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Abstract

In this study, the speciation of Zn2+, Pb2+, and Cu2+ ions sorbed at the calcite surface was monitored during a 2.5-year reaction peri-
od, using extended X-ray absorption spectroscopy to characterize metal speciation on the molecular scale. Experiments were performed
using pre-equilibrated calcite-water suspensions of pH 8.3, at metal concentrations below the solubility of metal hydroxide and carbonate
precipitates, and at constant metal surface loadings. The EXAFS results indicate that all three metals remained coordinated at the calcite
surface as inner-sphere adsorption complexes during the 2.5-year ageing period, with no evidence to suggest slow formation of dilute
metal-calcite solid solutions under the reaction conditions employed. All three divalent metals were found to form non-octahedral com-
plexes upon coordination to the calcite surface, with Zn2+ adsorbing as a tetrahedral complex, Cu2+ as a Jahn–Teller distorted octahe-
dral complex, and Pb2+ coordinating as a trigonal- or square-pyramidal surface complex. The non-octahedral configurations of these
surface complexes may have hindered metal transfer from the calcite surface into the bulk, where Ca2+ is in octahedral coordination
with respect to first-shell O. The use of pre-equilibrated calcite suspensions, with no net calcite dissolution or precipitation, likely pre-
vented metal incorporation into the lattice as a result of surface recrystallization. The results from this study imply that ageing alone does
not increase the stability of Zn2+, Pb2+, and Cu2+ partitioning to calcite if equilibrium with the solution is maintained during reaction;
under these conditions, these metals are likely to remain available for exchange even after extended sorption times.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

The uptake of trace metals and radionuclides by calcite
has been studied in considerable detail, because the ubiqui-
ty of calcite in the (sub)surface environment combined with
its reactive nature makes this mineral a potentially impor-
tant sink for contaminants in numerous environmental
settings. In general, the uptake of metals by mineral sor-
bents may proceed via a number of different mechanisms,
including adsorption (the coordination of metal ions to
the mineral surface), coprecipitation (the incorporation of
metal ions into the mineral structure by substituting for lat-
tice atoms) and precipitation (the formation of secondary
mineral phases). Several studies have shown that all of
0016-7037/$ - see front matter � 2006 Elsevier Inc. All rights reserved.
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these uptake mechanisms may be operative in the seques-
tration of divalent trace metals by calcite, depending on
reaction variables such as metal type and concentration,
calcite saturation state, reaction time, and pH (Zachara
et al., 1988, 1989, 1991; Paquette and Reeder, 1990, 1995;
Stipp et al., 1992; Sturchio et al., 1997; Temmam et al.,
2000; Elzinga and Reeder, 2002; Godelitsas et al., 2004;
Rouff et al., 2004, 2005, 2006).

In many studies it has been found that the stability of
partitioned metals increases with sorption time, as evi-
denced by a decrease in the rate and extent of metal desorp-
tion. This indicates that in certain systems, sorbed metal
species may undergo slow transformation into more stable
sorption products that are less susceptible to release back
into solution. Mechanistically, a number of different pro-
cesses may be involved in the increase in stability of metal
partitioning with time; these include metal incorporation
into the mineral lattice during recrystallization of the min-
eral sorbent (e.g., Ainsworth et al., 1994; Van der Weijden
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et al., 1994, 1997a; Ford et al., 1999; Schosseler et al.,
1999), metal incorporation into the lattice by solid-state
diffusion from the surface into the mineral bulk (Stipp
et al., 1992; Stipp, 1994), stabilization of metal precipitate
phases by Ostwald ripening and slow structural transfor-
mations (Ford et al., 1999; Scheckel et al., 2000), and rear-
rangement of surface complexes into a more stable
configuration (Arai and Sparks, 2002; Dähn et al., 2003).

A number of studies have addressed the effect of reac-
tion time on the mechanism of divalent metal uptake by
calcite. Work by Stipp and co-workers (Stipp et al., 1992;
Stipp, 1994, 1998; Hoffmann and Stipp, 2001) indicated
that Cd2+ and Zn2+ may move from the calcite surface into
the calcite bulk via defect-enhanced solid-state diffusion on
relatively short time scales, whereas Ni2+ appeared to
undergo no solid-state diffusion, and remained mostly pres-
ent at the calcite surface even after prolonged reaction
times. Schosseler et al. (1999) followed the uptake and spe-
ciation of Cu2+ as a function of time in calcite and vaterite
suspensions using in situ electron paramagnetic resonance
(EPR) spectroscopy. In the calcite suspensions, where
active dissolution and recrystallization of the calcite surface
occurred due to the fact that the solutions used in this
study were under-saturated with respect to calcite before
reaction with Cu2+ was initiated, sorbed Cu2+ was found
to transform from a square planar or square pyramidal ad-
sorbed surface species into an octahedral Jahn–Teller dis-
torted bulk species during recrystallization, resulting in
the formation of a dilute CuxCa(1�x)CO3 solid solution.
The same change in Cu2+ coordination was observed in
the vaterite experiments during the transformation of vate-
rite into calcite. Rouff et al. (2002) used batch sorption and
desorption experiments to study the reversibility of Pb2+

uptake by calcite as a function of reaction time, and
observed that Pb2+ sorption remained largely reversible
during the 12-day reaction time employed. Davis et al.
(1987) and Martin-Garin et al. (2003) observed a slow up-
take step of Cd2+ on calcite, which was correlated to a
decrease in reversibility of Cd2+ sorption, and interpreted
to be due to solid solution formation (Davis et al., 1987)
and solid-state diffusion (Martin-Garin et al., 2003),
respectively. Van der Weijden et al. (1994) observed a
decrease in reversibility of Cd2+ sorption to calcite over
time, as determined via desorption experiments, which
was attributed to Cd2+ incorporation into the calcite lattice
during calcite recrystallization associated with steady-state
exchange between the solid and liquid phase.

