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The effect of dissolved Zn, Co, Pb, Mg, and Ca on the
uptake of cadmium by biogenic aragonite was investigated.
Experiments were performed in batch-reactors using metal-
cadmium-bearing solutions and shell fragments with
diameters in different ranges, the solid/liquid ratio being
10 grams per liter. Different initial concentrations of cadmium
and metals (1.0-0.005 mM) were used. Uptake takes
place via heterogeneous nucleation of metal-bearing
crystallites onto the shell surfaces. Cadmium removal
occurs by surface precipitation of otavite. Under the conditions
used here, Co and Ca as well as Pb e 0.3 mM and Zn
e 0.3 mM do not have a significant effect on the removal
of cadmium. At higher concentrations, Pb and Zn
outcompete Cd for the dissolving carbonate ions and thus
decrease significantly the Cd removal rates. In contrast,
Mg has a slight enhancing effect. Pb and Zn are removed
faster than Cd, precipitating as PbCO3, Pb3(CO3)2(OH)2,
and Zn5(CO3)2(OH)6. Within 24-72 h, the concentrations of
lead, cadmium, and zinc decrease until ∼0.5 µM, and
the presence of aragonite buffers the solution to a pH above
8 avoiding redissolution. The study demonstrates the
high effectiveness of biogenic aragonite in removing Cd
and other metals from polluted waters.

Introduction
Water pollution by heavy metals is an important economic
and environmental issue in numerous parts of the world.
Even after recent changes in legislation and industry efforts,
wastewater treatment remains an economic challenge for
many medium-sized companies, especially for those handling
waters with extreme chemical composition (e.g., high ionic
strength, high acidity, or high content in specific metals such
as lead, zinc, cadmium, arsenic, or chromium).

Recently, fluidized-bed reactors (1, 2), adsorption (3, 4),
and biosorption (5-7) have been proposed as more cost-
effective solutions than many classical techniques. Tradi-

tionally, sorption procedures make use of zeolites or clays,
but recent studies have been focused on the possible use of
ubiquitous waste such as tire rubber, fly ash, agricultural
waste, algae, yeast, iron oxides, red mud, and limestone (8,
9). In a similar approach, this work intends to test whether
fishery-industry waste containing biogenic aragonite could
be an efficient material in removing cadmium and other
divalent metals from polluted waters.

The uptake of aqueous (aq) Cd2+ ions by aragonite (ar)
occurs via surface precipitation of Cd-rich (Cd,Ca)CO3 solid
solutions with a calcite-type (cal) structure (10, 11). Such a
mechanism involves the release of Ca2+ and CO3

2- ions from
the aragonite surface to the fluid and their reaction with the
aqueous Cd2+ to form solid-solution nuclei, according to:

Although the studies on the interaction of aragonite with
other divalent metals are rare (12, 13), surface precipitation
of sparingly soluble metal-bearing carbonates could be also
an important uptake mechanism in other cases, as has been
observed for Mn (13).

In contrast with the few studies performed with aragonite,
the uptake of Cd and other divalent metals by calcite has
received considerable attention (4, 14-19). However, Prieto
et al. (10) and Cubillas et al. (11) have shown that the cadmium
uptake capacity of abiogenic calcite is almost 3 orders of
magnitude smaller than that of abiogenic and biogenic
aragonite under similar experimental conditions. On calcite,
the process occurs by epitaxial overgrowth of thin Cd-rich
isostructural crystallites, which spread to quickly cover the
surface with a layer of nanometric thickness. This layer shields
the substrate from further dissolution, stopping the uptake
process when only a small amount of cadmium has been
removed from the fluid. Another recent study dealt with the
interaction of Pb with both calcite and aragonite (20) and
concludes that calcium carbonate, and particularly aragonite,
is a good sorbent for this metal. In this framework, biogenic
aragonite stands out as an interesting remediation material
with the great advantage of its abundance in comparison
with that of abiogenic aragonite. Moreover, in relation to
calcite, biogenic aragonite has the benefit of its higher
solubility and dissolution rate (21).

