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Abstract

The influence of citrate and phthalate on Co coprecipitation with calcite was investigated using a combination of batch experiments,
Fourier-transform infra-red (FT-IR) spectroscopy, and thermogravimetric analysis (TGA) over a wide range of precipitation rates. Stea-
dy-state growth conditions (at constant [Ca], [Co], DIC, and pH) were generally achieved within 3–5 h, after which Co(II) partitioning
into calcite was evaluated. Only minor differences are observed in the partition coefficient (Kd) trends with and without citrate and phth-
alate as a function of calcite precipitation rate except at very low rates. Slight inhibition of calcite growth is observed in the presence of
citrate or phthalate, which can be attributed to adsorption at surface sites. TGA curves for samples coprecipitated with citrate show a
significant mass loss between 375 and 550 �C, whereas the weight-loss curves for the Co–phthalate coprecipitates are indistinguishable
from those of the organic-free Co coprecipitates. This indicates that citrate is incorporated into calcite during calcite crystallization,
whereas phthalate is excluded. FT-IR spectra for the sample with citrate show a broad absorption in the range 3700–3100 cm�1, which
is attributable to water molecules coordinated to citrate coprecipitated with calcite. The preferential incorporation of citrate over phth-
alate likely reflects differences in both aqueous speciation and conformation of the carboxylate groups. This new finding may provide new
insight to the factors that control the behavior of macromolecules and their incorporation into the structure of calcium carbonate during
biomineralization.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Metal partitioning into calcite has been shown to be
effective in sequestration of many trace metals in natural
and contaminated systems (Mucci and Morse, 1990;
Rimstidt et al., 1998; Curti, 1999). As a consequence,
metal interactions at the calcite–water interface may be
of great importance in influencing the fate and transport
of trace metals as well as their bioavailability in near-
subsurface environments, including soils, sediments, and
groundwater (Tesoriero and Pankow, 1996; Böttcher,
1998; Reeder et al., 1999; Lee et al., 2002; Lee et al.,
0016-7037/$ - see front matter � 2006 Elsevier Inc. All rights reserved.
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2005a,b). The role of dissolved organic matter (DOM),
a common component in many surficial aquatic environ-
ments, has become the focus of recent interest because of
its potential influence on metal partitioning and other
surface processes. Various types of organic species have
been shown to sorb strongly at the calcite surface (Geff-
roy et al., 1999; Lee et al., 2005a), induce habit modifi-
cation (Teng and Dove, 1997; Meldrum and Hyde,
2001; Orme et al., 2001), inhibit calcite precipitation (Ins-
keep and Bloom, 1986; Reddy and Hoch, 2001; Wada
et al., 2001; Zuddas et al., 2003), and control the struc-
tural form of CaCO3 precipitates (e.g., Manoli and Da-
las, 2001; Manoli et al., 2002). Kitano et al. (1968)
suggested that the cause of calcite growth inhibition
could be related to the formation of aqueous calcium–
DOM complexes, resulting in a decrease in the calcite
saturation state of the growth solution. In contrast, most
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subsequent workers have explained growth inhibition, as
well as habit modification, by adsorption of organic spe-
cies to the calcite surface, resulting in blockage of growth
sites and reduced interfacial kinetics (e.g., Inskeep and
Bloom, 1986; Reddy and Hoch, 2001; Wada et al.,
2001; Zuddas et al., 2003).

In the present study, we examine the influence of two
dissolved organic species—citrate and phthalate—on the
coprecipitation of Co(II) with calcite. Previous studies
have shown that calcite exhibits a high affinity for Co(II)
incorporation during growth (Lorens, 1981; Reeder,
1996), substituting in the Ca site. Cobalt has also been
the subject of interest because of its presence as a con-
taminant in aquatic and soil systems, where its occur-
rence may be attributed to industrial sources or, for
example, to releases of high-level nuclear waste (e.g.,
Brooks and Herman, 1998; Brooks et al., 1998; Catalano
et al., 2005). The increased mobility of Co in some near-
subsurface environments has been attributed to the for-
mation of Co–DOM complexes, with associated effects
on Co sorption onto mineral surfaces (Jardine et al.,
1993; Brooks et al., 1998). Zachara et al. (1994) and
Brooks and Herman (1998) suggested that DOM can en-
hance Co sorption on subsurface materials through
changes in the electrostatic properties of the mineral–
water interface as well as through the formation of
Co—organic ternary complexes at mineral surfaces.
These studies imply that DOM may play an important
role in controlling the uptake of these contaminants in
subsurface environments.

