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� Aqueous Ca(OH)2 carbonation is a powerful method to remove Fe(II) from water.
� Portlandite Ca(OH)2 can also act as softening agent prior to carbonation process.
� Obtained solid-residues (calcite + FeOOH nanoparticles) could find industrial applications.
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Fresh groundwater is sometimes enriched with dissolved ferrous iron (Fe(II)) that restricts its consump-
tion as potable water because it forms colloidal red matter (mainly ferric oxyhydroxides) under oxic con-
ditions at near neutral pH (>6) conditions. As already demonstrated, natural or synthetic calcite material
can be used to accelerate the iron oxidation process from Fe(II) to Fe(III), a process that then enhances its
precipitation at the calcite-solution interface as confirmed by in situ atomic force microcopy (AFM)
observations in this study. The present study mainly reports on a simplified water treatment method
to remove ferrous iron (Fe(II)) from water via aqueous carbonation of calcium hydroxide (Ca(OH)2) at
ambient temperature (�20 �C) and moderate CO2 pressure (10 bar) conditions. In practice, high concen-
trations of dissolved iron (up to 100 mg/L) can be successfully removed using only 4 g of Ca(OH)2 per liter
of Fe-rich solution (close to 100% of efficiency) and a short treatment time is required (<1 h). This method
offers various advantages compared with other calcite-based water treatments. For example, other
pre-existent dissolved toxic and eutrophic ions such as As, Cu, Cd, Se, P, S, N, etc. can be simultaneously
removed from water during the precipitation of calcite and iron oxyhydroxide nanoparticles (<100 nm).
Additionally, the dissolution of calcium hydroxide prior to the carbonation process increases the pH
(12.4), a process that can act as a softening agent in the water being treated. Finally, the resultant red
solid-residue containing mainly calcite and iron oxyhydroxide (FeOOH type) nanoparticles could be
reused as pigment or mineral filler powder for industrial applications. This integrated method could be
used successfully to remove toxic dissolved ions from water while generating solid residues with indus-
trial uses.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Iron is often present in groundwaters worldwide and may exist
in a soluble form as ferrous iron (Fe2+or Fe (OH)+) or complexed
forms as ferric iron (Fe3+) forming colloidal minerals and/or associ-
ated with organic matter (e.g. bacterial activity) [1]. Although iron
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Table 1
Summary of carbonation and calcite-solution experiments for removal of ferrous iron
Fe(II) from water.

Run
#

Removal
agent

Dose
g/L

C0 (mg/L) Ceq
a

(mg/L)
Removal
efficiency
(%)