Calcium carbonate shells are a ubiquitous material all
over the world because sea and fresh water organisms
produce them. Enormous amounts of these materials are
dumped as a waste of the fishery industry, so there is an
abundance of biogenic carbonate that potentially could be
used to treat local heavy metal contamination. Because most
wastewaters possess a more complex composition than
merely Cd, testing Cd-uptake under various conditions is a
crucial step in the assessment of aragonite shells as a
remediation tool in a real-world environment.

The goals of the present study are as follows: (1)
systematically evaluate the influence of several ions (Ca, Mg,
Co, Zn, and Pb) on the Cd uptake capacity of aragonite shell
fragments; (2) assess the effect of both fragment size and
cadmium concentration on the Cd-uptake capacity; and (3)
determine removal rates and uptake mechanisms for other
divalent metals.

Experimental Section
Uptake experiments were performed using biogenic calcium
carbonate obtained from common cockleshells, which belong
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y‚Ca2+
(aq) + z‚Cd2+

(aq) + CaCO3(ar) w

(CdxCa(1-x)CO3)cal + (y + x)‚(Ca2+)aq +

(z - x)‚(Cd2+)aq (1)
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to the phylum Mollusca, class Bivalva, species Cerastoderma
edule. Shells were cleaned, ground, and sieved to obtain the
different size fractions. Following their preparation, all solids
were analyzed using a Philips PW 2402 X-ray fluorescence
spectrometer. Details of this preparation and results of the
analysis can be found in ref 21.

Sample morphology and composition was observed and
measured using a JEOL-6100 scanning electron microscope
(SEM) equipped with an INCA Energy 200 EDS-Microanalysis
System. Glancing incident X-ray diffractometry (Philips X’Pert
PRO) was performed on the precipitate layers to obtain
crystallographic information. Finally, Raman spectroscopy
(Jobin Yvon Labram HR 800) using a red laser (632 nm) was
used to characterize the precipitates as described in ref
22.

Batch experiments were performed by placing 200 mL of
solution and 2 g of shell fragments in a stirred (500-700
rpm) Azlon beaker kept at 25 ( 0.1 °C. Experimental solutions
were continuously bubbled with air to maintain them at the
ambient partial pressure of CO2. All reactive solutions were
prepared with deionized MilliQ water and reagent grade Cd-
(NO3)2, NaNO3, Pb(NO3)2, Ca(NO3)2, Mg(NO3)2, Co(NO3)2‚
3H2O, and Zn(NO3)2. In all cases, the background ionic
strength was adjusted to 0.005 M with NaNO3. Initial
concentration values for all of the experiments can be found
in Tables 1 and 2. Some experiments were performed only
with Cd to study reproducibility and as a benchmark for the
mixed metal experiments. All experiments lasted 72 h. A 3
mL sample was taken at 0.5, 1, 2, 3, 4, 6, 10, 24, 48, and 72

h, filtered through a 0.45 µm cellulose acetate filter, acidified,
diluted, and subsequently analyzed using a Varian Dual View
ICP-AES with a precision of 2%. At low concentrations, axial
view measurements were performed with detection limits
(in M) of: Ca (5 × 10-7), Cd (9 × 10-8), Zn (1.5 × 10-7), Pb
(1.5 × 10-7), Mg (4 × 10-7), Na (1.6 × 10-6), and Co (8.5 ×
10-8). Accuracy was controlled using both internal and
international standards (SRM 1640, NIST) and was below 5%
for the above-mentioned elements.

During the experiments, solution pH ((0.05 pH units)
was monitored using a Metrohm electrode. For selected
experiments, the final solutions were analyzed for alkalinity
with a Metrohm 702 SM Titrino using an HCl titration
procedure with a precision of 2%. Activities of metal ions
and saturation indices for involved solid phases were
calculated using the program PHREEQC (23) and the database
WATEQ4F. In a first step, carbonate alkalinity was estimated
from charge balance. Subsequently, bicarbonate and car-
bonate activities were adjusted to be consistent with the
measured pH and with the assumption that the solution was
at atmospheric partial pressure of CO2 (pCO2 ) 3.45).