In the present study, we use extended X-ray absorption
fine structure spectroscopy (EXAFS) to investigate the ef-
fect of reaction time on the speciation of Zn2+, Pb2+, and
Cu2+ sorbed at the calcite surface in pre-equilibrated cal-
cite–water suspensions of pH 8.3 at metal concentrations
below the solubility of metal hydroxide and carbonate pre-
cipitate phases. Recent EXAFS studies have shown that
under these conditions Zn2+, Pb2+, and Cu2+ coordinate
at the calcite surface as inner-sphere mononuclear adsorp-
tion complexes when employing short incubation times on
the order of days (Elzinga and Reeder, 2002; Rouff et al.,
2004; Lee et al., 2005). The results presented here charac-
terize the speciation of these calcite-sorbed metals during
a 2.5-year reaction period, and have implications for the
long-term stability of these metals when sorbed to calcite.

2. Materials and methods

2.1. Adsorption experiments

The calcite powder used as sorbent in the adsorption
experiments was obtained from Spectrum (New Brunswick,
New Jersey). The main impurity was Mg, at a concentra-
tion of 2800 ppm; the overall heavy metal content of the
material was <20 ppm. X-ray diffraction analysis con-
firmed that the material was calcite, and showed no evi-
dence for the presence of other phases. The calcite
powder had an average particle size of 1.8 lm, and a
N2-BET surface area of @10 m2 g�1. To avoid calcite disso-
lution or precipitation during the sorption experiments, we
used calcite-water suspensions pre-equilibrated at room
temperature and atmospheric PCO2. These suspensions
were prepared by pumping water-saturated air through
the suspensions, which had calcite particle loadings of 0.1
or 0.5 g calcite L�1, for a 2-week period, during which time
the suspension pH stabilized at a value of about 8.3. The
suspensions were then sealed and subsequently aged for
another 4 weeks before reaction with metal. The calcite
material partially dissolved during equilibration, in order
to achieve the [Ca2+] = 0.49 mM equilibrium solution con-
centration of calcite-saturated solutions of pH 8.3 open to
air. As a result, the final particle loadings in the equilibrat-
ed suspensions were 0.05 and 0.45 g calcite L�1.

Sorption experiments were started by spiking the sus-
pensions with appropriate aliquots of 0.01 M CuCl2,
ZnCl2, or PbCl2 stock solutions to give Cu2+, Zn2+, or
Pb2+ concentrations of 1.0 or 5.0 lM. Metal addition
resulted in a slight drop of the suspension pH (<0.05 pH
unit), which was corrected with 0.1 M NaOH within
2 min following metal addition. The samples were then
placed on a reciprocal shaker for equilibration for 2 days.
After 2 days, the reaction vessels were taken off the shaker
for further ageing, and periodically reagitated and mea-
sured for pH. The suspension pH values were found to
be stable (at pH � 8.3) during the entire reaction period.
Subsamples were periodically taken from the main reaction
vessels for EXAFS analysis, at reaction times varying from
2 days to 2.5 years. The subsamples were filtered through
0.22 lm filter paper to collect the calcite solids for EXAFS
analysis. The wet metal-reacted calcite pastes were loaded
into lucite sample holders and sealed with Kapton tape
to prevent drying. The EXAFS spectra of these wet sam-
ples were collected within 24 h following filtration, and
the samples were checked after data collection to confirm
that they were still moist. In addition to these wet samples,
we also analyzed a number of dried samples. These samples
were prepared by air-drying the 2 day samples after they
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had been analyzed. Following drying, the samples were
stored in sealed containers for approximately 2.5 years be-
fore they were reanalyzed by EXAFS. Based on the
amount of entrained solute present in the moist samples
prior to drying (approximately 1 mL per gram of calcite
after filtration), and considering the Ca2+ concentration
in air-equilibrated calcite solutions of pH 8.3 (0.5 mM),
the surface site density of calcite (5 · 1018 sites m�2,
according to Möller and Sastri, 1974), and the 10 m2 g�1

surface areas of the calcite powder used in this study, it
was calculated that sample drying potentially could add a
calcite monolayer to 0.6% of the calcite surface present in
these samples. Considering that the metal loadings in the
dried samples were on the order of 12–17% monolayer cov-
erage (as will be shown in the results section), sample dry-
ing provided insufficient calcite precipitation to cover
sorbed metal and form a metal-calcite solid solution. As
a result, sample drying alone would not explain metal
incorporation into the calcite lattice if it occurred to a sig-
nificant extent. EXAFS analysis of the dried samples pro-
vided insight into the combined effects of drying and
ageing on the speciation of calcite-sorbed Zn2+, Pb2+,
and Cu2+, as complementary information to the results
of the wet ageing experiments described above.

The calcite metal loadings of the sorption samples were
determined following EXAFS analysis. Samples were oven-
dried at 60 �C, weighed, and dissolved in 0.2 M HNO3, at a
1:100 solid to liquid weight ratio. The solutes were then
analyzed for dissolved Cu2+, Zn2+, or Pb2+ using induc-
tively coupled plasma (ICP) spectrometry, and metal load-
ing was calculated from the solute metal concentration and
the amount of calcite solid dissolved.

The reference compounds used in this study were, for
Zn2+: hydrozincite (Zn5(OH)6(CO3)2), for Cu2+: malachite
(Cu2(OH)2CO3), and for Pb2+: Pb4(OH)4

4+(aq). EXAFS
data of these references were collected and analyzed to
evaluate the importance of precipitation reactions in the
sorption samples (in the case of Cu2+ and Zn2+), and to
estimate the accuracy of the EXAFS fitting parameters.
Additionally, the data of the sorption samples were com-
pared to those of dilute Cu2+-, Zn2+-, and Pb2+-calcite sol-
id solutions to evaluate the possible occurrence of solid
solution formation. Preparation of these metal-doped cal-
cites was done using the modified free-drift method de-
scribed in detail by Paquette and Reeder (1995) and
Reeder (1996), and their EXAFS characterization is dis-
cussed in Reeder et al. (1999), Elzinga and Reeder (2002),
and Rouff et al. (2004).

2.2. EXAFS data collection and analysis

EXAFS spectra were recorded on beamlines X-11A and
X-18B of the National Synchroton Light Source (NSLS) at
Brookhaven National Laboratory. The storage ring oper-
ated at 2.84 GeV with a maximum current of 280 mA. A
Si(1 11) crystal pair (X-11A) or a channel-cut Si(1 11) crys-
tal (X-18B) was used in the monochromator, with detuning
of 40% for harmonic rejection. The monochromator was
calibrated using appropriate metal foils. Multiple scans
(15–20 typically) of the Cu2+-, Zn2+-, and Pb2+-calcite
adsorption samples, as well as the dilute metal-calcite solid
solutions were collected at the Cu and Zn K-edges and the
Pb L3-edge, using a 13-element Ge solid-state detector for
fluorescence detection. The adsorption samples were ana-
lyzed at room temperature, whereas the dilute metal-calcite
solid solutions were run at liquid nitrogen temperature
(77 K). The EXAFS data of the reference compounds were
collected in transmission mode at room temperature. Scans
were calibrated and averaged prior to fitting. Further data
reduction and fitting were performed with the Win-
XAS2000 software package (Ressler, 1997) using standard
procedures.

