable for reducing Zn and Pb to
oncentrations below regulatory levels in aquifers and infiltration
onds [29]. The present work investigates the removal capacity of
d, Cu, Ni, Co and Hg by Apatite IITM using column experiments
1.27
0.37

.41 10.41 10.41

to emulate large-scale passive remediation systems. This group of
divalent metals is scarcely removed by using the standard tech-
nologies of AMD with calcite and calcite organic matter mixtures.

2. Experimental

2.1. Materials

The apatite used in this study was Apatite IITM (US
Patent #6,217,775), a biogenically precipitated material that
is derived from fish bones with the general composition
Ca10−xNax(PO4)6−x(CO3)x(OH)2, where x < 1. A total of 30–40 wt.%
of organic materials is found in the internal porosity of the inorganic
structure [11]. XRD patterns show that the raw material mainly
consists of hydroxyapatite with a calcite content of up to 5 wt.%.
The grain size of the samples ranged from 0.5 to 3 mm. The initial
BET surface area was 1.9 ± 0.2 m2 g−1. The final BET surface area
was measured in most of the experiments and ranged from 1 to
100 m2 g−1(Table 1).

2.2. Methods

Column experiments were designed to measure the reactivity
of Apatite IITM under flow conditions similar to those expected in
transmissive aquifers. Solutions were administered continuously
through Teflon tubing connected to a Gilson Minipuls® peristaltic
pump. The inlet fluxes employed are shown in Table 1. Inflow-
ing solutions were prepared either with a sulphate–metal salt or
with a nitrate–metal salt and ultrapure Milli-Q water. With the
exception of Hg, the sulphate concentration was controlled to
be 10.41 mM (1000 mg L−1) by adding sodium sulphate (reagent
grade, Merck) to simulated AMD waters. The pH of the inflowing
solutions ranged from 2 to 5 (Table 1). The initial concentrations of
Cd, Cu, Ni, Co and Hg ranged between 0.37 and 1.28 mM (Table 1).

The pH was measured in sealed flow-through cells placed at the
exit of the columns. Effluent solutions were filtered through a 0.45-
�m filter and acidified with HNO3 to pH < 1. The concentration of
the cations was measured by inductively coupled plasma atomic



314 J. Oliva et al. / Journal of Hazardous Materials 194 (2011) 312–323

F ction
p t solu
i

e
s
g

o
p
i
a
T
T

t
m
p
D

3

3

1

ig. 1. Variation of (a) pH and [Cd]/[Cd0] and (b) Ca, P and Ca/P molar ratio, as a fun
H and [Cu]/[Cu0] and (d) Ca, P and Ca/P, as a function of pore volumes of the outle

n each experiment).

mission spectroscopy (ICP-AES). The accuracy of the mea-
urements was approximately 3%. Flow rates were determined
ravimetrically.

Tracer tests were conducted by adding a known concentration
f acetone to the infiltrating solution to determine the effective
orosity and hydraulic dispersivity. The outflowing solutions were

ntroduced into a Hewlet-Packard HP53® spectrophotometer using
flow-through cuvette for the continuous monitoring of acetone.
he measured pore volumes of the different columns are given in
able 1.

After the conclusion of the experiments, the reacted material of
he columns was examined using a JEOL 3400® scanning electron

icroscope with an energy dispersive system (SEM–EDS). Crystal
hases in the final column fillings were identified with a BRUKER
5005® X-Ray Diffractometer (XRD) with Cu L� radiation.

. Results and discussion
.1. Cadmium and copper removal

Two solutions at pHs 4.9 and 4.8 and with 0.67 mM Cd and
.18 mM Cu (75 mg L−1 of Cd and Cu, respectively), were used as
of pore volumes, of the outlet solution in the experiment with Cd. Evolution of (c)
tion in the experiment with Cu (Cd0 and Cu0 are initial concentration of Cd and Cu

input solutions (Table 1, experiments 1 and 2). The experiments
lasted 13 and 10 months for Cd and Cu, respectively. The variation
in the concentration of Cd, Cu, P and Ca and pH, as a function of
pore volumes, is shown in Fig. 1a–d.