Results
Removal of Cadmium by Aragonite Shell Fragments. Figure
1 shows the evolution of the cadmium concentration in the
aqueous solution as a function of time for some of the
experiments carried out with Cd only. As expected from
previous results (10), cadmium concentration decreases very
fast in the early hours of the experiments. The main plot in
Figure 1 displays data-points corresponding to three repeated
runs and demonstrates the high reproducibility of these
experiments. This plot corresponds to a 0.47 mM initial
solution, with the final cadmium concentration (after 72 h)
reaching an average value of 2.7 µM. The inset shows, at a
different scale, a plot corresponding to a single run carried
out with a more concentrated (1.08 mM) initial solution. In
this case, the final concentration is considerably higher (165
µM), and total Cd removal is not complete (84.5%). This is
due to the complete covering of the shell fragments by a
surface precipitate and demonstrates that the uptake capacity
of these solids is limited. A similar situation was observed for
the experiments performed with a solution of 5 µM where
only 54% of the Cd was removed after 72% (Table 1). In this

TABLE 1. Effect of Metals on the Removal of Cd, Pb, Zn, and Coa

metal Me0mM Cd0mM Cd(72)µM Cd-removed % Me-removed % Ca(72)mM pH(72)

Cd only 1.08 165 84.5 1.08 7.4
0.47 2.7 99.4 0.87 8.1
0.021 0.5 97.7 0.85 8.4
0.005 2.3 54.1 0.69 8.4

Pb 1.08 0.47 14.8 96.8 100c 1.54 7.9
0.30 0.47 0.5 99.9 100c 1.24 8.2
0.033 0.47 0.3 99.9 100c 0.93 8.3
0.005 0.47 n.d.b 100c 100c 0.97 8.3

Zn 1.06 0.52 20.3 95.8 98.8 1.92 8.1
0.32 0.52 0.5 99.9 100c 1.20 8.2
0.038 0.52 0.5 99.9 100c 0.98 8.3
0.013 0.52 0.6 99.9 100c 0.99 8.3

Co 1.03 0.46 14 96.9 38.4 1.41 8.2
0.31 0.46 5.7 98.9 32.7 1.14 8.2
0.035 0.46 1.8 99.6 42.1 0.97 8.2
0.005 0.46 n.d.b 100c 44.0 0.84 8.1

Mg 0.99 0.42 0.6 99.9 0c 0.98 8.4
0.31 0.42 0.6 99.9 0c 0.93 8.2
0.031 0.42 0.6 99.9 0c 0.97 8.2
0.001 0.42 0.5 99.9 0c 0.94 8.2

Ca 1.25 0.47 1.1 99.9 0c 2.03 8.1
0.24 0.47 0.6 99.9 0c 0.96 8.2

a Subscripts 0 and 72 refer to concentration at the beginning of the experiment and after 72 h. b Not detected or close to the detection limit.
c Within experimental uncertainty.

TABLE 2. Grain Size Effect

Cd0
mM size range mm

Cd(72)
µM

Cd-
removed

%
Ca(72)
mM pH(72)

0.016 1.50-1.00 1.1 93.1 0.77 8.4
0.60-0.45 0.3 98.0 0.64 8.4
0.25-0.10 0.2 98.8 0.62 8.4

1.12 1.50-0.63 37 96.6 2.53 7.5
0.63-0.20 17 98.4 2.32 7.6
0.20-0.063 0.3 99.9 2.09 8.1
0.063-0.002 0.7 99.4 1.95 8.0
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case, the partial removal was not due to surface covering but
to the slow precipitation kinetics of the Cd-rich solid solution.

