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The conventional passive treatments for remediation of acid mine drainage using calcite are not totally
efficient in the removal of certain heavy metal ions. Although pH increases to 6-7 and promotes the
precipitation of trivalent and some divalent metals as hydroxides and carbonates, the remaining concen-
trations of some divalent metals ions do not fulfill the environmental regulations. In this study, Apatite
II™ a biogenic hydroxyapatite, is used as an alternative reactive material to remove Zn(II), Pb(II), Mn(II)
and Fe(II). Apatite II™ reacted with acid water releasing phosphate and increasing pH up to 6.5-7, induc-
ing metals to precipitate mainly as metal-phosphates: zinc precipitated as hopeite, Zn3;(PO,),-4H,0,
lead as pyromorfite, Pbs(PO4)3;OH, manganese as metaswitzerite, Mn3(PO4),-4H,0 and iron as vivianite,
Fe3(P0O4);-8H,0. Thus, metal concentrations from 30 to 75mgL~! in the inflowing water were depleted
to values below 0.10mg L. Apatite II™ dissolution is sufficiently fast to treat flows as high as 50 m/a. For
reactive grain size of 0.5-3 mm, the treatment system ends due to coating of the grains by precipitates,
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especially when iron and manganese are present in the solution.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Water pollution produced by heavy metals in mining operations
and mineral processing is a major environmental problem. Thus, in
many mining areas with presence of poly metal-sulphides (Fe, Mn,
Zn, Pb, Ni, Co, Cu), the release of these metals into groundwaters
occurs, and non-admissible levels are found in surface and ground-
waters. This has been translated in new regulatory requirements in
most countries [1].

With the aim at remediate contaminated groundwater, pump-
ing and ex situ treatments have been often employed. However,
recent studies have shown that solubility constraints and low-
permeability zones may prevent pumping from removing sufficient
mass of contaminant to achieve the regulatory water quality stan-
dards. Additionally, the high economical cost associated makes this
solution unrealistic in the case of acid mine drainage [2,3].

A potential solution to groundwater pollution by acid drainage
problems is the installation of permeable reactive barriers (PRBs)
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into aquifers affected by drainage water derived from mine waste
materials [4]. The PRB is a passive technique which implants a
reactive material along the migration path of the polluted aquifer,
where groundwater flows and reacts with the material from the
barrier, so that, it neutralizes the acidity and retains metals. The
PRB fill material is effective if [5]: it is enough reactive to reduce
the concentrations of the pollutants; it is enough permeable to con-
centrate the groundwater flow through the barrier; it preserves the
permeability and reactivity during a long period of time and, the
filling material is available and cheap.

In passive systems to treat acid mine drainage (AMD), such as
reducing and alkalinity producing system (RAPS) and PRB, organic
matter with calcite is used as filling material [6,7]. Due to two main
reasons they only remove part of the metal load from groundwa-
ter. First, sulphate reduction is a slow process and water needs a
long residence time within the barrier for the reduction to take
place [8]. This would require uneconomically thick barriers for the
fluxes commonly found in alluvial aquifers. Second, due to the high
Ca concentration in AMD, the pH values reach up to 6 and 7 due
to calcite dissolution equilibrium. In previous studies [9], it was
shown that although this pH allows precipitation of hydroxides of
trivalent metals (Fe, Al, Cr), it is not high enough for divalent metal
hydroxides to form (Zn, Mn, Cu, Pb, Ni, Co and Cd). The high pH
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Fig. 1. Variation of metal concentrations in equilibrium with the metal-phosphates
using the speciation code HYDRA and MINTEQ database [12]. In the absence of
phosphate, the maximum concentration assumed is 0.01 molL~'. The amount of
phosphate (PO43~) in solution is that in equilibrium with apatite (dark blue line).
The shaded rectangular field indicates the yielded pH range using hydroxyapatite
as a passive treatment of acid water. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)

values needed to remove most divalent metals from water can be
reached by means of more basic reactive materials as magnesium
oxide dissolution [10,11], or with a reactive material promoting the
formation of more insoluble mineral phosphates. The solubility of
metal-phosphates covers a very wide range in the low acidic to
basic pH values (Fig. 1) that provides a higher removal capacity for
divalent transition metals than carbonates or hydroxides [10].