Theoretical backscattering paths were calculated with
FEFF7 (Ankudinov and Rehr, 1997) based on input files
of Cu, Zn or Pb substituting in the Ca site in calcite. Fitting
was done in R space out to approximately 4 Å. For the
adsorption samples, no constraints were placed on the fit-
ting parameters of the first-neighbor O shells, but the
Debye-Waller factors (r2) of the higher shells were fixed
at 0.01 Å2 to reduce the number of free parameters in the
fitting procedure. The EXAFS data of the Zn2+-, Cu2+-,
and Pb2+-doped calcite samples indicated that these metals
occupy the Ca site in the calcite structure. To reduce the
number of free parameters in the fitting procedure of these
samples, the coordination numbers of the shells surround-
ing incorporated metal atoms were therefore fixed at values
consistent with substitution in Ca sites, whereas all other
parameters were allowed to vary. The number of parame-
ters allowed to vary never exceeded the Nyquist limit.
Error estimates are ±0.02 Å for the radial distance (R) val-
ues of the first shells, and ±0.05 Å for higher shells. For the
coordination number (CN), which is correlated to the De-
bye-Waller factor, the error is estimated at ±15% for the
first O shell, and >25% for the further shells.

3. Results

The raw and fitted k3-weighted v spectra of the metal-
calcite adsorption samples of various reaction times are
shown in Figs. 1–3, along with the corresponding radial
structure functions obtained by Fourier transformation
of the raw v spectra. Also shown are the EXAFS data of
the various reference compounds. Included for the sorption
samples shown in Figs. 1–3 is the metal surface loading
(reported as fraction of Ca surface sites occupied) for each
sample. The analyses of the calcite metal loadings indicated
that metal uptake by calcite proceeded rapidly under the
conditions used, with P90% of total metal removed from
solution within 48 h (the first time point of sampling) in
all cases. Due to this fast, extensive metal uptake, no signif-
icant additional adsorption occurred after the first sam-
pling time point, and as a result, the samples analyzed as
part of the reaction time sequence had similar metal load-
ings (Figs. 1–3). Consequently, this study isolates the effect
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Fig. 1. (a) Raw and fitted k3-weighted v functions of Zn2+-calcite sorption
samples and Zn2+ reference compounds. (b) Fourier transforms of Zn2+

sorption samples and references, obtained by Fourier-transformation of
the k3-weighted v function of the raw data shown in (a). *Dried sample,
subsequently aged for 2.5 years; C is the metal surface coverage, expressed
as fraction of monolayer coverage.
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Fig. 2. (a) Raw and fitted k3-weighted v functions of Cu2+-calcite sorption
samples and Cu2+ reference compounds. (b) Fourier transforms of Cu2+

sorption samples and references, obtained by Fourier-transformation of
the k3-weighted v function of the raw data shown in (a). *Dried sample,
subsequently aged for 2.5 years; C is the metal surface coverage, expressed
as fraction of monolayer coverage.
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of ageing on the speciation of Cu2+, Zn2+, and Pb2+ initial-
ly bound at the calcite surface as probed by EXAFS, i.e.,
any changes observed in the speciation of these sorbed met-
als over time would reflect a reaction time effect, and would
not be due to changes in the metal surface loadings.

For all three metals, the EXAFS data obtained for the
adsorption samples are markedly different from those of
the solid standards, indicating that precipitation of these
metal phases had not occurred to any significant extent
in these experiments. Although the 5 lM Cu2+ and Zn2+

samples were initially slightly oversaturated with respect
to malachite and hydrozincite (saturation index = 0.56
and 0.23, respectively, as determined from speciation calcu-
lations with the PHREEQC speciation program), the metal
concentrations in solution at all sampling time points were
below the solubilities of these precipitate phases, as deter-
mined from the amount of metal sorbed. The absence of
these precipitates in the sorption samples despite initial
oversaturation indicates that metal removal from solution
via adsorption reactions out-competed precipitate forma-
tion under the given conditions. In the Pb2+ experiments,
only 1 lM Pb2+ concentrations were used, and PHREEQC
calculations indicated undersaturation with respect to any
Pb2+ precipitates at this concentration. The data for the
metal-calcite sorption samples shown in Figs. 1–3 are
therefore representative of calcite-associated Cu2+, Zn2+,
and Pb2+ atoms, with negligible contributions from metal
entrapped in secondary precipitates.
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Fig. 3. (a) Raw and fitted k3-weighted v functions of Pb2+-calcite sorption
samples and Pb2+ reference compounds. (b) Fourier transforms of Pb2+

sorption samples and references, obtained by Fourier-transformation of
the k3-weighted v function of the raw data shown in (a). *Dried sample,
subsequently aged for 2.5 years; C is the metal surface coverage, expressed
as fraction of monolayer coverage.
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Addition of Cu2+, Zn2+, and Pb2+ to the saturated cal-
cite-water suspensions likely resulted in (slight) supersatu-
ration with respect to Cu2+-calcite, Zn2+-calcite, and
Pb2+-calcite solid solutions over a range of different com-
positions, as discussed in Tesoriero and Pankow (1996),
Prieto et al. (2003), and Astilleros et al. (2002, 2003a,b).
Due to the lack of suitable models for Cu2+, Zn2+ and
Pb2+ substitution in calcite, it is not possible to provide a
reliable estimate of the degree of supersaturation of such
phases. As discussed below, however, substantial differenc-
es in coordination allow us to distinguish between copre-
cipitated and adsorbed Cu2+, Zn2+, and Pb2+ using
EXAFS.