Final
pH

Fe(II)
source

1 Ca(OH)2 3.3 5 0.0005 99.98 7.87 FeSO4

2 Ca(OH)2 3.3 10 0.0007 99.99 7.67 FeSO4

3 Ca(OH)2 3.3 20 0.02 99.87 7.31 FeSO4

4 Ca(OH)2 3.3 50 0.03 99.85 6.9 FeSO4

5 Ca(OH)2 3.3 100 0.1 99.89 6.46 FeSO4

6 Ca(OH)2 3.3 5 0.0004 99.99 7.04 FeCl2

7 Ca(OH)2 3.3 10 0.009 99.99 6.91 FeCl2

8 Ca(OH)2 3.3 20 0.0007 99.95 6.79 FeCl2

9 Ca(OH)2 3.3 50 0.02 99.95 6.54 FeCl2

10 Ca(OH)2 3.3 100 0.05 99.94 6.38 FeCl2

11 Synthetic
calcite

4.5 5 0.0005 99.89 8.44 FeSO4

12 Synthetic
calcite

4.5 10 0.001 99.98 8.24 FeSO4

13 Synthetic
calcite

4.5 20 0.001 99.99 7.87 FeSO4

14 Synthetic
calcite

4.5 50 0.001 99.99 7.56 FeSO4

15 Synthetic
calcite

4.5 100 0.001 99.99 7.13 FeSO4

16 Synthetic
calcite

4.5 5 0.0008 99.98 8.49 FeCl2

17 Synthetic
calcite

4.5 10 0.001 99.98 8.35 FeCl2

18 Synthetic
calcite

4.5 20 0.001 99.99 7.94 FeCl2

19 Synthetic
calcite

4.5 50 0.0007 99.99 7.51 FeCl2

20 Synthetic
calcite

4.5 100 0.0007 99.99 6.91 FeCl2

21 Natural
calcite

0.5 10 nd 100 8.35 FeSO4

22 Natural
calcite

0.5 30 nd 100 7.99 FeSO4

23 Natural
calcite
(AFM
exp.)

– 50 – – – FeSO4

a Measured by ICP-AES (analytical error � 5%); nd: not detected.
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is an essential nutrient for humans and has beneficial effects on
health, its presence in water may cause contaminations, particu-
larly at high concentrations [2–4]. Iron is present in surface
groundwater at various concentration levels, usually up to 3–
4 mg/L, but in some cases it may reach 15 mg/L [5]. Even at low
concentrations, it can influence the taste and esthetic quality of
the water. Indeed, the oxygen from air induces its rapid oxidation
to form ferric hydroxide or oxyhydroxide precipitates for pH > 6,
that can generate toxic derivatives and develop infections such
as neoplasia, cardiomyopathy, and arthropathy [6–7].

A large amount of scientific research has been performed on
iron treatment, using various techniques such as ion exchange
and water softening [8], bioremediation [9], supercritical fluid
extraction [10], activated carbon and other filtration materials
[11], oxidation with oxidizing agents including chlorine and potas-
sium permanganate [5], by aerated granular filter [12], by adsorp-
tion [13], by ash [14] and treatment with limestone [15]. For this
latter case, more fundamental studies have investigated the use
of natural or synthetic calcite material for iron removal. These
studies have clearly demonstrated that calcite treatment has an
effective removal potential by catalyzing iron oxidation at
calcite-solution interfaces. Moreover, this method is relatively
inexpensive compared to other treatment techniques [16–20]. To
our knowledge, no attempt has been made to remove Fe(II) from
simulated groundwater via mineral aqueous carbonation of port-
landite. In contrast, the carbonation process has been applied to
produce potable water [21] and also to neutralize the strong alka-
linity of lime contained in various solid residues and simultane-
ously reducing the solubility of some heavy metals and
metalloids dissolved in water [22–25]. Aqueous carbonation pro-
cesses (e.g. controlled calcite precipitation) and calcite-solution
interactions can be used to remove several heavy metals and met-
alloids from polluted water. This process is common in nature and
can have direct implications for environmental and technological
remediation issues [26–30].

In the present study, two kinds of experiments were performed
in order to assess the removal extent and mechanism of Fe(II) from
water (1) via direct aqueous carbonation of portlandite or calcite
precipitation (Ca(OH)2(s) + CO2(aq) ? CaCO3(s) + H2O) at room tem-
perature (T � 20 �C) and moderate pressure (initial PCO2 = 10 bar)
and (2) by simple calcite-solution interactions at room tempera-
ture (T � 20 �C). The aqueous carbonation of portlandite was
recently used to remove oxyanions via a so-called incorporation
process, i.e. via anionic substitution of carbonate (CO3

�2) by a given
oxyanion [25,30–31]. In the present study, similar carbonation
experiments and conventional characterization of interacting solu-
tions (ICP-AES) and solids (FESEM, XRD, SEM-EDX and FTIR) were
performed to study the fate of Fe(II) during calcite precipitation.
To the best of our knowledge, this is the first laboratory study that
investigates removal of iron from water during aqueous carbona-
tion of portlandite. Our goal here is to answer the following prac-
tical and fundamental questions. What is the iron removal
efficiency compared with simple calcite-solution interactions?
What is the reaction mechanism? Is there a competition between
iron oxidation and its incorporation in calcite? What is the nature
and textural properties of precipitating calcite and iron oxyhydrox-
ide particles?
2. Materials and methods