An option as reactive material for PRBs is the use of hydroxya-
patites. Hydroxyapatites have similar solubility as compared with
other phosphates and promote the nucleation of metal-phosphate
overcoming high activation energies. Moreover, they are stable, do
not induce biological processes and they are good sorbents [13-15].

In the last years, both synthetic hydroxyapatite [13,16], mineral
phosphate rocks [17-20] and biogenic hydroxyapatites [21-23]
have been postulated as suitable material for both metal stabi-
lization in soils and effluent treatment. Recently, a primarily low
crystalline form of a carbonated hydroxyapatite of biogenic ori-
gin has been commercialized under the trade name of Apatite II™,

Table 1
Initial conditions in the column experiments.

The use of Apatite II™ to stabilize metal pollution in soils, under
the approach identified as phosphate-induced metal stabilization
(PIMS™) process has been reported [24,25]. Likewise, the use of
Apatite ™ in groundwater treatment applications is being under
development [21,26,27]. Most of the published studies have only
provided information on removal efficiency of metallic species,
basically using batch experiments [13-20,26,28-30], and discus-
sions have been mainly based on the use of sorption isotherms
[14,15,26,27]. A few efforts have been made to identify the main
physicochemical processes involved, specially the chemical reac-
tions taking place and the identification of the mineral phases
formed during the treatment steps [31]. Additionally, it should
be mention that laboratory studies using flow-through column
experiments are lacking. This type of experiments provide very
valuable information on the physical aspects that affect the changes
in porosity and permeability of the reactive media and also are very
useful to determine the changes on the effluent composition due
to the relative competition between the dissolution-precipitation
rate and the water flux. However, the amount of solid precipitated
in long flow-through experiments is larger than in batch exper-
iments as allows the identification of the solid phases, and the
recognition of the retention reactions.

The present paper investigates the Apatite II™ removal capacity
of Zn, Pb, Mn and Fe using column experiments emulating large-
scale passive remediation systems. Apatite II™ was defined as
potentially suitable to remove Zn and Pb down to the very low
regulatory concentrations for water fluxes expected in aquifers
and infiltration ponds. Removal of common metals such as Fe and
Mn, in the divalent form, with lower regulatory constraints has
been also addressed, since both cations in the divalent form are
poorly removed using the standard technologies of AMD. In addi-
tion, sulphate-rich waters to simulate AMD conditions have been
used.

2. Experimental
2.1. Materials

The apatite used in this study is Apatite 1™ (US Patent
#6,217,775), a biogenically precipitated apatite material that

Column experiments

0 1 2 3 4 5 6
Length mm 17 44 44 41 36 17 16
Section mm? 172 172 172 172 172 172 172
Volume mL 3 7.5 7.5 7 6.2 3.0 2.7
Sample g-Initial 2.492 2.541 2.536 2.544 2.542 2.564 2.511
g-Final 1.102 - - - - 3.389 1.805
Particle size mm 0.5-3 0.5-3 0.5-3 0.5-3 0.5-3 0.5-3 0.5-3
Apatite [I™ wt.% 100 100 100 100 100 100 100
Pore volume mL 1.5 5.9 5.9 54 4.6 14 1.2
Porosity 0.5 0.8 0.8 0.8 0.7 0.5 0.4
BET surface area m?/g-Initial 1.9 1.9 1.9 1.9 1.9 1.9 1.9
m?/g-Final 100 = = = = 62 108
Flow rate mL min~! 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Residence time min 73 297 297 272 232 71 58
pH 4.5 3.0 3.1 5.6 5.6 4.6 4.0
Zn mM 0.76 0.76
Pb mM 0.14 0.14
Mn mM 1.37
Fe mM 1.34
NO;3~ mM 16.13
S04%~ mM 10.41 10.41 10.41 20.82
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Fig. 2. Variation of pH and concentration of total Ca and P with pore volume in a representative experiment (a) and Ca/P molar ratio (b). pH of the inlet solution was 3 (H,SO4)
and flow rate=0.22 mLmin~1).

u Zazq B Znzq
2.0 1 1 1 1 1 1 s l-o 1 L 1 1 1 8
_T -
031 !
L6 6
[\z‘:]: = 064
5 mEs 2 3 R
N n ~N
| | 04-
L4 r4
} r3 34 n F3
0.0 T T T T 2 0.0 = r2
0 100 200 300 400 3500 600 700 0 100 200 300 400 500 600
(a) pore volume (c) pore volume
2 E [e cor] mc oF
L 1 1 I 3.5 2'0 1 1 1 1 1 8
r3.0 n Ly
L
S . 125 g
= L = 6
= &
g r2.0 £ n
E o g 2 10 = = = y:)
-— = = . —S I
2 oo hs © B " "
s o g L] "
2 ri.o g -
1 m ]
- u 0.5 r3
] m}
0.0 T T T — 5800 0.0 O L
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600
() pore volume (d) pore volume