In both experiments, during the first 1000 pore volumes,
the pH was maintained at approximately 8, and the Ca con-
centration increased as the P concentration sharply decreased
(Fig. 1b and d). Then, the Ca concentration and pH decreased
gradually as the P concentration remained more or less steady
and then decreased gently. Phreeqc calculations show that the
solution was undersaturated with respect to calcite in the first
pore volumes of the experiment. The fast dissolution of cal-
cite in the early stages raised the solution pH to 7–7.5 and
increased the Ca concentrations. Thereafter, calcite was con-
sumed, and the pH decreased to 6–7, suggesting Apatite IITM

control.
Cd and Cu were removed from the solution to approximately

1500 pore volumes (Fig. 1a and c). The molar ratio of Ca/P out-

put was higher than 1.67 (the stoichiometric Ca/P molar ratio of
Apatite IITM) in both cases due to aqueous phosphorus deficiency.
This result is attributed to P removal because of the precipitation
of cadmium and copper phosphates.
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ig. 2. SEM images: (A) amorphous layers of precipitates of Cd–P–O covering the
patite IITM grains and also spherical aggregates on top of the Apatite IITM surface;

B) small crystals with a needle-like habit in the surface of the amorphous layer.

XRD patterns of newly precipitated material revealed the
bsence of detectable crystalline phases in the Cd column. The
EM–EDS examination detected the presence of layers of precipi-
ates of Cd–P–O without crystalline forms covering the Apatite IITM

rains. Spherical aggregates or small elongated crystals were also
ound on the surface of the Cd–P–O layer (Fig. 2a and b).

The solubility data of Cd3(PO4)2(s), Cd5H2(PO4)4(s) and
d5(PO4)3OH(s) mineral phases were used to evaluate the varia-
ion in the Cd concentration with pH during the column experiment
Fig. 3a). The concentration of aqueous Cd, P and H+ in the outlet
olution was in accordance with that expected for equilibrium with
admium phosphate Cd3(PO4)2(s); this resulted in the fact that the
emoval of Cd could be associated with the formation of this solid
hase. The evolution of the corrected molar ratio Ca/P ([Ca]*/[P]*)
fter taking into account the stoichiometric amount of P consumed
uring the precipitation of Cd3(PO4)2(s), Cd5H2(PO4)4(s), and
d5(PO4)3OH(s) along the experiment lifetime is given in Table 2.

The [Ca]*/[P]* molar ratio was calculated from the total Ca and
concentrations ([Ca]measured and [P]measured), taking into account

he amount of P consumed ([P]consumed) during the precipitation of
he postulated metal phosphate phases (Mr(PO4)q).

Ca]∗i = [Ca]measured(i)
P]∗i = [P]measured(i) + [P]consumed(i)

= [P]measured(i) + ([[M]o − [M]i) ∗
(

q

r

)

Fig. 3. Variation of measured Cd(II) (A) and Cu(II) (B) concentrations with pH and
metal concentration in equilibrium with other Cd and Cu phases using the MINTEQ
database [50].

where [M]o and [M]i are the total inlet and outlet metal concen-
trations and q and r are the stoichiometric coefficients of the metal
phosphate (Mr(PO4)q(s)), respectively. As can be seen, the forma-
tion of Cd3(PO4)2(s) gives Ca/P ratios that approach the expected
value of 1.67 (the stoichiometric molar ratio Ca/P for Apatite IITM).