In addition to the possible role of organic ligands, a
variety of physicochemical parameters such as pH, solution
composition, and precipitation rate have been demonstrat-
ed to influence partition coefficients for metal coprecipitat-
ing with calcite during crystallization. In organic-free
systems, partition coefficients of transition and alkaline
earth metals into calcite have been reported to be depen-
dent on calcite precipitation rate. For example, divalent
transition metals (e.g., Co, Mn, and Cd) are highly compat-
ible with calcite (Kd > 1) and their partition coefficients de-
crease with increasing precipitation rate (Lorens, 1981;
Tesoriero and Pankow, 1996). In contrast, the alkaline
earth metals Mg, Sr, and Ba are incompatible (Kd < 1),
and their partition coefficients increase with increasing pre-
cipitation rate (Lorens, 1981; Mucci and Morse, 1990;
Morse and Bender, 1990; Rimstidt et al., 1998). As noted
by many authors, this observation suggests that experimen-
tally determined partition coefficients for these metals into
calcite do not reflect equilibrium, and are influenced by
kinetic and mechanistic factors. Furthermore, Paquette
and Reeder (1995) and Reeder (1996) showed a correlation
between structural aspects of growth steps and divalent
metal incorporation into calcite. These studies indicate that
Co incorporation into calcite is influenced by interfacial
factors associated with calcite precipitation.

Relatively few studies have addressed metal coprecipi-
tation with calcite in the presence of DOM. One of the
more important findings from these studies is that met-
al–organic complexation in the parent solution may have
an effect on metal incorporation into calcite (Kitano and
Hood, 1965; Kitano et al., 1968). Kitano et al. (1968),
for example, observed that zinc incorporation into calcite
is controlled by DOM concentration, and concluded that
the Zn partition coefficient in the presence of citrate is
influenced by the formation of Zn–citrate complexes.
This observation suggests that aqueous metal–organic
speciation may be important in controlling metal copre-
cipitation with calcite. Nevertheless, not all organic spe-
cies are expected to have a similar influence on metal
uptake, and any effect would depend on the degree of
complexation and the affinity of the complex for the sur-
face. The fate of the organic species during coprecipita-
tion has received little attention. Studies focusing on
biomineralization have noted the presence of organic
matter within calcite (Mann et al., 1993; Failini et al.,
1996; Aizenberg et al., 1997; Addadi and Weiner,
2001). Hence it is important to know if metal–organic
complexes or organic species undergo incorporation into
calcite during crystallization.

In the present study, we examine the influence of the
simple dissolved organic ligands citrate and phthalate on
Co coprecipitation with calcite. There are several reasons
for these choices of organic ligands. Both occur in near-sur-
face aquatic systems. Citrate occurs naturally and as a con-
taminant, sometimes used in industrial applications
because of its ability to form strong complexes with metals.
Phthalates are widely used as softening agents in plastics,
and may be introduced into water and soils as a result of
leaching or from releases at manufacturing sites. These
ligands exhibit different affinities for Co(II) in aqueous
solution: Co binds more strongly to citrate than phthalate
(Appendix Table A1). This difference reflects the different
physicochemical properties of the ligands with regard to
their molecular weight, structure (aliphatic chain vs. aro-
matic ring), arrangement of functional groups, hydrophilic
vs. hydrophobic character, and acidity. Our experimental
approach provides not only a systematic examination of
Co partitioning as a function of calcite growth kinetics in
the presence of dissolved citrate and phthalate, but
also new insight into the behavior of these organic ligands
during calcite crystallization.