Results from the mixed metal experiments show that only
in a few cases is there a significant influence of the cations
in slowing the removal of cadmium. Figure 2a shows the
effect of Pb by displaying the Cd/Cd0 concentration ratio
(Cd0 and Cd stand for initial and current concentrations) as
a function of time, for different concentrations of Pb in the
parent solution. In the case of the experiment performed

with a Pb concentration of 1.08 mM, the effect is the highest
observed for any experiment, with only a 14% of cadmium
removed after 6 h, which contrasts with the 77% observed
in the reference experiments performed with Cd only. For
solutions less concentrated, the effect is rather small.

Experiments performed with zinc (Figure 2b) also show
a decrease in the cadmium uptake rates at high Zn con-
centrations. This decrease is evident in the experiment carried
out with an initial Zn concentration of 1.06 mM. Nevertheless,
the effect is not as large as in the experiments performed
with Pb. The presence of calcium and cobalt does not
influence the removal of Cd. In contrast, when compared to
the reference experiments, the presence of magnesium leads
to a moderate increase in the cadmium uptake rate (Figure
2c).

After 72 h, cadmium concentrations were always a few
(or a few tenths of) µmol/L, except in some experiments
performed in the presence of Pb and Zn. It is important to
consider that these “final” concentrations do not represent
a final equilibrium state, but Cd-concentration is expected
to decrease for days and months at a lower rate (10). The
lowest “final” cadmium concentrations (0.5 µM) were reached
in experiments performed with Mg and with low concentra-
tions of Pb and Zn.

Grain Size Effect. Experiments performed with a Cd initial
concentration of 16 µM (Figure 3a) and three different size
fractions, and those performed with a 1.12 mM solution and
four size fractions (Figure 3b), document the effect of shell
fragment size on uptake capacity. As expected, there is a
progressive increase in the removal rate as the size fraction
decreases. After 72 h, the removal is incomplete in the
experiments performed with the largest fragments but almost
complete in those performed with smaller size fractions. An
increase of an order of magnitude in specific surface area
speeds up the removal by a factor of 3 when dealing with
very different initial concentrations, illustrating the potential
of shell fragments to remove Cd from contaminated waters.

Simultaneous Removal of Other Divalent Metals. In
addition to the observed cadmium uptake, a very important
removal rate was also observed for Co, Zn, and Pb. In the

FIGURE 1. Evolution of Cd concentration as a function of time for
experiments carried out with Cd only. The data-points in the main
plot correspond to three repeated runs performed with a 0.47 mM
Cd(NO3)2 initial solution. The curve represents a cubic B-spline
connection among the average values of these three runs. The inset
corresponds to a single run carried out with a 1.08 mM initial solution.

FIGURE 2. Evolution of the Cd/Cd0 concentration ratio in the presence
of Pb, Zn, and Mg, where the subscript 0 refers to the initial
concentration. The symbols refer to different concentrations of the
corresponding metal. The solid lines correspond to the average
values of the experiments performed with Cd only. (a) Lead. (b)
Zinc. (c) Magnesium.

FIGURE 3. Effect of the shell fragment size on the cadmium removal
rate. All of the experiments were performed with a 16 µM Cd(NO3)2

aqueous solution.
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case of lead, removal rates are even higher than those of
cadmium, being always close to 100% after 72 h of reaction
(see Table 1). This is particularly evident in the experiment
carried out with a 1.08 mM Pb(NO3)2 aqueous solution where
the lead concentration is reduced by nearly 90% during the
first 10 h of reaction. Zinc removal rates are not as high as
those of lead but are still slightly higher than those of
cadmium. For both metals, concentrations are always in the
ppb range after 48 h of reaction. Cobalt removal was also
measured, but its efficiency never exceeds 50% (see Table 1).