In the literature, the retention mechanism of Cd has com-
monly been interpreted by surface complexation and ion-exchange
mechanisms [20,30–32]. However, the dissolution of HAP and the
formation of a new stable phase of Cd–apatite on the surface of
HAP particles of cadmium phosphate have been interpreted from
batch experiments. Jeanjean et al. [33] and later Mandjiny [34] con-
cluded that Cd reacted with Apatite IITM by initial sorption followed
by slower intercrystalline diffusion and cation exchange with Ca
ions. Thus, Cd is ultimately incorporated into the bulk of the host
Apatite IITM as a Cd5H2(PO4)5(s) phase [33]. Similarly, Valsami-
Jones et al. [28] reported that the removal of Cd by synthetic
hydroxyapatite was pH-dependent and proposed that Cd forms
a mixed cadmium–calcium phosphate (CdxCa5−x(PO4)3OH(s)). In
contrast, our results suggest that the removal of Cd by the forma-
tion of Cd3(PO4)2(s) provides a better description of the column
breakthrough data.

For copper column experiments, the XRD patterns of newly pre-
cipitated material revealed no crystalline phases. The SEM–EDS
examination of the precipitates showed the presence of an amor-

phous precipitate layer on the surface of Apatite IITM grains with
the presence of Cu–P–O (Fig. 4).

The solubility data of Cu3(PO4)2(s), Cu3(PO4)23H2O(s) and
Cu2(PO4)OH(s) were used to evaluate the variation of the measured
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Table 2
Ca*/P* molar ratioa evolution along column breakthrough experiments for Cd, Cu, Ni, Co and Hg assuming the formation of the metal–phosphates.

Cd
Pore volume 36 170 215 245 323 382 486 572 756 1221 1233 1397
Cd5H2(PO4)4 H2O 0.40 0.66 0.74 0.84 0.95 0.98 1.06 1.16 1.24 1.36 1.47 1.33
Cd3(PO4)2 0.43 0.72 0.82 0.93 1.07 1.11 1.20 1.32 1.42 1.54 1.66 1.52
Cd5(PO4)3OH 0.44 0.76 0.86 0.99 1.14 1.19 1.29 1.42 1.53 1.65 1.78 1.63

Cu
Pore volume 40 242 276 363 429 543 638 838 1302 1473 1635 1637
Cu2(PO4)OH 0.46 1.01 1.11 1.22 1.33 1.41 1.43 1.50 1.46 1.47 1.49 1.35
Cu3(PO4)2 0.42 0.86 0.95 1.04 1.13 1.20 1.21 1.26 1.23 1.25 1.27 1.14

Ni
Pore volume 41 118 156 198 250 285 375 443 561 610 660 872
Ni3(PO4)2 0.55 0.68 0.76 0.85 0.96 1.09 1.29 1.44 1.32 1.33 1.40 1.46

Co
Pore volume 30 73 276 314 410 484 611 716 938 1502 1517 1735
Co3(PO4)28H2O(s) 0.35 0.59 1.00 1.10 1.21 1.18 1.25 1.27 1.27 1.21 1.56 1.68

Hg
Pore volume 12 78 90 130 203 264 390 566 695 719 833 849
HgHPO4 1.26 1.55 1.74 1.64 1.63 1.69 1.71 1.92 2.04 1.09 2.33 2.37
Hg3(PO4)2 1.33 1.66 1.83 1.73 1.71 1.78 1.79 1.95 2.06 1.10 2.17 2.23

a The [Ca]*/[P]* molar ratio has been calculated from the total Ca and P measured concentrations ([Ca]measured and [P]measured) and taking into
a of
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ccount the amount of P consumed for the precipitation ([P]consumed)
P]i* = [P]measured(i) + [P]consumed(i) = [P]measured(i) + ([M]o − [M]i)*(q/r) where [M]o and [M
oefficients of the metal phosphate with formulae (Mr(PO4)q).

oncentration of Cu(II) with pH (Fig. 3b). Aqueous Cu, P and H+ con-
entrations in the outlet solution were in accordance with those
xpected from equilibrium with the copper-hydroxyl-phosphate
u2(PO4)OH(s). The evolution of the corrected molar ratio
a/P ([Ca]*/[P]*), assuming the precipitation of Cu3(PO4)2(s),and
u2(PO4)OH(s), along the experiment lifetime is given in Table 2.
he formation of Cu2(PO4)OH(s) results in Ca/P ratios that approach
he expected value of 1.67.