2. Experimental procedures

2.1. Samples and preparation

A seeded constant-addition method was employed for
Co coprecipitation experiments. By setting a fixed rate of
addition of growth constituents to the batch-type reaction
vessel, the growth solution evolved to a constant composi-
tion resulting in steady-state growth of calcite (e.g., Zhong
and Mucci, 1993; Tesoriero and Pankow, 1996). Co parti-
tioning was assessed after steady-state conditions were
achieved. The initial growth solutions consisted of a
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700 mL volume of 0.007 M CaCl2–NaHCO3 solution with
0.1 M NaCl as a background electrolyte. Co2+ from a
CoCl2 stock solution was added before the seeds were
introduced into the reaction vessel to a concentration of
20 lM. A mass of 0.5 g of analytical reagent calcite (Alfa
Aesar) with an average particle size of 5 lm (0.2 m2 g�1

BET surface area) was added to the reaction vessel. The
initial growth solutions were oversaturated with respect
to calcite (IAP/Ksp @ 12), with a pH approximately of
7.9. A steady-state solution composition was reached fol-
lowing the addition of (Ca,Co)Cl2 and Na2CO3 solutions
from separate syringes at precalibrated rates. Concentra-
tions in the syringes were 10–100 mM (CaCl2), 500 lM
(CoCl2), and 10–100 mM (Na2CO3). We were able to con-
trol the calcite precipitation rate by adjusting the solution
concentrations in the syringes and the addition rate. The
CoCl2 was delivered with the CaCl2 to account for loss
from solution during growth, and the Co/Ca ratio was
adjusted by trial-and-error so that near steady-state condi-
tions could be achieved over time. Saturation states with
respect to calcite during the steady-state period were within
the range IAP/Ksp = 5.2–10.1 for low and high growth
rates. Water-saturated air (PCO2 = 10�3.5 atm) was contin-
uously bubbled through solutions, which were stirred using
a Teflon floating stirbar throughout the entire coprecipita-
tion. Growth solutions were undersaturated with respect to
other potential solubility-limiting phases, such as sphaero-
cobaltite (CoCO3) and cobalt hydroxide (Co(OH)2).

Solutions for Co coprecipitation in the presence of dis-
solved organic acids differed only by addition of citric or
phthalic acid into the (Ca,Co)Cl2 syringe and the initial
growth solution at concentrations of 500 and 20 lM,
respectively. The latter concentration lies within the range
of citrate concentrations observed in near-subsurface envi-
ronments (e.g., Jardine et al., 1993; Brooks et al., 1998).
The stock solution containing Co, Ca, and the organic acid
for use as a titrant was prepared by first combining CoCl2
and citrate (or phthalate) to give final concentrations of
500 lM for each. After storage in a refrigerator overnight,
CaCl2 and NaCl were added to give the desired concentra-
tions. The pH was then adjusted to �5.6 using NaOH or
HCl.

At the end of the experiments, solids were filtered, rinsed
repeatedly in deionized water, and dried at 60 �C. Rinsing
is expected to have caused minor dissolution from the sur-
face, however, this loss is insignificant relative to the mass
precipitated during the experiments. XRD analysis of sam-
ples showed no indication of any secondary precipitate.
Due to inherent limitations in sensitivity of this method,
however, we cannot rule out the presence of a trace phase.
Possible coprecipitation of citrate (or phthalate) with
calcite during the experiments was investigated by
Fourier-transform infra-red (FT-IR) spectroscopy and
thermogravimetric analysis (TGA) of the precipitates.
TGA was conducted in air at a heating rate of 5 �C min�1

from ambient temperature to 650 �C using a Netzsch STA
449C instrument.
2.2. Partition coefficients of Co into calcite

As pointed out above, one important goal in this study
was to determine partition coefficients (Kd) of Co into cal-
cite in the presence of dissolved organic ligands during
steady-state conditions for calcite precipitation. Several
properties of the growth solution were monitored to deter-
mine when the system reached steady-state conditions dur-
ing an experiment. First, pH values of the growth solution
were periodically monitored using a Ross electrode cali-
brated with NIST-traceable buffer solutions. Aliquots of
the growth solution were periodically collected, filtered,
and analyzed for [Ca] and [Co] using direct-coupled plasma
(DCP) spectrometry. The total dissolved inorganic carbon
(DIC) concentration was measured by a flow injection
analysis system (FIA) (Hall and Aller, 1992). We conclud-
ed that a system reached steady-state conditions when all
these properties reached values that remained constant
within estimated uncertainties of measurements at a given
syringe addition rate.