Fig. 3. Variation of (a) pH and [Zn/Zny ] and (b) concentration of Ca and P and Ca/P ratio as a function of pore volume at initial pH 3. Variation of (¢) pH, and [Zn/Zny] and (d)

concentration of Ca and P as a function of pore volumes at initial pH 5.6. Zny is initial concentration of Zn, 0.75 mM.
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Fig. 4. X-ray diffraction patterns: (a) experiment with zinc, (b) experiment with Pb, (c) experiment with Mn and (d) experiment with Fe.

Table 2
Retention capacity of different hydroxyapatites.

Metal Hydroxyapatite resource pH initial PpH final S [mg/g] S [mg/g] Reference

Zinc Apatite [I™ 3.1 6.3 113 - Column experiment (1)°
Apatite [I™ 3.1 3.0 15.5 - Column experiment (1)4
Apatite [I™ 5.6 7.4 >59 - Column experiment (3)
Apatite [I™ 6.4 6.6 8.3 8.52 [26]
Apatite [I™ - - 50.0 - [25]
Mineral 1-12 >6.5 41.0 = [20]
Mineral 5.5 - - 1.17-6.33 [33]
Mineral 2.0-6.0 - - 8.54 [34]
Synthetic 6.7 54 0.98-47.4 76.51 [32]
Synthetic 6.0 - 7.2-51.6 - [30]
Synthetic 3.0-12.0 - 22.0 37.50 [35]
Synthetic 59-6.6 56-7.2 9.7-37.1 37.14 [37]
Bone char 4.8 5.0 ~37 35.2 [38]
Activated mineral 2.0-6.0 - - 12.26 [34]

Lead Apatite [I™ 3.1 4.1 22.1 - Column experiment (2)°
Apatite [I™ 3.1 2.9 336 - Column experiment (2)¢
Apatite [I™ 5.6 7.6 >35 - Column experiment (4)
Apatite [I™ 54 7.0 20.2 - [26]
Apatite [I™ - - 200.0 - [24]
Mineral 55 - - 19.4-34.0 [33]
Mineral 1-12 3-105 151.0 - [20]
Mineral 2.0-6.0 = = 12.78 [34]
Synthetic 3.0-5.0 4.0-5.5 300-450 330-450 [19]
Synthetic 3.0-12.0 - 79.6 676.1 [35]
Synthetic - - 230.0 - [16]
Synthetic 2.0-9.0 4.0-85 ~145 145.0 [36]
Activated mineral 2.0-6.0 - - 15.47 [34]
From gypsum waste 2.0-9.0 3.0-9.5 ~500 500.0 [36]
From poultry waste 2.0-9.0 3.5-11 ~250 227.0 [36]

Manganese Apatite [I™ 4.5 8.2 18.5 - Column experiment (5)°
Apatite [I™ 4.5 6.5 126.0 - Column experiment (5)¢
Apatite [I™ 7.1 6.5 9.0 - [26]
Apatite [I™ - - 50.0 - [25]

Iron Apatite [I™ 4.0 6.9 57.1 - Column experiment (6)°
Apatite [I™ 4.0 5.1 124.2 - Column experiment (6)4
Apatite [I™ 6.6 6.2 113 - [26]
Apatite [™™ = = 50.0 = [25]

Capacity of retention in mg of metal for g of retention material.

a
b Maximum sorption capacity by isotherm in mg of metal for g of retention material.

¢ Capacity of retention in time of break in the experiment.
Top value in the experiment.
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Fig. 5. SEM image of an aggregate of tabular crystals of hopeite (Zn3(POy4),-4H,0)
(a). Variation of Zn(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 [12] (b).

is derived from fish bones and has the general composition
Cajg_xNax(PO4)s_x(CO3)x(OH),, where x <1, along with 30-40% by
weight of associated organic materials in the internal porosity of
the inorganic structure [27]. XRD patterns show that the raw mate-
rial consists mainly of hydroxyapatite with calcite content of up to
5 wt.%. The grain size of the used samples ranges from 0.5 to 3 mm.
The initial BET surface area is 1.9+ 0.2 m?/g. The final BET surface
area was measured in most of the experiments and ranged from 62
to 108 m2/g (Table 1).