A large number of batch experiments [14,19,23,35–37] sug-
est sorption processes as the removal mechanism of copper by
ydroxyapatite. However, the dissolution of HAP and precipitation
f amorphous copper phosphates (Cu3(PO4)2(s)) and libethenite
Cu2(PO4)OH(s)) have also been described in experiments with
hosphate rocks, synthetic HAP and fish bones [27,38,39]. Our
esults fully agree with the formation of Cu2(PO4)OH(s) as proposed
y the latter group of authors.
.2. Nickel and cobalt removal

The solutions used to study the remediation of Ni and Co con-
ained 1.28 and 1.27 mM (75 mg L−1) of Ni and Co, respectively

ig. 4. SEM image of amorphous precipitate layer on the surface of Apatite IITM

rains with presence of Cu–P–O.
the postulated metal phosphate phases (Mr(PO4)q) [Ca]i* = [Ca]measured(i) .
the total inlet and outlet metal concentrations and q and r are the stoichiometric

(Table 1, experiments 3 and 4). The experiments lasted 10 months
for Ni and 16 for Co. The evolution of the concentrations of P, Ca, Ni
and Co and pH as a function of pore volume is shown in Fig. 5.

Just as in the experiments used to study Cd and Cu, calcite disso-
lution caused the pH to increase up to 7.5–8. After the consumption
of calcite, the pH dropped to 6.5–7.5 in both experiments, which
suggests control by Apatite IITM (Fig. 5a and c). At this stage, both Ni
and Co were removed from the solution, which resulted in concen-
trations below 0.00015 mM. During this period, the Ca/P molar ratio
was higher than 1.7. This phosphorus deficiency in the solution was
caused by the precipitation of the metal phosphate.

For Ni, the removal was completed, and the Ca/P ratio returned
to the stoichiometric molar ratio of Apatite IITM after 1500 pore vol-
umes. Then, the drop in pH was associated with the passivation of
the Apatite IITM reactive surface because of the formation of nickel
precipitates. The pH of the outflow was kept constant at approxi-
mately 7, whereas the Ni concentration reached the input value of
1.28 mM (75 mg L−1) (Fig. 4a).

In the case of Co, passivation was not observed, and the reme-
dial capacity continued for almost 7000 pore volumes. As a result,
70–80% of Co of the solution was retained by Apatite IITM (Fig. 5c).
After 3000 pore volumes, the retention capacity diminished, and
the C/Co approached 1, whereas the pH was maintained at approx-
imately 6.5. When the pH rose again to values between 7 and 7.5,
the C/Co ratio decreased again to values below 0.8. The trend in the
evolution of Ca and P concentrations showed that the Ca/P molar
ratio was higher than 1.7 along the experiment lifetime because
of an aqueous phosphorus deficiency. This effect is attributed to P
removal because of the precipitation of cobalt phosphate.

The XRD patterns of newly precipitated material in the two
columns revealed an absence of crystalline phases. The SEM–EDS
examination of the sample from the Ni column confirmed the pres-
ence of an amorphous Ni–P–O layer on the surface of the particles.
Moreover, the aqueous Ni concentration was in accordance with
that expected from a solution equilibrated with Ni3(PO4)2 as shown
in Fig. 6a. The evolution of the corrected molar ratio Ca/P, assuming
the precipitation of Ni3(PO4)2(s), along the experiment lifetime is
given in Table 2. As can be seen, the formation of Ni3(PO4)2(s) pro-
vides corrected Ca/P ratios ([Ca]*/[P]*) that approach the expected

value of 1.67.