2.1. Carbonation experiments

Experiments (Table 1) were performed by mixing 0.6 liter of
high-purity water with an electrical resistivity of 18.2 MO cm, 2 g
of commercial portlandite Ca(OH)2 (calcium hydroxide provided
by Sigma–Aldrich) with 96% chemical purity (3% CaCO3 and 1% other
impurities) and a defined amount of iron (II) from two different iron
sources (ferrous sulfate or ferrous chloride supplied by Sigma–
Aldrich). These reactants were placed into a titanium reactor
(Parr� autoclave with internal volume of 1 L). The solid particles
were dispersed by mechanical stirring (400 rpm) for 2 h at ambient
temperature (�20 �C). Then, 10 bar of CO2 with 99.995% chemical
purity (provided by Linde Gas S.A.) was injected into the reactor.
This initial pressure of CO2 corresponds to the total initial pressure
in the system. At these temperature and pressure conditions, the
vapor phase consists mainly of CO2 gas in an ideal state. The subse-
quent pressure drop was monitored visually by a manometer as a
function of time until the CO2 pressure achieved an equilibrium
value in this anisobaric gas–liquid–solid system. At the end of the
experiment, the reaction cell was depressurized for about 10 min
and the solid was recovered, following the procedure of
Montes-Hernandez et al. [25]. In order to measure the iron and
calcium concentrations, 20 mL of suspension were sampled and
filtered through a 0.22 lm pore-size filter at the end of each exper-
iment. All filtered solutions were then acidified with a drop of con-
centrated HNO3 solution (3 N) for further ICP-AES measurements.
2.2. Fe(II)-rich solutions treated with calcite

Complementary experiments (Table 1) were also carried out
using high-purity calcite synthesized in house, as reported in
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Montes-Hernandez et al. [32]. Thereby 2.7 g of synthesized calcite
were placed in the reactor in contact with iron ferrous solutions for
comparison with the carbonation process. Moreover, the calcite
dose (from 0.5 to 2 g/L) was assessed at ambient P–T conditions
using synthetic calcite and natural limestone from Cap Bon region
of Tunis. This limestone was chosen because it is abundant in
Tunisia where polluted aquifers with iron also exist. For these
experiments, a given amount of calcite was added into stabilized
Fe(II)-rich solutions in contact with atmospheric air. Here, the pH
and redox potential were monitored in situ and various samples
(suspensions) were withdrawn as a function of time (typically
0.5, 2, 5, 10, 30, 60 and 120 min). All suspensions were immedi-
ately filtered and acidified in order to determine the variation of
Ca and Fe concentration during calcite-solution interactions.
2.3. Physicochemical characterization of aqueous solutions

The calcium and iron concentrations were measured by
Inductively Coupled Plasma Atomic Emission Spectrometry
(ICP-AES Perkin Elmer Optima 3300 DV). The pH was also system-
atically measured during and at the end of the experiments using a
pH meter (MA235). In various calcite-solution interactions experi-
ments the redox potential was monitored by using a portable
instrument (portable redox meter HI 98150).
2.4. Characterization of solid products

2.4.1. X-ray diffraction (XRD)
XRD analyses on powders were performed using a Siemens

D5000 diffractometer in Bragg–Brentano geometry; equipped with
a theta-theta goniometer with a rotating sample holder. The XRD

patterns were collected using Cu ka1 (kka1 = 1.5406 ÅA
0

) and ka2

(kka2 = 1.5444 ÅA
0

) radiation in the range 2h = 10–70� with a step size
of 0.04� and a counting time of 6 s per step. Calcite was systemat-
ically refined by the Rietveld method on XRD patterns using the
BGMN software and its associated database [33].
2.4.2. FESEM observations
Selected samples containing pure calcite (white sample) and