The EXAFS fitting results of the various samples are
presented in Table 1. The EXAFS of the metal-calcite sorp-
tion samples are dominated by scattering from first-shell
oxygens atoms, which are located at a radial distance of
�1.95 Å for Cu2+ and Zn2+, and at �2.34 Å in the case
of Pb2+ (Figs. 1–3, Table 1). Shells appearing at longer
radial distances in the RSFs (Figs. 1–3) were successfully
fitted with scattering from C, O, and Ca atoms (Table 1),
consistent with results from previous studies (Elzinga and
Reeder, 2002; Rouff et al., 2004; Lee et al., 2005). The fit-
ting results indicate the formation of mononuclear inner-
sphere Cu2+, Zn2+, and Pb2+ adsorption complexes
positioned in Ca sites at the calcite surface, which are
linked to the calcite surface by coordinating to surface car-
bonate groups. The observed first-shell Zn–O distance of
1.95 Å indicates that Zn2+ assumes a tetrahedral configura-
tion with respect to first-shell O when it adsorbs to the cal-
cite surface (Elzinga and Reeder, 2002). Copper adsorbs as
a Jahn–Teller distorted octahedron, with the (close) equa-
torial O atoms located at �1.95 Å from the Cu2+ center,
whereas the axial O atoms, located at longer radial distanc-
es, could not be reliably fitted, most likely due to high
structural and/or thermal disorder in this correlation
(Elzinga and Reeder, 2002; Lee et al., 2005). The Pb–O
first-shell distance of 2.34 Å indicates that the Pb2+-calcite
adsorption complex has a distorted trigonal pyramidal or
square pyramidal first O shell, with an active lone pair of
electrons forcing the O atoms towards one side of the
Pb2+ atom (Rouff et al., 2004). The same type of first-shell
Pb–O coordination occurs in the Pb4(OH)4

4+(aq) reference
sample (Table 1), and has been observed for inner-sphere
Pb2+ adsorption complexes formed at Ru(IV)-, Fe(III)-,
Al(III)-, and Mn(III, IV)-(hydr)oxide surfaces (Bargar
et al., 1997a,b; Strawn et al., 1998; Matocha et al., 2001;
Trivedi et al., 2003; Scheckel et al., 2004). Possible linkages
between sorbed Cu2+, Zn2+, and Pb2+ ions and the calcite
surface that are consistent with the EXAFS fitting results
are presented in Fig. 4; a more extended view of the coor-
dination of these metals at the calcite surface is provided in
Elzinga and Reeder (2002) and Rouff et al. (2004).

The EXAFS data of sorption samples reacted for differ-
ent times are essentially the same (Figs. 1–3), indicating
that the average local coordination environments of sorbed
Cu2+, Zn2+, and Pb2+ did not significantly change over
time. The coordination environments of Cu2+, Zn2+, and
Pb2+ incorporated in the calcite structure are noticeably
different from those of the surface complexes of these met-
als when adsorbed at the calcite surface, as evidenced by
comparison of the EXAFS data of the dilute metal-calcite
solid solutions and the metal-calcite sorption samples.
Incorporated Cu2+, Zn2+, and Pb2+ all occupy the Ca2+

site within the calcite structure, and are in octahedral coor-
dination with respect to first-shell O, as indicated by first-
shell O distances of 2.01, 2.13, and 2.52 Å for Cu2+,
Zn2+, and Pb2+, respectively (Table 1), which are signifi-
cantly different from the first-shell O distances observed
for adsorbed Cu2+ (1.95 Å), Zn2+ (1.95 Å), and Pb2+

(2.34 Å) surface complexes (Table 1). This difference in
first-shell O coordination facilitates discrimination between



Table 1
EXAFS fitting results for the various metal-calcite sorption samples and reference materials

Zn sorption samples Pb sorption samples

[Zn]tot (lM) Time C Shell CN R (Å) r2 (Å2) [Pb]tot (lM) Time C Shell CN R (Å) r2 (Å2)

5 2 days 0.12 Zn–O 3.7 1.96 0.007 1 1 day 0.12 Pb–O 4.3 2.34 0.014
Zn–C 3.6 2.82 0.01b Pb–C 3.3 3.29 0.01b

Zn–O 1.9 3.01 0.01b Pb–O 3.8 3.62 0.01b

Zn–Ca 1.0 3.34 0.01b Pb–Ca 1.4 3.98 0.01b

5 2 months 0.13 Zn–O 4.2 1.96 0.007 1 2 days 0.12 Pb–O 4.3 2.35 0.013
Zn–C 3.4 2.83 0.01b Pb–C 1.8 3.33 0.01b

Zn–O 1.2 3.05 0.01b Pb–O 2.0 3.58 0.01b

Zn–Ca 0.9 3.33 0.01b Pb–Ca 1.0 3.98 0.01b

5 2.5 years 0.13 Zn–O 4.2 1.95 0.008 1 2 months 0.12 Pb–O 4.7 2.34 0.013
Zn–C 2.8 2.83 0.01b Pb–C 2.4 3.33 0.01b

Zn–O 1.1 3.04 0.01b Pb–O 3.1 3.57 0.01b

Zn–Ca 0.9 3.36 0.01b Pb–Ca 1.5 3.97 0.01b

1 2 days 0.17 Zn–O 3.6 1.96 0.008 1 2.5 yearsa 0.12 Pb–O 4.5 2.34 0.013
Zn–C 2.2 2.86 0.01b Pb–C 1.4 3.36 0.01b

Zn–O 1.2 3.08 0.01b Pb–O 2.1 3.61 0.01b

Zn–Ca 1.0 3.34 0.01b Pb–Ca 1.3 3.99 0.01b

1 2.5 yearsa 0.17 Zn–O 4.5 1.95 0.007
Zn–C 2.5 2.82 0.01b

Zn–O 1.1 3.10 0.01b

Zn–Ca 1.0 3.35 0.01b

Cu sorption samples Reference samples

[Cu]tot (lM) Time C Shell CN R (Å) r2 (Å2) Shell CN R (Å) r2 (Å2)

5 2 days 0.12 Cu–O 4.1 1.96 0.005 Hydrozincite Zn–O 5.3 2.03 0.011
Cu–C 2.6 2.95 0.01b Zn–Zn 2.1 3.15 0.012
Cu–O 1.5 3.35 0.01b Zn–Zn 3.4 3.54 0.009
Cu–Ca 1.8 3.90 0.01b