Calcium Release and pH Evolution. At the very beginning
of the experiments, the aqueous solutions are free of calcium,
but concentration increases as the shell fragments dissolve
and the aqueous solution evolves toward equilibrium with
the aragonite. Aragonite dissolution is accompanied by an
increase in the concentration of carbonate species in the
aqueous solution, leading to a rapid increase of pH and
alkalinity during the early hours of the experiment. This is
followed by a slower increase as the solution approaches
saturation. In some cases, however, the solids become

completely covered by a crust of precipitate that prevents
further dissolution. In these cases, the pH remains circum-
neutral (∼7.5) and the solution undersaturated with respect
to aragonite. This effect occurs in the experiments carried
out with Cd only and highly concentrated initial solutions
(1.08 mM in Table 1 or 1.12 mM with largest size ranges in
Table 2). A similar situation occurs in the experiment
performed with an initial Pb concentration of 1.08 mM (see
Table 1) where a thick crust (1-2 µm) of precipitate, observed
with SEM, almost completely covers the aragonite fragments,
preventing further dissolution.

Characterization of the Surface Precipitates. SEM-EDS
examination of the shell fragments after completing the
experiments reveals the precipitation of several distinct types
of crystals on their surfaces. In the case of the experiments
performed with lead, three different crystal habits (rhom-
bohedral, prismatic, and tabular-hexagonal) were observed
(Figure 4a). Rhombohedral crystals were easily identified as
extremely rich (Cd,Ca)CO3 solid solutions (nearly pure
otavite), while prismatic and tabular-hexagonal crystals have

FIGURE 4. SEM images and Raman spectra of shell fragments after 72 h of interaction with aqueous solutions of different compositions.
(a) Cerussite (prismatic habit) and hydrocerussite (tabular habit) crystals precipitated onto a shell fragment. Parent solution: 1.08 mM
Pb(NO3)2 + 0.47 mM Cd(NO3)2. (b) Rhombohedral crystals of otavite and platelets of a Zn-bearing phase. Parent solution: 1.06 mM Zn(NO3)2

+ 0.52 mM Cd(NO3)2. (c) Fibrous cobalt-bearing crystals. Parent solution: 1.03 mM Co(NO3)2‚3H2O + 0.46 mM Cd(NO3)2.
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a Pb-rich composition. These latter habits match those typical
of cerussite (PbCO3) and hydrocerussite (Pb3(CO3)2(OH)2),
respectively. Cerussite (24) was identified using Raman
spectroscopy (Figure 4a), and both phases were identified
by glancing incidence XRD. Godelitsas et al. (20) identified
both phases in experiments performed with calcite and lead,
but they also reported that cerussite was the only phase that
formed when lead-rich solutions interacted with aragonite.
The relative abundance of otavite with respect to cerussite
and hydrocerussite varied considerably with the initial
concentration of Pb in the solution.

For the experiments performed with zinc, SEM images
show two morphologically distinct phases (Figure 4b). The
rhombohedral phase is, again, nearly pure CdCO3, whereas
the other phase possesses a composition rich in Zn. Raman
spectroscopy (Figure 4b) only gave bands characteristic of
otavite (25) with a very reproducible band shift from of the
main aragonite peak in the clam shell at wavenumber 1085
down to 1084 characteristic of the calcite-type carbonates.
XRD diffraction patterns hinted to the presence of hydrozin-
cite, Zn5(OH)6(CO3)2. Precipitation of hydrozincite has been
observed in previous studies on the interaction of Zn and
calcite (4, 17, 19).

For the experiments performed with Co, SEM-EDS
observations show also the formation of a rhombohedral
CdCO3 phase along with a precipitate of fibrous nature, as
can be seen in Figure 4c. EDS microanalyses indicate that
this fibrous phase is strongly enriched in cobalt, XRD did not
provide any conclusive identification, and in the Raman
spectra solely mixed calcite/otavite bands appear (Figure
4c). Finally, SEM observations realized with samples of the
experiments performed with Ca and Mg only allow the
identification of nearly pure otavite crystals. EDS mi-
croanalyses show that these crystals were not enriched in Ca
or Mg.