2.2. Methods

Column experiments were designed to measure the reactivity of
Apatite II™ under flow conditions, similar to the one 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. Tracer tests
were conducted by adding a known concentration of acetone to
the saturating solution to verify uniformity of flow in the columns
and to determine the effective porosity. The out flowing solutions
were introduced into a Hewlet-Packard HP53® spectrophotome-
ter by using a follow-through cuvette for continuous monitoring
of acetone. Measured pore volumes for the different columns are
given in Table 1.

Inflowing solutions were prepared either with the metal sul-
phate salt or with the metal nitrate salt and ultrapure Mili-Q
water. In three experiments the sulphate concentration was 10.4
and 20.82mM (1000 and 2000mgL-1) by adding sodium sul-
phate (reagent grade, Merck). One experiment contained 16.1 mM
(1000 mgL-1) of nitrate by adding sodium nitrate (reagent grade,
Merck) (Table 1). pH of the inflowing solutions ranged from 3.05
to 5.56 (Table 1). Initial concentrations of Zn, Pb, Mn and Fe ranged
between 0.14 and 1.37 mM (30 and 75mgL-1) (Table 1). pH was
measured in sealed flow-through cells placed at the exit of the
columns. Effluent solutions were filtered through 0.45 pm filter and
acidified with HNO3 to pH<1. Cation concentrations were mea-
sured by inductively coupled plasma (ICP-AES). The accuracy of
the measurements was around 3%. Flow rates were determined
gravimetrically.

At the end of the column experiments, the reacted material was
examined by SEM-EDS a JEOL 3400® scanning electron microscopy
with energy dispersive system. Crystal phases in the final column
fillings were identified with a BRUKER D5005® X-ray diffractome-
ter (XRD), with Cu La radiation.

3. Results and discussion
3.1. Dissolution experiments

Dissolution of Apatite II™ provided detectable concentrations
of Ca and P. In general, the concentration of Ca and P and pH
increased initially with time (Fig. 2a), and steady state was achieved
after approximately 2 h and remained during 75 pore volumes. A
measured Ca/P molar ratio of about 1.7 was attributed to be the
stoichiometric Ca/P molar ratio of the raw sample (Fig. 2b). Output
pH values of the reacting solution were between 6 and 8. Since,
according to the stoichiometric formula, the phosphate content
is higher than that of carbonate (0<x<1), the phosphate system
(H,PO4~ [HPO42~) was considered as responsible for buffering pH:

Cajo_xNay(PO4)s_y(CO3),(OH)y5) + (14 — X)H' & & (10 — x)Ca®*
+xNat + (6 — x)HyPO4~ + xHCO3™ + 2H,0

Thus, Apatite II™ dissolution provides strong pH buffering
capacity. Additionally, Apatite 1™ dissolution supplied con-
stantly H,PO4~ anions, which would be used to precipitate
metal-phosphates.

The dynamic conditions in the columns showed the strong
capacity of Apatite II™ to neutralize high acidic waters (e.g., from
initial pH values of 3 to 5) with high flow rates (up to 0.5md"1).
While Apatite II™ was available and dominant over the experi-
ments, outflow pH ranged between 5 and 6.5, and concentrations
of calcium and total phosphorous were higher than 3 mM (Fig. 2a).
After 350 pore volumes the amount of Apatite II™ was practically
consumed: effluent pH was the same than the influent one, and
concentration of phosphorous and calcium was below detection
limit.

3.2. Zinc removal

Two solutions that contained 0.76 mM (50 mgL~1) of Zn at pH
3 in a sulphate-free solution and pH 5.6 in a sulphate-rich solu-
tion (Table 1, experiments 1 and 3) were used to study the removal
of zinc. The experiments lasted for 5 and 3 months, respectively.
Variation of concentrations of P, Ca and Zn and reacting pH as a
function of pore volume (PV) is shown in Fig. 3. Phreeqc calcu-
lations show that the solution was undersaturated with respect
to calcite (saturation index <—3) at the first pore volumes of the
experiment. Fast dissolution of calcite at this stage raised the
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solution pH to 7-7.5. Thereafter, calcite was consumed and pH
decreased to 6-7, indicating Apatite II™ control. In the experi-
ment with an input pH of 3, an outflow pH of 6.2 lasted for more
than 200 pore volumes, while Zn was efficiently removed from
solution with total concentration of Zn below 0.3 mM (Fig. 3a).
The molar ratio of Ca/P of the outlet was higher than 1.7 (the
stoichiometric Ca/P molar ratio of Apatite II™) due to deficit of
aqueous phosphorous, which was consumed by zinc phosphate
precipitation.