ZnxCa(1�x)CO3 Zn–O 6.3 2.13 0.008

5 2 months 0.13 Cu–O 4.1 1.96 0.005 Zn–C 6b 3.13 0.005
Cu–C 2.3 2.93 0.01b Zn–O 6b 3.36 0.006
Cu–O 2.4 3.30 0.01b Zn–Ca 6b 3.95 0.005
Cu–Ca 2.3 3.81 0.01b

Malachite Cu–O 3.4 1.93 0.008

5 2.5 years 0.13 Cu–O 4.1 1.94 0.006
Cu–C 1.7 2.93 0.01b CuxCa(1�x)CO3 Cu–O 4.1 2.01 0.006
Cu–O 0.8 3.29 0.01b Cu–C 6b 2.99 0.007
Cu–Ca 1.7 3.87 0.01b Cu–O 6b 3.21 0.015

Cu–Ca 6b 3.97 0.007

1 2 days 0.17 Cu–O 4.4 1.94 0.006
Cu–C 2.6 2.95 0.01b Pb4(OH)4

4+(aq) Pb–O 2.2 2.28 0.008
Cu–O 1.2 3.30 0.01b Pb–Pb 1.7 3.77 0.01
Cu–Ca 1.2 3.89 0.01b

PbxCa(1�x)CO3 Pb–O 6 2.51 0.005

1 2.5 yearsa 0.17 Cu–O 4.6 1.95 0.007 Pb–C 6b 3.24 0.004
Cu–C 1.4 2.90 0.01b Pb–O 6b 3.81 0.007
Cu–O 1.6 3.32 0.01b Pb–Ca 6b 4.08 0.004
Cu–Ca 1.4 3.82 0.01b

a Dried samples subsequently aged for 2.5 years.
b Fixed parameters.
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surface-bound (i.e., adsorbed) and lattice-incorporated
Cu2+, Zn2+, and Pb2+. The EXAFS results of the sorption
samples are therefore inconsistent with metal incorporation
into the calcite lattice during reaction, since incorporated
metals are expected to have a sixfold (octahedral) coordi-
nation with respect to first-shell O, as is observed for the
dilute metal-calcite solid solutions presented in Figs. 1–3,
whereas none of the sorption samples shows evidence for
such a metal coordination. Instead, the metals studied here
appear to remain predominantly bonded as tetrahedral
Zn2+, Jahn–Teller distorted Cu2+, and trigonal- or
square-pyramidal Pb2+ surface complexes, even after
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Fig. 4. Linkages between adsorbed Zn2+, Pb2+, and Cu2+ ions and the
calcite surface that are consistent with the EXAFS fitting results. Grey and
black circles represent O and C atoms, respectively.
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sorption times of 2.5 years. Furthermore, sample drying
(and subsequent ageing) appears to have no effect on the
bonding characteristics of the metal-calcite sorption com-
plexes either, as evidenced by the observation that the EX-
AFS data of the dried Cu2+, Zn2+, and Pb2+ samples are
identical to those of the wet samples. This indicates that
in these dried and aged samples, the metals are coordinated
in the same way as in the short-term (2 days) experiments
performed under wet conditions.

4. Discussion

Our EXAFS data indicate that inner-sphere Cu2+, Zn2+,
and Pb2+ adsorption complexes formed at the calcite sur-
face after one day remain largely unchanged during 2.5
years of ageing in calcite-water suspensions of pH 8.3 that
remain at bulk saturation equilibrium. Adsorption com-
plexes are expected to be more labile compared to incorpo-
rated and precipitated metal species, in that they are
relatively easily desorbed when changes in solution chemis-
try disrupt the sorption equilibrium. Mononuclear Pb2+

atoms adsorbed as inner-sphere complexes at c-Al2O3

and goethite surfaces, for instance, were found to be bound
in a largely reversible fashion: desorption occurred readily
and extensively when the metal-reacted solids were contact-
ed with metal-free solutions, indicating that the surface-
sorbed Pb2+ cations were available for exchange (Strawn
et al., 1998; Eick et al., 1999). Moreover, the rate of Pb2+

desorption from goethite did not significantly change dur-
ing a 12 d reaction period (Eick et al., 1999), and in the case
of Pb2+ sorption to alumina, EXAFS results indicated that
the speciation of adsorbed Pb2+ did not change during 23
days of reaction (Strawn et al., 1998), suggesting that reac-
tion time had no effect on the potential for Pb2+

remobilization.
Rouff et al. (2005) observed that Pb2+ sorbs to calcite as

a combination of inner-sphere adsorption complexes and
lattice-incorporated Pb2+ when adsorbed from pre-equili-
brated calcite solutions of pH 9.4 and 7.3, as determined
by EXAFS spectroscopy. The percentage of incorporated
Pb2+ values correlated well with the decrease in reversibil-
ity of Pb2+ sorption at pH 9.4 and 7.3 relative to pH 8.3,
where Pb2+ sorption was fully reversible and Pb2+ was
found to be predominantly bonded as an inner-sphere
adsorption surface complex with the same configuration
found here (Rouff et al., 2005). Zachara et al. (1991) attrib-
uted observed partial irreversibility of divalent metal sorp-
tion to calcite to solid solution formation, as the
irreversibility of metal sorption increased for metals having
ionic radii similar to that of Ca2+. Our current findings sug-
gest that the lability of Cu2+, Zn2+, and Pb2+ atoms sorbed
to calcite does not significantly change over time, i.e., there
is no spectroscopic evidence to indicate that during sample
ageing the inner-sphere adsorbed metal complexes
transform into more stable (or less labile) metal-calcite
complexes that are less susceptible to desorption, such as
lattice-incorporated metal ions or metal precipitate phases.
Similarly, sample drying followed by 2.5 years of ageing
seems to have no effect on the metal surface complex char-
acteristics as seen using EXAFS, suggesting that the com-
bination of drying and ageing has no significant effect on
the coordination of the metal sorbates either.