calcite-iron oxyhydroxides (pink and red samples) were dispersed
by ultrasonic treatment in absolute ethanol for 5–10 min. One or
two droplets of the suspension were then deposited directly on
an aluminum support and coated with platinum for SEM observa-
tions. The morphology of crystal faces was observed by using a
Zeiss Ultra 55 field emission gun scanning electron microscope
(FESEM) with a maximum spatial resolution of approximately
1 nm at 15 kV. Moreover, conventional Energy Dispersive
Spectrometry (EDS) chemical analyses were performed to obtain
semi-quantitative elemental compositions of the precipitates.
Fig. 1. Removal efficiency of iron by using aqueous carbonation of Ca(OH)2 with
compressed CO2 (initial PCO2 = 10 bar, T � 20 �C) and by simple calcite-solution
interactions at room temperature (T � 20 �C). Removal efficiency = ((C0 � Ceq)/C0)
where C0 is the initial concentration and Ceq is the concentration at a given
macroscopic equilibrium.
2.4.3. FTIR measurements
The powdered samples were characterized by using infrared

spectrometry, with a BRUKER HYPERION 3000 infrared micro-
scope. The infrared beam was focused through a 15� objective
and the typical size of the spot on the sample was around
50 � 50 lm2. The spectral resolution was 4 cm�1 and the spectra
were recorded in transmission option between 4000 and
500 cm�1. For these measurements, some fine aggregates of
calcite-rich samples were manually compressed between two
KBr windows in order to deposit a thin film of sample on a KBr
window.
2.5. Calcite-Fe(II)–solution interactions by using a flow-through cell in
an atomic force microscope (AFM)

One type of experiment was performed where a calcite surface
was scanned at room temperature (23 ± 1 �C) using a Bruker
Multimode atomic force microscope (AFM) operating in contact
mode. The experiment was performed in situ within an O-ring
sealed flow-through fluid cell from Digital Instruments (Bruker).
The solution was injected with a syringe between each scan, at reg-
ular time intervals of approximately 1.5 min, giving an effective
flow rate of 22 lL s�1. This flow rate ensures that processes occur-
ring at the mineral surface are reaction-controlled, rather than dif-
fusion controlled [34]. AFM images were collected using a Si3N4 tip
(Bruker, tip model NP-S20) with spring constants 0.12 and
0.58 N m�1. Images were analyzed using the NanoScope software
(Version 5.31r1). At the beginning of the experiment, deionized
water was injected over the calcite surface for several minutes,
to observe dissolution and flatten the surface. Dissolution of the
surface by the formation of etch pits can be observed during this
step. Then, a solution containing iron sulfate with 50 ppm Fe(II)
was injected across the calcite surface. The initial pH of the solu-
tion, measured in the laboratory, was 5.6.

Measurements of step retreat velocity (or etch pit spreading
rate) were made from sequential images scanned in the same
direction. The retreat velocity during dissolution vsum (nm s�1)
given by vsum = (v++v�)/2 (where v+ and v� are the retreat velocities
of + and � etch pit steps, respectively) was calculated measuring
the length increase per unit time between opposite parallel steps
in sequential images.
3. Results and discussions