Between 250 and 400 pore volumes, pH dropped to 3 (input
pH) along with decrease of concentration of Ca and P, and The
Ca/P ratio showed some variability mostly between 1.5 and 2.5
(Fig. 3b). Mass balance calculations indicate that more than 45 wt.%
of initial Apatite ™ was consumed. Thus, pH fall is associated
to decrease of the neutralizing agent mostly due to the armour-
ing of Apatite II™ surface with precipitates, or to the switch from
pervasive pore to preferential flow paths caused by precipitates.
In either case, the amount of reactive material used was higher
than the used limestone [9] or magnesium oxide [10,11] in pas-
sive treatments. As pH decreased to 3, a significant increase in zinc
content was observed (up to 1.34 mM or 80 mgL-!) for more than
20-40 pore volumes, exceeding the inflowing value of 0.76 mM.
This fact is originated by dissolution of the newly formed Zn-
phosphates. Hence, a remediation system based on the reactions
described above must be renewed when symptoms of exhaustion

appear. Both the extraction of the exhausted reactive material in the
treatment and the use of extractable containers could be possible
approaches.

The experiment with higher inflow pH (5.6) resulted in an out-
flowing pH value over 7 in the whole experimental run (more
than 600 pore volumes). Zn content was efficiently removed from
solution (below 0.05 mM) (Fig. 3¢c). A pH increase as Apatite ™ dis-
solved was related to an increase in total Ca (up to 1.1 mM) (Fig. 3d).
Concentration of P was below 0.1 mM as released phosphate by
Apatite II'™ dissolution was consumed in the precipitation of zinc
phosphate (Fig. 3d). A mass balance calculation indicates that only
87 wt.% of the starting hydroxyapatite was consumed after 600 pore
volumes.

XRD patterns of the reacted material revealed the presence of
hopeite (Zn3(PO4),4H,0) (Fig. 4a). SEM-EDS examination of the
precipitates confirmed the presence of Zn-P-0-bearing solids. Tab-
ular to prismatic crystals, occurring as divergent aggregates of
hopeite were observed (Fig. 5a). Aqueous Zn concentration is in
accordance with that expected from an equilibrated solution with
respect to hopeite as shown in Fig. 5b. Hopeite has been described
in soil stabilization, as well as in treatment of aqueous solutions
containing zinc [21,22]. Lee et al. [31], evaluating the mechanisms
of Zn-hydroxyapatite interaction, observed that precipitation of
hopeite dominated the removal of Zn(II) when its concentration
was higher than 1 mM (64 mgL-! Zn(Il)). However, sorption of Zn
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onto hydroxyapatite was also suggested as the dominant process
in low ranges of Zn(II) concentration where no precipitates formed
[26].

3.3. Lead removal

Two nitrate-rich solutions containing 0.145mM (30 mgL-1) of
Pb at pH 3.1 and 5.6 were used as inflow solutions (Table 1, experi-
ments 2 and 4). Sulphate-rich solutions were discarded to prevent
precipitation of lead sulphate. The experiments lasted for 5 and 3
months at pH 3.1 and pH 5.6, respectively. Variation of concentra-
tion of P, Ca and Pb and pH as a function of pore volume is depicted
in Fig. 6.

Similar to the Zn experiments, initial dissolution of calcite,
increased pH values to 7.5-8. After calcite consumption, pH
decreased to 6-7, indicating Apatite II™ dissolution. In the exper-
iment at pH 3.1, outflow pH of 6-6.5 was observed for more than
250 pore volumes (Fig. 6a). At this stage, Pb was efficiently removed
from solution, yielding lead concentrations below 0.00015 mM. In
this period the Ca/P molar ratio is higher than 1.7 (the stoichio-
metric Ca/P molar ratio of Apatite [I™) due to deficit of aqueous
phosphorous, which was consumed by lead-phosphate precipita-
tion.