Discussion
In agreement with previous observations (10, 11), this work
confirms that the uptake of cadmium by aragonite occurs
via surface precipitation of cadmium-rich (Cd,Ca)CO3 solid
solutions with a calcite-type structure. The large difference
of solubility (more than 3 orders of magnitude) between
calcite and otavite implies a strong preferential partitioning
of the less soluble otavite toward the solid phase (26). At
equilibrium, the Cd distribution coefficient is ∼4200 (10). In
addition to thermodynamics, a number of kinetic/mecha-
nistic effects control ion partitioning during crystal growth,
but, according to the data compiled by Tesoriero and Pankow
(27), a value in the range 1000-4500 is to be expected in
most cases. For this reason, the precipitating solid-solution
solids are nearly pure otavite (>98%).

Effect of Co, Pb, and Zn on the Removal of Cadmium.
The effect of divalent metals on the Cd uptake can be
explained in terms of a competition of the different metal
ions for the dissolving carbonate ions and by the limiting
factor of the surface covering. Figure 5a displays the evolution
of saturation indices for experiments performed with Cd only
and in the presence of lead (1.08 mM), the initial concentra-
tion of Cd being 0.47 mM in both experiments. Otavite
saturation index is significantly lower for the experiment
carried out in the presence of Pb: the index is below zero
in the early hours of the experiment and only increases when
the lead concentration in the solution is less than 10% of the
original (after 10 h). Under the same pH and pCO2 conditions,
hydrocerussite (pKsp ) 17.46) and cerussite (pKsp ) 13.13)
are less soluble than otavite (pKsp ) 12.1). Thus, initially, the
formation of the lead carbonate phases will always precede
that of otavite (Figure 5a).

The competition for the dissolving carbonate ions also
explains the decrease in cadmium uptake observed in the

experiments carried out with solutions containing less Pb
(0.30 and 0.033 mM). A significant influence in the inhibition
of the shell dissolution or cadmium precipitation rates by
ion sorption or “poisoning” was ruled out by the fact that,
when dealing with smaller concentrations, neither process
is significantly affected. The same is valid for zinc, although
this metal is only effective when its concentration is higher
than that of cadmium, due to the higher solubility of
hydrozincite and smithsonite as compared to that of otavite.
Figure 5b shows the evolution of the saturation indices for
otavite, aragonite, smithsonite, and hydrozincite for the
experiment performed in the presence of 1.06 mM Zn(NO3)2.
As can be observed, the aqueous solution reached a “peak”
of supersaturation with respect to hydrozincite during the
first 6 h of reaction, decreasing then toward equilibrium. In
contrast, the aqueous solution is always undersaturated for
smithsonite (pKsp ) 9.87). In this case, the consumption of
carbonate ions in precipitating hydrozincite hinders the
removal of cadmium but does not prevent it completely.

Finally, cobalt ions do not produce any significant effect,
even when present in a relatively high concentration (1.03
mM). In this case, the removal of cobalt could occur via
precipitation of sphaerocobaltite (pKsp ) 10.59), although
XRD analyses of the precipitate did not provide any conclusive
identification and Rutt and Nicola (25) did not succeed to
precipitate CoCO3 using wet chemical methods. In any case,
cobalt carbonate phases could not compete with otavite for
carbonate ions, due to their higher solubility.

Effect of Ca and Mg on Cadmium Removal. Experiments
performed with calcium did not show any slowing in the
cadmium uptake process. This is due to the high preferential
partitioning of cadmium into otavite, which prevents a
significant enrichment in calcium of the precipitating phase
until the calcium concentration in the aqueous solution is
3 orders of magnitude higher than that of cadmium. This
situation was only attained after the Cd concentration had
significantly dropped at the end of the experiments, which
coincides with a negligible otavite precipitation rate.