3.1. Iron removal efficiency

Table 1 and Fig. 1 summarize the removal efficiency of iron
from water by using fast carbonation (<1 h) of Ca(OH)2 with com-
pressed CO2 (10 bar) and via simple calcite-solution interactions at
room temperature (T � 20 �C). In all cases, the so-called removal
efficiency ((% efficiency = ((C0 � Ceq)/C0) � 100); where C0 is the
initial concentration and Ceq is the concentration at a given
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macroscopic equilibrium) is close to 100% for initial concentrations
of Fe(II) between 5 and 100 mg/L. In fact, both methods remove
successfully the Fe(II) from water and the iron source (FeSO4 or
FeCl2) has insignificant impact on the iron oxidation from Fe(II)
to Fe(III) and its co-precipitation during calcite precipitation or at
calcite-solution interfaces. For example during calcite-Fe-rich solu-
tion interactions, the Fig. A-SI shows that the calcite dissolution
rate increases with an increase of initial concentration of Fe(II),
and is independent of iron source. This means that calcite dissolu-
tion in the absence of iron is clearly lower than in the presence of
iron (horizontal line in Fig. A-SI). This also indicates that the pres-
ence of Fe+2 in contact with calcite surfaces promotes calcite disso-
lution sites during its oxidation and co-precipitation onto calcite
surfaces. In other words, calcite particles catalyze the iron oxida-
tion at the calcite-solution interfaces via calcite dissolution, as
already described in Mettler et al. [17]. Finally, the removal kinet-
ics is directly dependent on the initial iron concentration, as dis-
played in Fig. 2a. These results indicate that a dose of 0.5 g of
calcite per liter of water is quite sufficient to remove high concen-
trations of iron (10–30 mg/L) from water within short times (<1 h).
The redox potential and pH of the solution also followed a
proportional variation with time (see Fig. 2b), i.e. reducing towards
oxidant conditions and acidic towards neutral conditions. In sum-
mary, high removal efficiency was determined from carbonation
Fig. 2. (a) Kinetic behavior of iron removal efficiency using synthetic calcite as a
removal agent. Comparison between two different initial iron concentrations (10
and 30 mg/L). (b) pH and redox potential evolution during calcite-solution
interactions.
experiments or from simple treatment with natural or synthetic
calcite.

3.2. Reactions mechanisms

3.2.1. Removal of Fe(II) via aqueous carbonation of portlandite
Aqueous carbonation of portlandite with compressed CO2

implies various concurrent reactions as already detailed in
Montes-Hernandez et al. [25,32,35] and more recently in Fritz
et al. [36]. In summary, dissolution of residual portlandite particles
Ca(OH)2 is controlled by the absorption-dissociation of carbon
dioxide CO2 until a macroscopic equilibrium is reached. In the pre-
sent study, small doses of portlandite were used; but, in all cases,
the pH increased instantaneously up to 12.4 due to portlandite
dissolution:

CaðOHÞ2ðsÞ ! Ca2þ þ 2OH�ðdissolution in waterÞ ð1Þ

At this high alkaline pH, the Fe(II) was rapidly oxidized to Fe(III)
or complexed with hydroxyl ions:

4Fe2þ þ O2 þ 8OH� þ 2H2O
! 4FeðOHÞ3ðsÞ oxidation-precipitation processð Þ ð2Þ
Fe2þ þ 2OH� ! FeðOHÞ2ðs or clustersÞ

complexation and=or precipitation processð Þ ð3Þ

Partial oxidized phases such as magnetite (FeO*Fe2O3 or Fe3O4)
could also precipitate under high alkaline conditions, but, this min-
eral, which is stable at ambient conditions, was not observed in the
precipitate for our experiments.

The injection of CO2 in the system implies a fast carbonation
reaction and a sudden fall of pH from 12.4 to 5.5 when all port-
landite particles are consumed before degassing:

CO2ðgÞ ! CO2ðaqÞðabsorption processÞ ð4Þ
CO2ðaqÞ þH2O! CO2�
3 þ 2Hþ

ðat high pH; dissociation processÞ ð5Þ
Ca2þ þ CO2�
3 ! CaCO3ðsÞðcalcite precipitation processesÞ ð6Þ

As mentioned above, during carbonation the pH changes signif-
icantly from 12.4 to 5.5; this can also promote the carbonation of
transient phases such as Fe(OH)2(s or clusters) if the initial oxygen
content was not sufficient in this closed pressurized system.