After 450 pore volumes, pH dropped to input pH of 3 along
with decrease of concentration of Ca and P (Fig. 6b). Mass balance
shows that more than 60 wt.% of initial Apatite II™ was consumed.
Hence, pH fall is associated with loss of Apatite II™ reactivity,
since its reactive surface diminished due to surface passivation by
lead-precipitate formation. As pH decreased below 3, a remarkable
increase in aqueous lead concentration was observed, exceeding
the inflowing value (0.176 mM) and reaching 0.24 mM (50 mgL-1)
for more than 20 pore volumes (Pb/Pbg > 1 in Fig. 6a). As in the case
of zinc, this excess of aqueous lead is attributed to dissolution of
newly precipitated Pb-bearing solids.

In the experiment at pH 5.6, the outflow pH ranged was
between 6.5 and 7.5 over the experimental run (700 pore volumes),
being Pb efficiently removed from solution ([Pb]<0.021 mM)
(Fig. 5¢). pH increased as Apatite II™ dissolved and is asso-
ciated with the increase of total Ca (up to 0.5mM) (Fig. 6d).
Concentration of P was below 0.22 mM due to the fact that phos-
phate released during Apatite II™ dissolution was uptaken by
lead-phosphate precipitation, yielding a deficit in aqueous phos-
phorous (i.e., Ca/P molar ratio > stoichiometric Ca/P molar ratio).
Mass balance calculation yielded 40 wt.% of consumed hydroxyap-
atite.

XRD patterns of the retrieved materials showed the presence
of pyromorphite (Pbs(PO4)3O0H) as a major Pb phase (Fig. 4b). The
SEM-EDS examination confirmed the presence of Pb-P-O-bearing
solids. Pyromorphite formed clusters of hexagonal prisms (Fig. 7a).
Aqueous Pb(II), PO43~ and H* concentration in the outlet solu-
tion was in accordance with that expected from equilibrium with
respect to pyromorphite (Fig. 7b). Pyromorphite formation occurs
in batch and column experiments of soil stabilization and treat-
ment of containing lead solutions using apatite [15,17,20,28]. These
studies showed that the process of Pb(Il) removal or uptake by
hydroxyapatite involves the dissolution of hydroxyapatite and pre-
cipitation of lead hydroxyphosphate, being pyromorphite the most
common solid found. Recently, Mavropoulos et al. [28] reported
formation of solid solution of Ca and Pb (Pb(1¢_y)Cax (PO4)s(OH)3).
With time a hydroxypyromorphite stoichiometry ratio of Pb/Ca
equal to 1.67 is achieved. Based on the combination of XRD and
chemical analyses, these authors showed that Pb(II) was not totally
consumed by the formation of Pb(;_x)Cax (PO4)s(OH),. Part of this
uptake (20-30%) was attributed to surface mechanisms such as
sorption and complexation.
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Fig. 7. SEM image that shows clusters of roselike aggregates of pyromorfite
(Pbs(PO4)30H) on top of apatite surface (background) (a). Variation of Pb(II) concen-
tration with pH in the outlet solutions. Plotted metal concentrations in equilibrium
with the phosphorus solid phases were calculated using the speciation code HYDRA
[12] (b).

3.4. Iron and manganese removal

Two sulphate-rich solutions with pH 4.0 and 4.6 and 1.34 mM Fe
and 1.37mM Mn (75 mg L~ of Fe and Mn, respectively), were used
as inflow solutions (Table 1, experiments 5 and 6). The experiments
lasted for 11 and 17 months for Fe and Mn, respectively. Variation
of concentration of Mn, Fe, P and Ca and pH as a function of pore
volume is shown in Figs. 8 and 9.

In both experiments, the initial pH was higher than 8. This is due
to fast dissolution of calcite as the reacting solution was undersat-
urated with respect to this carbonate. After calcite exhaustion, Ca
concentration and pH dropped gradually as available Apatite II™
dissolved (Figs. 8a and 9a). Released phosphate was uptaken by
metal precipitation, and Mn and Fe were efficiently removed from
solution up to 2000 pore volumes (Figs. 8b and 9b).