It should be noted that the results reported here are
likely to be at least partially conditional on the experimen-
tal procedures used. In this study, we used calcite–water
suspensions that were equilibrated before metal sorption
was allowed to take place; moreover, bulk equilibrium with
respect to calcite was maintained during the entire 2.5-year
reaction period used. It is quite conceivable that different
results would have been found if at any time during the
2.5 years of reaction the calcite bulk equilibrium had been
perturbed (due to changes in temperature or solution com-
position for instance), as a result of which calcite dissolu-
tion and (re)precipitation could occur. Since all three of
the metals used in this study can substitute for Ca atoms
in the calcite lattice, any calcite dissolution and recrystalli-
zation occurring when these metals are present would likely
result in at least some metal-calcite solid solution forma-
tion. Additionally, the experiments were done at essentially
constant metal loadings, due to the fact that no additional
metal uptake occurred after the first sampling time point;
as a result, this study isolates the effect of ageing on the spe-
ciation of calcite-sorbed Cu2+, Zn2+, and Pb2+. In experi-
mental systems where there is continued loading of the
calcite surface over time, the operation of different or addi-
tional mechanism(s) of metal uptake would not be unlikely.

In the following, the results from this study are
compared to those of previous investigations dealing with
divalent metal uptake by calcite. Particular focus is placed
on differences in experimental procedures, which appear to
play an important role in the observed mechanisms of
metal uptake by calcite as a function of reaction time.

The persistence of surface-adsorbed species with time
observed here under both wet and dry conditions is notable
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in view of results from previous studies of metal sorption to
calcite, where formation of metal-calcite solid solutions
was observed for Cu2+, Cd2+, and Zn2+ following deposi-
tion of these metals on the calcite surface (Stipp et al., 1992;
Stipp, 1994, 1998; Schosseler et al., 1999). There are several
important differences in the experimental conditions used
in these studies versus ours that may account for these dif-
ferent findings. Schosseler et al. (1999) observed a transfor-
mation of calcite-sorbed Cu2+ surface complexes into
lattice-incorporated Cu2+ species over time using time-re-
solved EPR spectroscopy. Unlike our experiments, the
solutions used in this study were under-saturated with re-
spect to calcite before reaction with Cu2+ was started. As
a result, the calcite material in the Schosseler et al. (1999)
experiments likely underwent active dissolution and recrys-
tallization following Cu2+ introduction, which may explain
the incorporation of Cu2+ into the near-surface calcite lat-
tice following initial coordination at surface sites. In our
experiments, calcite-saturated solutions were used, and,
as a result, no net calcite dissolution and precipitation oc-
curred during reaction with Cu2+, which may have prevent-
ed the incorporation of Cu2+ via surface recrystallization.

Stipp et al. (1992) and Stipp (1994, 1998) observed a loss
of Cd2+ and Zn2+ from the calcite surface based on time-
resolved XPS and LEED experiments over time scales as
short as a few days under both wet and dry conditions,
and interpreted this loss as due to solid-state diffusion of
Cd2+ and Zn2+ into the bulk structure. These studies (per-
formed under ambient conditions of temperature and pres-
sure) employed freshly cleaved calcite ð1014Þ faces exposed
to metal-bearing solutions that were not in equilibrium
with calcite. The use of aged calcite powder in our study
versus freshly cleaved single crystals may have resulted in
different mechanisms of metal adsorption between these
experiments, thereby possibly affecting the potential for
metal mobility. Ageing of the calcite powder in solution,
as done in our experiments, may have ‘‘healed’’ the calcite
surface from highly reactive surface defect sites that are
likely to be present on freshly cleaved crystal faces, and this
treatment may have resulted in differences in the types of
calcite surface sites available for Zn2+ complexation
between these experiments. Additionally, as mentioned ear-
lier, non-equilibrated solutions, as used in the Stipp et al.
experiments, may affect the calcite surface properties and
behavior relative to systems employing equilibrated solu-
tions without net calcite dissolution or precipitation, there-
by affecting the mechanism and possibly the stability of
metal coordination.

Mechanistic differences in metal coordination may be of
particular importance in the case of Zn2+ and Pb2+, for
which we observe surface complexes that have substantially
different first-shell O configurations than their octahedrally
coordinated counterparts in bulk calcite. A more subtle but
still notable difference in first-shell O coordination between
bulk and surface species is observed for Cu2+. If solid-state
diffusion were operative, the change in O-shell coordina-
tion required during transition of the metal from the sur-
face into the bulk would likely obstruct movement of
adsorbed Zn2+, Pb2+, and Cu2+ in our experiments,
whereas such a coordination change may not have been re-
quired for the conditions in the experiments of Stipp et al.
(1992) and Stipp (1994, 1998). For instance, a combined
X-ray standing wave and surface EXAFS study by Cheng
et al. (1998) indicated the incorporation of Zn2+ as an octa-
hedral complex at the calcite ð1014Þ surface by direct sub-
stitution for surface Ca atoms. As in the Stipp et al. (1992)
and Stipp (1994, 1998) experiments, the Cheng et al. (1998)
study employed freshly cleaved single crystals that were ex-
posed to Zn2+-bearing solutions that were not in equilibri-
um with calcite. If solid-state diffusion were an operative
mechanism in metal sequestration by calcite under ambient
conditions, it is reasonable to expect that the formation of
octahedral Zn2+ surface complexes would facilitate move-
ment of Zn2+ into the bulk, whereas the tetrahedral coor-
dination we observe in our powder experiments would
likely hinder Zn2+ movement. A recent XPS study by Cha-
da et al. (2005) revealed no evidence to suggest solid-state
diffusion of Cd2+ and Pb2+ deposited onto single crystal
calcite ð1014Þ surfaces from pre-equilibrated calcite solu-
tions, further indicating that differences in experimental
setup and conditions may affect the coordination and asso-
ciated stability of surface-sorbed metal species.

Additional complexity arises from the fact that different
metals may exhibit different behavior, as demonstrated by
a recent study of Hoffmann and Stipp (2001) on Ni2+ up-
take by calcite single crystals. In contrast to Zn2+ and
Cd2+, Ni2+ did not show evidence for loss from the surface,
interpreted as a lack of solid-state diffusion into the calcite
bulk, although the same experimental methods and materi-
als were used as in the earlier studies dealing with Zn2+ and
Cd2+ uptake. Further studies on the relation between the
characteristics of metal coordination and the potential for
metal solid diffusion would be useful, as would be studies
on the influence of experimental parameters such as the
pH and calcite saturation state of reacting solutes, the (cal-
cite) surface roughness, and the possible effect of surface
site characteristics on this process.