After each experiment reached a steady-state, the parti-
tion coefficient (Kd) was calculated using:

Kd ¼ ð½Co�=½Ca�Þsolid=ð½Co�=½Ca�Þsoln

where [Co] and [Ca] represent mole fractions in the solid
and total molar concentrations in the growth solution.
The moles of Co (or Ca) precipitated in the period of stea-
dy-state conditions were calculated from a mass balance of
the precipitating solution:

Molesprecip;T1 to T2¼molessoln;T1þmolesadded;T1 to T2�molessoln;T2

where molessoln,T1 is the number of moles of Co (or Ca) in
the growth solution at the initial time of a steady-state con-
dition, molesadded,T1 to T2 is the number of moles of Co (or
Ca) added into the reaction vessel by a syringe during the
steady-state period, and molessoln,T2 is the number of moles
of Co (or Ca) remaining in the solution at the end of each
experiment.
3. Results and discussion

3.1. Solution speciation

Aqueous speciation and saturation state were calculated
using the program PHREEQC (Parkhurst and Appelo,
1999) with the Minteq v.4 database for Co-organic acid
growth solutions as well as Co-only and citrate-only solu-
tions. Relevant stability constants used in this database
are given in Appendix Table A1. Solution compositions
obtained during the final steady-state periods of the copre-
cipitation experiments were used for simulations. Specia-
tion results for the intermediate growth rate (R =
30 lmol min�1 m�2) experiments are given in Table 1. In
these examples total Ca, DIC, Co, and citrate (or phtha-
late) concentrations were fixed at the steady state values
of 4.8 mM, 2.3 mM, 40 lM, and 60 lM, respectively, with



Table 1
Aqueous speciation in Co(II), citrate, and phthalate growth solutions at
pH 8.3

Species (%)

Co(II)
(only)

Citrate
(only)

Citrate +
Co(II)

Phthalate +
Co(II)

Calcium species

Ca2+ 97.85 96.71 96.79 97.71
Ca–citrate� 1.16 1.08
CaHCO3

þ 1.32 1.31 1.31 1.32
CaCO3

0 0.83 0.82 0.82 0.83
Ca–phthalate 0.15

Cobalt species

Co2+ 84.03 75.60 83.88
Co–citrate� 10.01
CoCl+ 7.34 6.61 7.32
CoCO3

0 4.34 3.91 4.33
CoHCO3

þ 3.17 2.86 3.16
CoOH+ 1.02 0.92 1.02
CoðOHÞ20 0.11 0.10 0.11
Co–phthalate 0.17

Citrate species

Ca–citrate� 92.73 86.55
Citrate3� 5.05 4.71
Co–citrate� 6.67
Na-citrate2� 2.04 1.90

Phthalate species

Phthalate2� 69.77
Na-phthalate� 18.17
Ca–phthalate 11.90
Co–phthalate 0.12

Note. Solution conditions correspond to steady-state growth period at
R = 30 lmol min�1 m�2: [Ca(II)]total = 4.8 mM, [Co(II)]total = 40 lM,
[Citrate]total = 60 lM, [Phthalate]total = 60 lM, and DIC = 2.3 mM.
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0.1 M NaCl as a background electrolyte at pH 8.3. The
calculation indicates that �97% of the calcium is present
as aqueous Ca2+ in all solutions, with Ca–citrate (and
Ca–phthalate) complexes being insignificant. In the citrate
solutions, the dominant Co species is aqueous Co2+

(�75%), with the Co–citrate� complex accounting for
�10% of the total Co. The simulation also indicates that
of the total citrate, the Ca–citrate� complex (87–92%)
dominates over citrate3� (�5%). In phthalate solutions,
aqueous Co2+ (�84%) and phthalate2� (�70%) are
dominant species (Table 1).