FeðOHÞ2ðs or clustersÞ ! Fe2þ þ 2OH�ðre-dissolution processÞ ð7Þ
Fe2þ þ CO2�
3 ! FeCO3ðsÞðsiderite precipitation processÞ ð8Þ

Conventional characterization of precipitates by DRX,
FESEM/EDX and FTIR show the presence of calcite and iron oxyhy-
droxides (type FeOOH) only. For this reason, we assumed that the
ferric iron hydroxide formed by reaction (2), if any, was rapidly
transformed to FeOOH during the carbonation process.

FeðOHÞ3 ! FeOOHþH2O
ðprobably by dissolution-precipitation processÞ ð9Þ

Siderite (FeCO3) was not identified in the precipitates. We sug-
gest that siderite fine particles (nanoparticles) if formed could also
transform to iron oxyhydroxide (ferrihydrite) during drying via an
oxidative reaction process as recently observed in laboratory using
siderite nanoparticles (unpublished data). The drying processes
imply generally gas–solid reactions where solid state transition
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may be the dominant reaction mechanism, however, an
interface-coupled dissolution-precipitation mechanism cannot be
excluded at low temperature (<100 �C) [37–38].

3.2.2. Removal of Fe(II) via calcite-solution interactions
Mettler et al. [17] have demonstrated that calcite dissolution

catalyzes the oxidation of ferrous iron and its co-precipitation as
ferric oxyhydroxide at the calcite-solution interfaces. They have
mainly used high calcite doses (1–20 g) and low ferrous concentra-
tions (<1 mg/L). Our results reported in Figs. A-SI and B-SI using
lower calcite doses (1–4 g/L) and higher ferrous concentrations
(until 100 mg/L) confirm macroscopically this hypothesis. In fact,
calcite dissolution is directly proportional to the available quantity
of iron (see Fig. B-SI). In these simple experiments, a given dose of
calcite was directly added into stabilized ferrous solutions in con-
tact with atmospheric air, i.e. acidic pH and reducing conditions
were initially constrained by dissolved Fe(II) (see Fig. 2b). The ini-
tial acidic pH favors the calcite dissolution as follows:

CaCO3 þHþ ! Ca2þ þHCO�3 ðcalcite dissolution processÞ ð10Þ

The consumption of protons (H+) by calcite dissolution progres-
sively increases the pH of the solution (Fig. 2b) and at the same
time promotes the Fe2+ adsorption and/or complexation with car-
bonate ions followed by fast iron oxidation in the bulk solution and
preferentially at the calcite-solution interfaces:

Fe2þ þHCO�3 ! FeHCOþ3
ðtransient complexation onto calcite and=or in bulk solutionÞ

ð11Þ

FeHCOþ3 þ 0:5O2 þH2O! FeðOHÞ3ðsÞ þ CO2ðgÞ

ðoxidation and co-precipitation processÞ ð12Þ

Similar to carbonation experiments, we hypothesize that the
ferric iron hydroxide Fe(OH)3 was rapidly transformed to iron oxy-
hydroxide (FeOOH type) as described by reaction (9). On the other
hand, the CO2 produced in reaction (12) could be expelled from the
solution to the atmosphere (open system) or absorbed-dissociated
in the interacting solution depending on pH.

In summary, aqueous carbonation of portlandite and simple
treatment with calcite follow different reaction pathways, but,
both methods are efficient to remove ferrous iron from water
within a short time.

3.2.3. Atomic force microscopy imaging
Direct in situ observations show that in contact with pure

water, the (10–14) calcite surface starts dissolving along steps that
retreat and through the formation of etch pits with typical rhom-
bohedral shapes (Fig. 3a), as already observed in previous studies
(see [39,40] and references therein). Etch pit steps are typically
one unit cell (3.5 Å) high. Their retreat velocity was measured to
be 2.7 ± 0.3 nm s�1, similar to that observed in previous studies
[40].