XRD patterns of the retrieved material from the manganese col-
umn revealed the presence of metaswitzerite (Mn3(PO4),4H,0))
as the major Mn phase (Fig. 4c). SEM-EDS examination confirmed
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Fig. 8. Variation of (a) pH and concentration of Ca and P and (b) [Mn/Mny] as a function of pore volume (Mny is initial concentration of Mn, 1.37 mM).

the presence of Mn-P-0O-bearing precipitates. The observed amor-
phous and crystalline aggregates of thin flakes of metaswitzerite
grew onto the surface of Apatite II™ grains (Fig. 10a). More-
over, element mapping showed a surrounding layer covering the
external part of the grain to be rich in Mn-P-0, whereas an inter-
nal region was rich in Ca-P-O (Fig. 10b-f). Furthermore, some
zones formed by precipitates among grains, were highly rich in
oxygen.

Solubility data of (Mn3(POy4);) is used to evaluate the variation
of the measured concentration of Mn with pH (Fig. 11). At low
pH, measured concentrations of Mn are concordant with the calcu-
lated ones. However at pH around 8 the dramatic decrease in Mn
concentration suggests that another solid phase was formed.

Mn removal from AMD water is a very interesting case. The
concentration of Mn(Il) in equilibrium with respect to Mn(II)
hydroxides is high at any pH [10,12]. Likewise, it was demonstrated
that Mn(II) oxidized to Mn(III) at pH >9 when a basic material (e.g.,
caustic magnesia) was used to remove aqueous Mn [10]. In the
present study, the measured pH was close to 8 and low Mn(II) con-
centrations were measured. Therefore, possible partial oxidation of
Mn(II) to Mn(IIT) and Mn(IV) and precipitation of manganese at dif-
ferent oxidation state as oxides and hydroxides could not be totally

[concentration; mM]

(a)

Fig. 9. Variation of (a) pH, and concentration of Ca and P and (b) [Fe/Feo] as a function of pore volume (Fey is initial concentration of Fe, 1.34 mM).

0

pore volume

Fe/Fe

ruled out. However, none of these hydroxide phases was detected
by XRD.

Regarding iron removal, XRD patterns showed that vivianite
(Fe3(PO4)28H,0) was the major, newly precipitated Fe(Il) phase
(Fig. 4d). SEM-EDS examination of the precipitates shows the
ubiquitous presence of clusters of Fe-P-O-bearing platty rhom-
bic crystals of vivianite (Fig. 12a). The measured Fe concentrations
agree with the calculated ones in an equilibrated solution with
respect to vivianite (Fig. 12b). The stability of this phase spans over
the pH range observed in the column.

Scarce data on Fe(Il) and Fe(Ill) removal using hydroxyap-
atites can be found in the literature. Ma et al. [17] reported
data on the use of hydroxyapatite for removal of heavy metals
(Pb(II), Zn(II), Cu(II), Cd(II), Fe(II) and AI(III)) in batch experiments.
The characterization of the hydroxyapatite material after the
removal assays showed the formation of pyromorphite and hopeite
in the experiments with Pb(Il) and Zn(II), respectively. How-
ever, in Fe(Il) removal experiments, these authors only observed
some retention of Fe(Il) on new phases but no Fe(Il) solids
were detected by XRD. Gschwend and Reynolds [29] reported
on in situ subsurface formation of colloidal Fe phosphate solids,
which were attributed to the interaction of different phosphate
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Fig. 10. SEM image of aggregates of metaswitzerite (Mn3(PO4),-4H,0) on top of the apatite surface (a). SEM image of the section of precipitate (b). Element mapping showing

the element distribution on the sample (c-f).

species than combined with Fe(Il) released from the solids of the
aquifer. It was suggested that the colloidal solids were vivianite.

It should be noticed that under the yielded experimental con-
ditions, other removal mechanisms could be expected. In the
case of Fe(Il), although the experiment was maintained in anoxic
conditions, oxidation of Fe(Il) to Fe(Ill) could be expected at
pH > 5, promoting precipitation of Fe(Ill)-hydroxides (e.g., ferrihy-
drite). Although this process took place, these precipitates were
not detected by XRD and SEM-EDS. Formation of ferrihydrite
could account for the measured total iron concentrations of the
effluent.

Likewise, in the case of Mn, at pH around 8 oxidation of Mn(II)
to Mn(Ill) and Mn(IV) could occur and yield formation of Mn-
oxides/hydroxides, providing values of Mn concentration closer to
the measured ones and the predicted Mn concentrations in equi-
librium with respect to metaswitzerite Mn3(PO4),4H,0. However,
if these processes happened, examination by SEM-EDS and XRD
analyses did not reveal their presence. Hence, although removal of
Mn(II) and Fe(Il) could be a mixture of two mechanisms (formation

of metal-phosphates and formation of metal-oxide/hydroxides),
only the former has been clearly observed in this study.