Although citrate forms strong Ca–citrate complexes
under the experimental conditions, these speciation calcu-
lations suggest that saturation state with respect to calcite
is not significantly reduced by its presence because of the
high Ca to ligand ratio of the growth solution.

3.2. Variations in solution composition in the absence and

presence of citrate and phthalate for calcite precipitation

experiments

To investigate the influence of the growth solution on
Co coprecipitation with calcite and to determine the Co
partition coefficients, aqueous [Ca] and [Co], pH, and
DIC were measured for precipitation rates ranging from
3 to 300 lmol min�1 m�2 over durations ranging from 7
to 38 h, depending on the length of time required to
reach steady-state conditions. The evolution of solution
pH, [Ca], DIC, and [Co] are shown in Fig. 1 for interme-
diate and high precipitation rates of 30 and
300 lmol min�1 m�2. Trends for other growth rates are
not shown but exhibit similar behaviors. Solution pH
in the absence and presence of citrate and phthalate in-
creased initially and then maintained a relatively stable
value (8.3–8.5) after a reaction time of 3–5 h (Figs. 1a
and b). These observations are in good agreement with
observations from a previous study (Zhong and Mucci,
1993), where solution pH became constant after a simi-
larly short period. The evolution of aqueous [Ca] with
and without dissolved organic ligands is shown in Figs.
1c and d. After a decrease in the initial 3–4 h of calcite
precipitation in the absence of organic ligands, the aque-
ous [Ca] became nearly constant at �4–5 mM, except in
experiments with the lowest precipitation rate. The ini-
tially rapid decrease in [Ca] is most likely due to calcite
precipitation upon the addition of the calcite seeds to the
reactor. Zhong and Mucci (1993) reported similar obser-
vations in a study of calcite precipitation using a con-
stant-addition technique.

The steady-state DIC over the experiment duration was
found to be dependent on precipitation rate (Figs. 1e
and f). At R P 150 lmol min�1 m�2, only small differenc-
es were observed between experiments with and without
organic ligands, with steady-state values reached after 3–
4 h (Fig. 1e). At R 6 30 lmol min�1 m�2, however, DIC
in the presence of dissolved organic ligands is higher than
in experiments without organic ligands (Fig. 1f). All stea-
dy-state DIC values in experiments with and without dis-
solved organic ligands were nearly constant after 4 h.

The [Co] in the growth solution also decreased within
the initial 4–5 h of the precipitation, but the decrease was
found to be dependent on precipitation rate (Figs. 1g and
h). For example, at R = 300 lmol min�1 m�2, the initial
�20 lM Co decreased to �10 lM by �4 h, and then main-
tained a nearly constant value for the duration of the
experiment. At R = 30 lmol min�1 m�2, however, aqueous
[Co] decreased slightly during the initial 1.5 h, then slowly
increased in the following 6–10 h followed before reaching
a steady-state. Only small differences were observed in the
evolution of [Co] between systems with and without organ-
ic ligands. The constant values of aqueous [Co] in the
growth solution during steady-state conditions indicate
that Co coprecipitates with calcite rather than being re-
moved by adsorption. If adsorption were responsible for
the partitioning of the Co to calcite, aqueous [Co] should
increase rather than leveling off during crystallization.
Tesoriero and Pankow (1996) reported similar observa-
tions in a study of Cd coprecipitation with calcite, conclud-
ing that the constant value of [Cd] in a steady-state
condition is consistent with incorporation of Cd into
calcite.