There are few studies on Ni(II) removal with phosphates
reported in the literature. Bostick [40] observed a low affinity
of Ni(II) to sorb onto Apatite II. Using synthetic hydroxyapatite
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ig. 5. Variation of (a) pH and [Ni]/[Ni0] and (b) Ca, P and Ca/P molar ratio, as a fun
H and [Co]/[Co0] and (d) Ca, P and Ca/P, as a function of pore volumes of the outlet
ach experiment).

olumns, Suzuki et al. [16] found that an appreciable amount of
i(II) could be removed assuming a cation-exchange mechanism,
nd ranked the exchange affinity as Cd(II), Zn(II) > Ni(II) > Ba(II),
g(II). The removal of Ni by phosphate amendments was also

nvestigated by Perrone et al. [41], Elouear et al. [42] and Mobash-
rpour et al. [43] and results strongly support the ion exchange as
he main mechanism for Ni2+ removal. Nickel uptake involves rapid
urface complexation of the Ni2+ ions on the POH sites before
he formation of a compound of formula Ca10−xNix(PO4)6(OH)2.
owever, Sowder et al. [44], using hydroxyapatite for reduc-

ng nickel availability in sediments, suggested that nickel forms
i3(PO4)2·7H2O. Moreover, because of the existence of mixed
ickel–calcium phosphate minerals (e.g., cassidyite and hydrated
alcium nickel magnesium phosphate), these authors suggested
hat synergistic co-precipitation may occur. Our findings agree with
hose of Sowder et al. [44]. Moreover, the removal of Ni is much
ower than that of Cd and Zn and is in agreement with the exchange

ank reported by Suzuki et al. [16].

For the Co column, XRD patterns of the reacted material revealed
he presence of Co3(PO4)28H2O(s). SEM–EDS examination also con-
rmed the presence of a non-crystallised Co–P–O layer on the

Fig. 6. Variation of Ni(II) concentration with pH of the outlet solutions. Plotted metal
concentrations in equilibrium with the phosphorus solid phases were calculated
using the speciation code HYDRA [50].
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Fig. 7. SEM images: (A) section of precipitate of cobalt; (B)–(E) Element mapping. Yellow represents cobalt. Blue calcium and red phosphorus. The rhombic crystals on the
s tion o
c gend,

s
w
m
a
(

urface of the particles (F). Element mapping showing the rhombic crystals distribu
olour is phosphorus. (For interpretation of the references to colour in this figure le

urface of the particles. Rhombic crystals containing mainly Co–O

ere also observed on top of this layer (Fig. 7a and f). Moreover, the
apping of the particle shows that the Co–P–O-rich layer is located

round the particle, whereas the inner region is rich in Ca–P–O
Fig. 7b–e). In addition, the oxygen content of the precipitates is
n the sample (G), the yellow colour is cobalt, the blue colour is calcium and the red
the reader is referred to the web version of the article.)

higher and the phosphorous content lower than that of the Apatite

IITM core, suggesting the presence of cobalt oxides or hydroxides
(Fig. 7g).

The aqueous Co concentration was in accordance with that
expected from the equilibrium with Co3(PO4)28H2O(s) (Fig. 8).
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Fig. 8. Variation of measured Co(II) concentrations with pH and metal concentration
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n equilibrium with other Co phases using the MINTEQ database [50].

he formation of Co(OH)2 could occur at the end of the break-
hrough point, at which Apatite IITM is exhausted and the amount
f phosphate decreases. This effect could account for the last part
f the breakthrough curve after 3000 pore volumes, in which the
/Co reaches values close to 0.8 and the formation of Co(OH)2(s)

s favoured in the absence of dissolved phosphate. The proposed
emoval mechanism could be a mixed process of precipitation
n which cobalt phosphate is initially precipitated followed by
ydroxide when the hydroxyapatite source is exhausted.

The evolution of the corrected molar ratio Ca/P ([Ca]*/[P]*),
ssuming the precipitation of Co3(PO4)28H2O(s) and Co(OH)2(s),

long the experiment lifetime is given in Table 2. The formation of
o3(PO4)28H2O(s) results in Ca/P ratios that approach the expected
alue of 1.67.