Interestingly, upon injection of the iron-rich solution, a precip-
itate formed immediately on the calcite surface and tiny, initially
scarce, particles (10 nm large and 10 nm height) grew and covered
the surface more or less randomly, and without any observable
preferred orientation (Fig. 3b and c). They covered a significant
portion of the calcite surface within half an hour. The adhesion
of these precipitates was initially weak as they were moved by
the AFM tip. These particles nucleated preferentially near step
edges and along etch pits, where dissolution would also be faster.
No epitaxial growth could be observed. The etch pit retreat rate
increased from 2.7 ± 0.3 to 8.4 ± 4 nm s�1 during this precipitation,
indicating the coupling between dissolution and precipitation.
After 30 min the height of these particles was close to 120 nm
(Fig. 3d). In summary, these in situ observations confirm spatially
and temporally the above reaction mechanism (reactions 10–12).

The precipitate is interpreted to be a lepidocrocite phase
because it comes from the dissolution of calcite, the oxidation of
iron from Fe(II) to Fe(III) and the precipitation of FeO(OH). This is
an example of an interface-coupled dissolution-precipitation pro-
cess at the mineral-solution surface [38], where the dissolution
of calcite increases the pH locally, that then enhances the iron oxy-
dation into Fe(III), allowing for the precipitation of lepidocrocite.

3.3. Nature and textural properties of precipitating particles

For the carbonation experiments, experimental XRD patterns
have revealed that calcite is the only crystalline component in all
the products (Fig. C-SI). This means that high concentration of iron
compounds containing sulfate (FeSO4) or chloride (FeCl2) ions,
respectively, have not induced polymorphism because vaterite,
aragonite or amorphous calcium carbonate were not detected on
the XRD patterns. Rietveld refinement of XRD patterns has
revealed small calcite particles only (coherent domain average size
<100 nm) in all cases. This indicates also a very weak effect of iron
on calcite nucleation and growth at the investigated conditions.
These results concerning the particle size of calcite are partially
in agreement with FESEM observations. In effect, FESEM observa-
tions have revealed that calcite nanoparticles (<100 nm) coexist
with sub-micron calcite particles (<1 lm), both forming
micron-sized aggregates and agglomerates in the solid material
(Fig. D-SI). For this reason, the specific surface area (8–10 m2/g)
is lower than the predicted specific surface area, when assuming
isolated cubic or spherical particles [see 35]. Concerning the iron
oxyhydroxide, FESEM observations have also revealed the presence
of very small nanoparticles (<20 nm) that adhered to calcite crystal
faces (Figs. D-SIc and 4) and macroscopically leading to a
pink-to-red homogeneous coloration in the solid. However, these
very small particles were not detected by XRD analysis, probably
due to their small particle size and/or poor crystallinity. This limi-
tation was partially resolved by infrared measurements where
transmission infrared spectra have revealed the presence of lepi-
docrocite (FeO(OH)) as attested by the vibration bands at
3431 cm�1 for O–H stretching mode and at 1166 and 1026 cm�1,
such peaks being typically assigned to a lepidocrocite mineral
phase (Fig. 5) [41]. Unfortunately, the high intensity vibration
bands for calcite at 1436, 875 and 709 cm�1 obscure the vibration
bands for iron oxyhydroxide particles coexisting with calcite in
minor proportion. For the calcite-solution interaction experiments,
similar infrared signatures concerning iron oxyhydroxide nanopar-
ticles on calcite surfaces were measured indicating as well the
presence of lepidocrocite, that is also observed at the nanoscale
using AFM imaging (Fig. 3).