The results from this study also allow comment on the
influence of the dynamic equilibrium processes occurring
at the calcite surface on long-term metal sorption. At satu-
ration, steady-state dynamic exchange between surface and
solution species occurs at the calcite-water interface, result-
ing in a situation of dynamic equilibrium. Studies by Van
der Weijden et al. (1994, 1997a,b) indicated that as a result
of these steady-state dissolution and precipitation process-
es, Ca atoms may exchange into the near-surface calcite lat-
tice, as determined via 45Ca exchange experiments. It is
therefore interesting to note that no detectable incorpora-
tion of Cu2+, Zn2+, and Pb2+ into the calcite structure oc-
curs, in spite of the fact that these metals are able to
substitute for Ca2+ atoms in the calcite lattice. The lack
of noticeable metal incorporation even after extended sorp-
tion times may be due to inhibition or attenuation of the
dynamic exchange processes at the calcite surface following
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metal sorption. Interaction of metal impurities with calcite
kinks and steps, where most of the dynamic exchange reac-
tions occur, has been shown to inhibit both calcite growth
and dissolution, which is attributed to blocking of these
high energy sites (e.g. Meyer, 1984; Lea et al., 2001).
Therefore, inner-sphere metal sorption is likely to inhibit
steady-state exchange between the aqueous and solid
phase, thereby reducing the microscopic dissolution and
precipitation reactions that are likely to be required for
metal incorporation into the near-surface lattice, and thus
obstructing the subsequent formation of metal-calcite solid
solutions. The inhibition of calcite growth and dissolution
may be particularly effective for the three metals studied
here, as a result of their non-octahedral coordination at
calcite surface sites and their high affinity for the calcite
surface.

Of further note is that the 45Ca exchange results report-
ed by Van der Weijden et al. (1994, 1997a,b) indicated that
the steady-state flux between the solid and aqueous phase
was lowest at pH 8.4, and increased at both lower and
higher pH values in the pH range 7.4–9.0. The inherently
low exchange rates between the aqueous and solid phase
in our studies (at pH 8.3) may have furthered the inhibitory
effect of metal sorption on the steady-state exchange pro-
cesses between the solid and aqueous phase, thereby effec-
tively obstructing metal incorporation. Results from a
recent study by Rouff et al. (2005) on pH-dependent
Pb2+ uptake mechanisms by calcite are consistent with this
notion, as Pb2+ lattice incorporation was observed at pH
7.3 and 9.4, where exchange rates are relatively high,
whereas only Pb2+ adsorption was observed at pH 8.3,
where exchange rates are lowest.

The results of Van der Weijden et al. (1994, 1997a)
indicated that the ‘‘surface recrystallization’’ of calcite
occurring slowly as a result of the microscopic dissolu-
tion and precipitation reactions associated with steady-
state exchange between the aqueous and solid phase,
may lead to slow incorporation of Cd2+ into the near-
surface calcite lattice, as evidenced by a decrease in
reversibility of Cd2+ sorption over time. These experi-
ments were done in a similar fashion as ours, using
pre-equilibrated calcite-suspensions, and maintaining cal-
cite saturation during the entire reaction time frame.
Incorporation of Cd2+ may be more facile than for
Zn2+, Pb2+, and Cu2+, as Cd2+ has an ionic radius more
similar to that of Ca2+, and, unlike the other three met-
als, is likely to coordinate at the calcite surface as an
octahedral complex (Elzinga and Reeder, 2002). As a
result, the inhibitory effect of Cd2+ on the steady-state
microscopic dissolution and precipitation processes is
expected to be less than for Zn2+, Pb2+, and Cu2+, mak-
ing lattice incorporation of Cd2+ over long sorption
times perhaps more likely than for these other divalent
metals. In support of this hypothesis, the results of
Meyer (1984) indicated that the inhibitory effect of
Zn2+ and Pb2+ on calcite growth was much greater than
for Cd2+. However, incorporation of Cd2+ into the cal-
cite structure during long-term sorption experiments, as
alluded to in the experiments of Van der Weijden et al.
(1994, 1997a), remains to be spectroscopically confirmed.

5. Conclusions

This study examined the effect of ageing on the spe-
ciation of Zn2+, Pb2+, and Cu2+ sorbed at the calcite
surface over a 2.5-year reaction period, employing ex-
tended X-ray absorption fine structure (EXAFS) spectros-
copy to characterize metal speciation on the molecular
scale. Experiments were performed using pre-equilibrated
calcite-water suspensions of pH 8.3, at metal concentra-
tions below the solubility of metal hydroxide and carbon-
ate precipitates, and at constant surface metal loadings.
The EXAFS results showed that no significant changes in
the mode of metal coordination occurred over time, and
indicated that all three metals remained coordinated at
the calcite surface as inner-sphere sorption complexes, with
no evidence to suggest slow formation of dilute metal-cal-
cite solid under the reaction conditions employed. All three
metals studied here assume a non-octahedral configuration
with respect to first-shell O when coordinating to the cal-
cite surface, with Zn2+ adsorbing as a tetrahedral complex,
Cu2+ as a Jahn–Teller distorted complex, and Pb2+ coordi-
nating as a trigonal- or square-pyramidal surface complex.
The non-octahedral configuration of these surface com-
plexes may have hindered movement of the metals into
the calcite structure, where Ca2+ is in octahedral coordina-
tion with first-shell O. The use of pre-equilibrated calcite
suspensions, with no net calcite dissolution or precipita-
tion, likely prevented metal incorporation into the lattice
via surface recrystallization. The results from this study
imply that ageing alone does not increase the stability of
Zn2+, Pb2+, and Cu2+ partitioning to calcite; rather, under
the given conditions, these metals appear to remain avail-
able for exchange even after extended sorption times.
These results may be (partially) specific to the conditions
used in these experiments, where calcite saturation (at pH
8.3) was maintained during the entire 2.5-year reaction
period, and the metal surface loadings were constant over
time. Disruption of the calcite equilibrium, leading to cal-
cite dissolution and recrystallization in the presence of
these divalent metals, likely would have resulted in some
metal-calcite solid solution formation. Additionally, con-
tinued loading of the calcite surface with metal could con-
ceivably lead to different or additional modes of metal
uptake. However, the results from the present study show
that in the absence of such processes, sorbed Zn2+, Pb2+,
and Cu2+ remain coordinated at the calcite surface as
mononuclear inner-sphere complexes during extended
reaction periods.
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dissolved Cd by biogenic and abiogenic aragonite: A comparison with
sorption to calcite. Geochim. Cosmochim. Acta 67, 3859–3869.