Fig. 10. SEM image: (A) amorphous spherical-like particles of Hg–P–O on the sur-
face the Apatite IITM grains; (B) crystalline phases on the surface of precipitated
amorphous ball on the surface of Apatite IITM.

ig. 9. Variation of (a) pH and [Hg]/[Hg0] and (b) Ca, P and Ca/P molar ratio, as a function of pore volumes, of the outlet solution in the experiment with (Hg0 is the initial
oncentration of Hg in the experiment).
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(Fig. 10b).
The solubility data for the Hg3(PO4)2(s) and HgHPO4(s) phases

were compared with the experimental pH and Hg concentrations
ig. 11. Variation of measured Hg(II) concentrations with pH and metal concentra-
ion in equilibrium with other Hg phases using the MINTEQ database [50].

In the literature, cobalt removal using hydroxyapatites has been
escribed by sorption and ion-exchange processes. Studying the
se of synthetic hydroxyapatite, Gómez del Río et al. [45] con-
luded that the removal of Co, Zn and Cd could be modelled by a
echanism of non-ideal ion exchange with the affinities ranked as

d > Zn ≈ Co. Based on experiments using animal bones, Dimovic
t al. [46] and Pan et al. [47] also proposed ion exchange with
a2+ and specific cation sorption as the main removal mechanisms.
he amount of Co2+ desorbed from loaded bone sorbents increased
ith the decrease in pH and with the increase in Ca2+ concentra-

ion when pH > 8, at which the precipitation of cobalt hydroxide
ccurred. Similarly, using synthetic Ca10(PO4)6(OH)2(s), Smiciklas
t al. [48] showed results that strongly supported ion exchange as
he main mechanism for Co2+ removal. Only Sugiyama et al. [27],
ho used different calcium phosphate sources, suggested that cal-

ium hydrogen phosphate removed Co2+ as amorphous phosphate
hases. Our findings are similar to these results.

.3. Mercury removal

A solution containing 0.37 mM (75 mg L−1) of Hg at pH 2 was
sed as input (Table 1, experiment 5). Mercury nitrate was used

n this case to prevent the precipitation of mercury sulphates. The
xperiment lasted for only four months because the high acidity of
he input solution rapidly dissolved Apatite IITM. The evolution of
, Ca and Hg concentrations and pH as a function of pore volume is
hown in Fig. 9.

As in the other experiments, the pH reached values of 7–7.5.
fter the consumption of calcite, the pH fell to 6–7, suggesting
ontrol by IITM. At this stage, Hg was recovered from the solution,
ielding concentrations below 0.005 mM. During this period, the
a/P molar ratio was slightly higher than 1.7, owing to the depletion
f dissolved phosphorus, which was consumed by the precipitation
f mercury phosphate. After 400 pore volumes, the pH value fell to
–3, i.e., the initial pH value, along with a drop in the concentration
f Ca and P (Fig. 9b). Mass balance calculations show that more than
0 wt.% of the initial Apatite IITM was consumed.

As was observed for the other metals, the pH drop is associated

ith a reduction in the Apatite IITM reactive surface area caused by

he formation of mercury phosphate. When the pH fell below 3, the
oncentration of mercury reached 1.4 mM (107 mg L−1), far above
Fig. 12. Variation of concentration ratio of the outlet solution in each experiment
as a function of pore volumes.

the input value of 0.37 mM (Fig. 9a). This excess is attributed to the
dissolution of the previously precipitated Hg phosphate.

No crystalline phases were detected in the analysis of XRD
patterns of the materials recovered. SEM–EDS examination con-
firmed the presence of a Hg–P–O layer on the surface of HAP
grains (Fig. 10a) and the formation of spherical-like aggregates top
Fig. 13. Variation of metal concentrations in equilibrium with the metal phosphates
using the speciation code HYDRA and MINTEQ database [50]. The shaded rectangular
field indicates the pH range yielded using hydroxyapatite as a passive treatment of
acid water.
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Table 3
Retention capacities of different hydroxyapatites.