FIGURE 5. (a) Evolution of the saturation indices, calculated with
Phreeqc, with respect to otavite (otv), aragonite (arag), cerussite
(cer), and hydrocerussite (hycer). Diamonds: experiments carried
out with cadmium only (parent solution, 0.47 mM Cd(NO3)2). Circles:
experiments performed in the presence of lead (parent solution,
1.08 mM Pb(NO3)2 + 0.47 mM Cd(NO3)2). (b) Evolution of the saturation
indices with respect to otavite (otv), aragonite (arag), smithsonite
(smith), and hydrozincite (hyzin). Parent solution: 1.06 mM Zn(NO3)2

+ 0.52 mM Cd(NO3)2.
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In contrast, the presence of magnesium accelerates the
precipitation of cadmium. This is not due to a higher
dissolution rate of the aragonite because Ca release rates
were unchanged. Previous studies have shown that Mg could
inhibit both calcite dissolution and precipitation (28) so a
“sorption” process into the otavite crystals could be the source
of the increased rates. Further studies are needed to elucidate
this effect.

Covering as a Total Uptake Limiting Process. Given a
long reaction time (at a laboratory time scale) and depending
on the initial metal concentration, one of the following two
scenarios may be reached: (1) almost all metal will be
removed; or (2) due to the formation of a metal-bearing
precipitate that completely covers the substrate surface, the
aragonite dissolution will stop, and thus additional precipi-
tation of any metal-bearing carbonate will be arrested too,
preventing further metal removal from solution.

A total covering of the shell fragment surfaces implies
that virtually all of the carbonate released by the dissolution
process has been recrystallized back in the form of a metal-
carbonate mineral. This situation will result in pH values
below 8, because carbonate solubility is now controlled by
the newly formed sparingly soluble precipitates and not by
aragonite. Monitoring pH will then permit one to infer when
the metal-removal capacity of a given amount of shell
fragments is exhausted. In this situation, the aqueous solution
will not be necessarily in equilibrium with aragonite (10),
because the substrate is isolated from the aqueous solution,
but it should be at “partial” equilibrium (29) with the
overgrown metal-bearing phase. In the case of cadmium, as
its solubility is controlled by otavite, experiments that do not
reach a pH of at least 7.5 will not result in efficient cadmium
removal. Here, these conditions occur in the experiments
carried out with Cd concentrations higher than 1 mM and
with the highest fragment size ranges (see Tables 1 and 2).

Environmental Applications. The previous results dem-
onstrate the effectiveness of aragonite shell fragments in
removing Cd, Pb, and Zn from aqueous solution. Under the
conditions that usually are reached within 24-72 h (pH ≈
8.2), the concentrations of lead, cadmium, and zinc are on
the order of 0.5 µM. While these values are still too high for
drinking water conformity, they are all in accordance with
the European regulations for rejection of wastewater into
both streams and municipal sewage water systems. The
presence of aragonite buffers the solution to a pH above 8
from whereon a significant redissolution would not occur.
The efficiency in metal binding of biogenic aragonites is as
high as that obtained with clay minerals (30) or oxine
intercalated clay minerals (31). Moreover, in the case of
biogenic aragonite, there is no need for flocculation to
separate the precipitate/adsorbate from the water body: shell
particles of 20-50 µm are easily separated by sedimentation.
In contrast to clay, aragonite shell fragments do not lower
the permeability of remediation barriers. The process may
be optimized using different solid to liquid ratios and by
varying size fraction. Further studies will be needed to identify
the effect of an additional carbonate source, CO2 degassing,
and pH on metal removal rates and efficiencies.
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equilibria in aqueous solution. V: The system CdCO3-CaCO3-
CO2-H2O. Geochim. Cosmochim. Acta 1991, 55, 3505-3514.

VOL. 41, NO. 1, 2007 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 117



(27) Tesoriero, A. J.; Pankow, J. F. Solid solution partitioning of Sr2+,
Ba2+, and Cd2+ to calcite. Geochim. Cosmochim. Acta 1996, 60,
1053-1063.
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