4. Conclusions: use of Apatite II™ in passive treatments

Column experiments were carried out to study the removal of
metals (Zn, Pb, Mn and Fe(Il) at acid pH range (3-5.6). At pH<4
the removal capacity of zinc and lead before reaching the break-
through point (assuming 10% of the input concentration, C/C, =0.1)
is about 97%. This yields 11 mg zinc/g (5.8 mg/m?) after 96 pore vol-
umes and 22 mg lead/g (11.6 mg/m?) after 293 pore volumes for
lead. Similar removal capacity is observed at pH > 5. Before reach-
ing the breakthrough point removal efficiencies of 98% of Zn (59 mg
zinc/g (31 mg/m?)) and 99% of lead (35 mg lead/g (18.4 mg/m?))
were obtained. Hence, total consumption of Apatite II™ would be
obtained after 2200 pore volumes.

Table 2 shows retention of zinc and lead per gram of Apatite [I™
compared with hydroxyapatites of non-biogenic origin and syn-
thetic calcium phosphates. The efficiency of Apatite II™ increases
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Fig. 11. Variation of measured Mn(II) concentrations with pH and metal concentra-
tion in equilibrium with other Mn phases using the MINTEQ database [12].

by decreasing water acidity. It stems that application of apatite-
based materials for metal removal treatments should be restricted
to slightly acid to neutral pH waste water. Under these condi-
tions, consumption of reactive material to neutralize acidity is not
the main mechanism taking place. The governing process is the
use of phosphate ions, provided by apatite dissolution, to form
metal-phosphate minerals.

Upscaling of these results to field scale treatment suggests that
abarrier 1-m thick could be operative from 5 to 10 years with water
flux as high as 1-10 m3/m?/y if the treated-water pH is above pH
4. These results have been clearly shown in the experiments with
Pb(Il) and Zn(Il) in the treated solution at pH between 4 and 5,
where the experiments were stopped without reaching the break-
through point. At lower pH (3-4) a high amount of hydroxyapatite
dissolved, probably more than the needed to precipitate metal
cations in solution.

Regarding to Fe(Il) and Mn(II), Apatite II™ exhaustion occurred
later, above 5500 pore volumes (340 days), although the column
breakthrough was after 440 and 1500 pore volumes with Mn and
Fe, respectively. Manganese removal efficiency was higher than
96% before the breakthrough with a removal capacity of 126 mg/g
(66 mg/m?) at the end of the experiment, yielding a global retention
of 32%. The iron removal efficiency was 98%, the maximum capac-
ity was 124.2 mg/g (66 mg/m?), and the yielded retention was 46%
(Table 2).

In contrast to the Zn and Pb experiments, at the end of the Fe
and Mn experiments, some phosphate remained, being capable
to neutralize the inflow acidity. As a consequence, at the result-
ing pH re-dissolution of newly precipitated metal-phosphates did
not occur. The mass balance calculation showed that only 40 wt.%
of Apatite ™ was consumed. The pH drop could be caused by
armouring of Apatite II™ surface by precipitates or to a switch from
pervasive pore to preferential flow paths caused by precipitates.

For the different column experiments carried out in the present
study, clogging problems were hardly found. In comparison with
other reactive materials such as limestone and caustic magnesia,
where column operation is suffering of clogging due to porosity
reduction by formation of precipitates, Apatite ™ showed more
reliable behavior in hydraulic terms. Capacity of Apatite II'™ to
retain zinc, lead, iron and manganese from AMD at the common
range of flow rates in aquifers, even up to 50 m3/m?/y, is remark-
able.
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Fig. 12. SEM image of vivianite (Fe;(PO4)3-8H,0) (a). Variation of Fe(Il) concentra-
tion with pH of the outlet solutions. Plotted metal concentrations in equilibrium
with the phosphorus solid phases were calculated using the speciation code HYDRA
[12] (b).

Extrapolation of the laboratory-column durability of Apatite
II™ to 1m thick treatment of AMD suggests that Apatite [I™ is
active for 5-10 years if pH is higher than 4. This result encourages
further studies to address the efficiency of apatite-base systems for
treating highly acid waters (pH <4), contemplating the use of mix-
tures with other materials (e.g. limestone) to remove acidity (H*)
and extend Apatite II™ duration.
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