Metal Hydroxyapatite resource pH initial pH final Sa [mg/g] Sb [mg/g] Reference

Cadmium Apatite IITM 4.9 7.0 108 – Column experiment (1)c

Apatite IITM 4.9 4.9 189 – Column experiment (1)d

Apatite IITM – – 3.8 4.50 [40]
Apatite IITM – – 50 – [21]
Mineral 1–12 >6.2 73 – [13]
Mineral 2.0–6.0 – – 10.46 [25]
Synthetic 7.0 4.9 189 290 [18]
Synthetic – 7.9 – 32.00 [31]
Synthetic 6.0 – 87.7 – [51]
Synthetic 5.0–7.0 4.0–4.5 16.7 – [52]
Synthetic 5.6 5.4 119.2 – [53]
Synthetic 3.0–12.0 – 41.7 67.6 [26]
Synthetic 5.88–6.61 5.64–7.22 67 66.6 [54]
Synthetic 5.0–8.0 6.0 – 260.42 [55]
Nano hydroxyapatite synthetic 5.5 – 64.1 157.9 [56]
Bone char 4.8 5.0 ∼63 58.5 [36]
Activated mineral 2.6–6.0 – – 13.56 [25]
Carbonate hydroxyapatite synthesized 2.0–9.0 6.0 – 111.1 [57]
Areca waste (food waste) 2.0–8.0 5.6 – 1.12 [37]

Copper Apatite IITM 4.8 6.5 76 – Column experiment (2)c

Apatite IITM 4.8 5.1 99 – Column experiment (2)d

Apatite IITM 5.9 6.6 6.8 4.80 [40]
Apatite IITM – – 50 – [21]
Mineral 5.5 – – 8 [14]
Mineral 2.0–6.0 – – 9.8 [25]
Synthetic 6.6 5.3 90.7 95.95 [23]
Synthetic 5.0 4.4 52.5 57.3 [24]
Synthetic 5.5 5.5 26.7 – [58]
Bone char 4.8 5.0 ∼50 45.8 [36]
Activated mineral 2.6–6.0 – – 13.28 [25]
Carbonate hydroxyapatite synthesized 2.0–9.0 6.0 – 142.9 [57]
Areca waste (food waste) 2.0–8.0 5.6 – 2.84 [37]

Nickel Apatite IITM 5.0 7.9 12 – Column experiment (3)c

Apatite IITM 5.0 7.4 37 – Column experiment (3)d

Apatite IITM 7.3 6.7 7.4 7.9 [40]
Apatite IITM – – 50 – [21]
Mineral 2.0–11.0 – – 7.63 [42]
Nano hydroxyapatite synthetic 6.6 – 48.75 46.17 [43]

Cobalt Apatite IITM 5.0 7.5 24 – Column experiment (4)c

Apatite IITM 5.0 6.7 160 – Column experiment (4)d

Apatite IITM – – 50 – [21]
Synthetic 4.0–8.0 5.1 20.19 20.92 [48]
Swine bone char 2.0–9.0 – 18.37 108.7 [47]
Animal bones 5.0 – 28.9 29.2 [46]

Mercury Apatite IITM 2.0 5.9 38 – Column experiment (5)c

Apatite IITM 2.0 3.4 54 – Column experiment (5)d

Apatite IITM 3.1 6.8 0.79 0.67 [40]
Apatite IITM – – 50 – [21]

a Is the capacity of retention, in mg of metal for g of retention material.
b Is the maximum sorption capacity by isotherm, in mg of metal for g of retention material.
c
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Is the capacity of retention in time of break in the experiment.
d Is the top value in the experiment.

Fig. 11). The concentration of aqueous Hg, P and H+ in the outlet
olution was in accordance with equilibrium with Hg3(PO4)2(s).
herefore, the removal of Hg could be associated with the formation
f this solid phase.