Reeder, R.J., 1996. Interaction of divalent cobalt, zinc, cadmium, and
barium with the calcite surface during layer growth. Geochim.

Cosmochim. Acta 60, 1543–1552.
Reeder, R.J., Lamble, G.M., Northrup, P.A., 1999. XAFS study of the

coordination and local relaxation around Co2+, Zn2+, Pb2+, and Ba2+

trace elements in calcite. Am. Mineral 84, 1049–1060.
Ressler, T., 1997. WinXAS: A new software package not only for the

analysis of energy-dispersive XAS data. J. Physique IV 7, C2–269.
Rouff, A.A., Reeder, R.J., Fisher, N.S., 2002. Pb(II) sorption with calcite:

a radiotracer study. Aquatic Geochem. 8, 203–228.
Rouff, A.A., Elzinga, E.J., Reeder, R.J., Fisher, N.S., 2004. X-ray

absorption spectroscopic evidence for the formation of Pb(II) inner-
sphere adsorption complexes and precipitates at the calcite-water
interface. Environ. Sci. Technol. 38, 1700–1707.

Rouff, A.A., Elzinga, E.J., Reeder, R.J., Fisher, N.S., 2005. The influence
of pH on the kinetics, reversibility and mechanisms of Pb(II) sorption
at the calcite-water interface. Geochim. Cosmochim. Acta 69, 5173–
5186.

Rouff, A.A., Elzinga, E.J., Reeder, R.J., Fisher, N.S., 2006. The effect of
aging and pH on Pb(II) sorption processes at the calcite-water
interface. Environ. Sci. Technol. 40, 1792–1798.

Scheckel, K.G., Scheinost, A.C., Ford, R.G., Sparks, D.L., 2000. Stability
of layered Ni hydroxide surface precipitates—a dissolution kinetics
study. Geochim. Cosmochim. Acta 64, 2727–2735.

Scheckel, K.G., Impellitteri, C.A., Ryan, J.A., 2004. Lead sorption on
ruthenium oxide: a macroscopic and spectroscopic study. Environ. Sci.

Technol. 38, 2836–2842.
Schosseler, P.M., Wehrli, B., Schweiger, A., 1999. Uptake of Cu2+ by the

calcium carbonates vaterite and calcite as studied by continuous wave
(CW) and pulse electron paramagnetic resonance. Geochim. Cosmo-

chim. Acta 63, 1955–1967.
Stipp, S.L., Hochella, M.F., Parks, G.A., Leckie, J.O., 1992. Cd2+

uptake by calcite, solid-state diffusion, and the formation of solid-
solution: Interface processes observed with near-surface sensitive
techniques (XPS, LEED, and AES). Geochim. Cosmochim. Acta 56,
1941–1954.



Characterization of aged Cu2+-, Zn2+-, and Pb2+-calcite sorption products 2725
Stipp, S.L.S., 1994. Understanding interface processes and their role in the
mobility of contaminants in the geosphere: The use of surface sensitive
techniques. Eclogae Geologicae Helvetiae 87, 335–355.

Stipp, S.L.S., 1998. Surface analytical techniques applied to calcite:
evidence of solid- state diffusion and implications for isotope methods.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 140, 441–457.

Strawn, D.G., Scheidegger, A.M., Sparks, D.L., 1998. Kinetics and
mechanisms of Pb(II) sorption and desorption at the aluminum oxide
water interface. Environ. Sci. Technol. 32, 2596–2601.

Sturchio, N.C., Chiarello, R.P., Cheng, L.W., Lyman, P.F., Bedzyk, M.J.,
Qian, Y.L., You, H.D., Yee, D., Geissbuhler, P., Sorensen, L.B.,
Liang, Y., Baer, D.R., 1997. Lead adsorption at the calcite–water
interface: synchrotron X-ray standing wave and X-ray reflectivity
studies. Geochim. Cosmochim. Acta 61, 251–263.

Temmam, M., Paquette, J., Vali, H., 2000. Mn and Zn incorporation into
calcite as a function of chloride aqueous concentration. Geochim.

Cosmochim. Acta 64, 2417–2430.
Tesoriero, A.J., Pankow, J.F., 1996. Solid solution partitioning of

Sr2+, Ba2+ and Cd2+ to calcite. Geochim. Cosmochim. Acta 60,
1053–1063.
Trivedi, P., Dyer, J.A., Sparks, D.L., 2003. Lead sorption onto ferrihy-
drite. 1. A macroscopic and spectroscopic assessment. Environ. Sci.

Technol. 37, 908–914.
Van der Weijden, R.D., Van der Weijden, C.H., Comans, R.N.J., 1994.

Sorption and sorption reversibility of cadmium on calcite under
simulated riverine, estuarine and marine conditions. Marine Chem. 47,
65–79.

Van der Weijden, R.D., Meima, J., Comans, R.N.J., 1997a. Sorption and
sorption reversibility of cadmium on calcite in the presence of
phosphate and sulfate. Marine Chem. 57, 119–132.

Van der Weijden, R.D., Van der Heijden, A.E., Witkamp, G.J., Van
Rosmalen, G.M., 1997b. The influence of total calcium and total
carbonate on the growth rate of calcite. J. Crystal Growth 171, 190–196.

Zachara, J.M., Kittrick, J.A., Harsh, J.B., 1988. The mechanism of Zn2+

adsorption on calcite. Geochim Cosmochim. Acta 52, 2281–2291.
Zachara, J.M., Kittrick, J.A., Dake, L.S., Harsh, J.B., 1989. Solubility and

surface spectroscopy of zinc precipitates on calcite. Geochim. Cosmo-

chim. Acta 53, 9–19.
Zachara, J.M., Cowan, C.E., Resch, C.T., 1991. Sorption of divalent

metals on calcite. Geochim. Cosmochim. Acta 55, 1549–1562.


	The long-term fate of Cu2+, Zn2+, and Pb2+ adsorption complexes at the calcite surface: An X-ray absorption spectroscopy study
	Introduction
	Materials and methods
	Adsorption experiments
	EXAFS data collection and analysis

	Results
	Discussion
	Conclusions
	Acknowledgments
	References