3.4. Environmental and technological implications

As mentioned above, a high removal Fe(II) efficiency was deter-
mined from carbonation experiments or from simple treatment
with natural or synthetic calcite. However, the carbonation method
may be triply-efficient because (1) other toxic ions (Se, As, Cd, Cu,
Cr, etc.) can be removed during portlandite carbonation by incor-
poration and/or co-precipitation [25,42] (2) powdered portlandite
or calcium hydroxide in water prior to a carbonation process
increases the pH to 12.4, which can acts as a softening agent in
the water being treated because it favors the simultaneous precip-
itation of Mg (as Mg(OH)2), Ca (as CaCO3) and other multi-charged
cations after carbonation and/or a neutralization process where pH
falls within an acceptable range (6–7.5) [43–44] and (3) the resul-
tant red solid-residue containing mainly calcite and iron



Fig. 3. A time sequence of atomic force microscopy deflection images of a calcite surface during coupled dissolution of calcite and precipitation of lepidocrocite. (a)
Dissolution in deionized water, with the presence of etch pits and steps. Each step is 3.5 Å high. (b and c) A solution rich in Fe(II) was injected at time t 0 + 60 s, then tiny
particles immediately precipitated. (d) After almost half an hour, the surface of calcite is covered by precipitated nano-particles of FeOOH (lepidocrocite).

Fig. 4. FESEM-EDS of the precipitate obtained after Ca(OH)2 carbonation reaction in the presence of iron.
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oxyhydroxide (FeOOH type) nanoparticles could be reused as a
new adsorbent, pigment or mineral filler powder in industrial
applications [25,27,45].
The removal efficiency of Fe ions by controlled calcite precipita-
tion is greater when compared to that of other conventional water
treatment technologies such as subsurface iron removal (>50%),



Fig. 5. FTIR spectra of calcite (a) and a mixture of calcite + iron oxyhydroxide
formed in the presence of FeCl2 (b) and FeSO4 (c).
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bioremediation (70%), aerated granular filter (70%), supercritical
fluid extraction (80%), activated carbon and other filtration materi-
als (75–90%), adsorption (84–92%), oxidation/filtration method
(80–90%), ion-exchange (90%) and electrocoagulation (95–99%),
as shown by Chaturvedi and Dave [46], who summarized all purifi-
cation methods of water reported in the literature for the removal
of iron from groundwater. They claimed that some of these meth-
ods are quite effective but they are either cost intensive or suffer
from certain limitations when applied in the field. In addition,
the proposed carbonation method could be highly economic and
ecological, particularly, when the portlandite Ca(OH)2 source
comes from alkaline solid waste, because it could allow the simul-
taneous removal of dissolved toxic and eutrophic ions as well as
the mineral sequestration of CO2 as suggested recently by
Montes-Hernandez et al. [25].

Finally, this study reveals also that the Tunisian natural lime-
stone ‘RC’ may be an effective natural material for the treatment
of iron-contaminated groundwater. The use of calcite ‘RC’ can give
a low-cost, simplicity of application and satisfactory efficiency
within 2–15 min, for a dose of 0.5 g/L. This is in agreement with
studies conducted by Wu et al. [46] and Sdiri et al. [47] who report
high efficiency of Tunisian limestone for the removal of heavy met-
als. Application of calcareous materials (natural or synthetic) to
treat ferrous contaminated groundwater has been pointed out by
various researchers [15,17–20]. All studies argue that the lime-
stone provides high potential and effectiveness, low cost and ease
of use.
4. Conclusion

The present study shows that the aqueous carbonation of port-
landite is a powerful method to remove Fe(II) and other heavy met-
als and metalloids from water. Particularly, high removal
efficiencies (close to 100%) were determined using small port-
landite doses (2–4 g/L) and only a short treatment time is required
(<1 h). Moreover, the obtained solid-residues that contain calcite
and iron oxyhydroxide nanoparticles could find industrial applica-
tions as pigments and/or mineral fillers in the paper and paint
industries. Finally, calcium hydroxide in water prior to a carbona-
tion process can also act as a softening agent in the water being
treated because it favors the simultaneous precipitation of Mg
(as Mg(OH)2), Ca (as CaCO3) and other multi-charged cations can
be also removed after carbonation and/or neutralization processes
where pH falls within an acceptable range (6.0–7.5). Finally, aque-
ous carbonation of portlandite and simple treatment with calcite
follow different reaction pathways and both methods are efficient
to remove ferrous iron from water within a short time.
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