The evolution of the corrected molar ratio Ca/P ([Ca]*/[P]*),
ssuming the precipitation of Hg3(PO4)2(s) and HgHPO4(s), along
he experiment lifetime is shown in Table 2. As can be seen, the
ormation of Hg3(PO4)2(s) provides Ca/P ratios that approach the
xpected value of 1.67.

There are only a few studies of the removal of Hg(II) with
ydroxyapatites in the literature. Narasaraju and Phebe describe
he substitution of Ca(II) by several divalent metal cations in the
ITM structure [49]. More recently, after evaluating the capability of

patite II to remove metals, Bostick [40], found a strong affinity of
g to sorb onto the surface of the mineral. In contrast, the results of

he present study suggest the removal of mercury by the formation
f Hg3(PO4)2(s).
3.4. Loadings capacity

The breakthrough curves obtained for different metals are com-
pared in Fig. 12. We assume that the metal was no longer removed
when its concentration in the output was 10% of the inflow con-
centration (C/Co = 0.1). This break point was reached after 1800 pore
volumes for Cd and 1600 for Cu. These values correspond to a reten-
tion capacity of 92 mg Cd/g Apatite IITM (48 mg/m2) and 65 mg Cu/g
Apatite IITM (34 mg/m2). In the Ni and Co columns, the exhaustion
of Apatite IITM occurred before the break point was reached at 300
and 600 pore volumes for Ni and Co, respectively. These results cor-
respond to a retention of 23 mg Ni/g Apatite IITM (12 mg/m2) and
11 mg Co/g Apatite IITM (6 mg/m2).
The column was considered unreactive when the outflow metal
concentration was similar to the inflow value (C/Co = 1), which
occurred after 4300, 3700, 2600 and 6900 pore volumes for Cd, Cu,
Ni and Co, respectively The mass balance calculation shows that
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nly between 17 and 22 wt.% of the initial Apatite IITM was con-
umed in the four experiments. Therefore, the decrease in pH to
he input value and the passivation of the column were attributed
o the coating of the Apatite IITM surface and/or to the development
f preferential flow paths caused by the precipitates (Fig. 13).

Unlike that of mercury, the pH of the input was as low as 2,
nd most of the Apatite IITM was employed in neutralising acidity.
he break point (C/Co = 0.1) was attained after 500 pore volumes,
ielding a retention capacity of 38 mg Hg/g Apatite IITM (20 mg/m2).
he column was considered to be exhausted after 700 pore volumes
nd when 61% of the initial mass of Apatite IITM was consumed.

Table 3 shows the retention of cadmium, copper, nickel, cobalt
nd mercury per gram of Apatite IITM compared with retention
ates using hydroxyapatites of non-biogenic origin and synthetic
alcium phosphates.

. Conclusions

The efficiency of Apatite IITM increases as the acidity decreases.
herefore, the application of apatite-based materials for metal
emoval treatments should be restricted to slightly acid to neutral
aters. This phenomenon is evident in the Hg column experiment,

n which an inflow solution with pH 2 leads to a high consumption
f Apatite IITM Because of the preferred process of using phosphate
ons to form metal–phosphate precipitates, the mixture with other
ources of alkalinity, such as limestone, is proposed to extend the
uration of Apatite IITM (Fig. 13).

No clogging of the columns was observed. Compared with other
eactive materials such as limestone and caustic magnesia that
xhibit a reduction of porosity [29], Apatite IITM showed stable
ydraulic performance. The flow of 0.02 mL/min used in the exper-

ments was equivalent to a Darcian velocity of 60 m3/m2/y. The
apacity of Apatite IITM to retain cadmium, copper, nickel, cobalt
nd mercury in transmissive aquifers should therefore be noted.

The extrapolation of the column durabilities to a 1-m-thick pas-
ive treatment suggests that the Apatite IITM filling can be active
etween 5 and 10 years for an inflow pH exceeding 5. The mixture
ith limestone should be tested for more acidic waters.
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