Fig. 1. Changes in (a,b) pH, (c,d) total Ca, (e,f) total dissolved inorganic carbon, and (g,h) total dissolved Co in calcite growth solutions as a function of
time for calcite precipitation rates R = 300 and 30 lmol min�1 m�2. See text for discussion.
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3.3. Inhibition of calcite growth in the presence of citrate and

phthalate

Although the differences are not large, there is a discern-
able effect of the presence of citrate and phthalate on the
calcite growth kinetics relative to the organic-free systems.
Fig. 2 shows the calcite growth rate as a function of
calculated saturation index [SI = log(IAP/Ksp)] during
the steady-state growth period for the organic-free and
organic-containing systems. Although variability is clearly
evident, the trends for phthalate- and citrate-containing
systems are shifted to higher saturation states for compara-
ble growth rate relative to the organic-free systems. This
indicates that both organic ligands inhibit calcite precipita-



Fig. 2. Relationships between calcite saturation index [log(IAP/Ksp)] and
growth rate for organic-free and organic-containing systems. Fig. 3. Influence of precipitation rate on the partition coefficients for Co

into calcite at room temperature in the absence and presence of dissolved
organic acids, citrate and phthalate. Best-fit linear trends are shown. Error
bars represent the standard deviations from triplicate measurements. The
results from Lorens (1981) are shown for comparison.
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tion, with a slightly great effect for citrate than for phtha-
late. Reddy and Hoch (2001) also observed that citrate
exerted an inhibitory effect on calcite growth kinetics,
although not as significant as for other polycarboxylic
species. Growth inhibition is attributed to adsorption of
the organic species at potential growth sites, thereby block-
ing attachment of Ca and/or CO3 units (e.g., Inskeep and
Bloom, 1986; Hoch et al., 2000). There is evidence that
adsorption is most significant for species containing at
least two carboxylate groups in a conformation that allows
bidentate coordination to surface Ca atoms (Geffroy et al.,
1999). These authors compared the sorption behavior of a
range of carboxylic acids on calcite, including citrate and
phthalate. Their results at pH 9 indicate that more citrate
sorbs to the calcite surface than phthalate at equivalent
concentrations. This may explain the greater inhibitory
effect of citrate in our experiments.

3.4. Co coprecipitation with calcite in the absence and

presence of citrate and phthalate

The Co partition coefficients in the absence and presence
of citrate and phthalate as a function of calcite precipita-
tion rate are shown in Fig. 3 and given in Table 2. These
values correspond to steady-state conditions in the growth
solutions. In organic-free systems, the partition coefficient
decreases with increasing precipitation rate, following a
nearly linear inverse correlation on a logarithmic plot.
All of the partition coefficient values are greater than unity.
The best-fit linear trend (Fig. 3) of the partition coefficients
for the control system (no organic additives) lies slightly
above the trend reported by Lorens (1981), and has a
slightly greater slope. We note, however, that these results
may not be directly comparable because different methods
were used to determine surface areas. Lorens (1981) esti-
mated surface area on the basis of SEM images, and we
used BET gas adsorption.

The Co partition coefficients in phthalate and citrate
systems also generally decrease with increasing calcite
precipitation rate, although slightly greater deviations
from linear trends are observed. Kd values were not
found to be greatly different from those in the organic-
free system at comparable precipitation rates. Best-fit lin-
ear trends in phthalate and citrate systems exhibit slight-
ly lower slopes than the organic-free trend, although
deviations at the lowest precipitation rates account for
much of this difference. An analysis of covariance among
the three datasets shows that the best-fit lines for the
phthalate and citrate data fall just outside the 95% con-
fidence interval of the best-fit line for the organic-free
control data. Phthalate and citrate lines lie within each
other’s 95% confidence interval. Therefore, the differences
in slope of the phthalate and citrate trends relative to the
control are statistically significant. However, the differ-
ences are small, and hence we conclude that other fac-
tors, such as solution composition, precipitation rate,
and interfacial kinetics, are likely to remain the primary
factors controlling the Kd behavior of Co with calcite.

3.5. Citrate incorporation into calcite during crystallization

TGA and FT-IR spectroscopy were used to investigate
possible incorporation of phthalate and citrate into calcite
during Co coprecipitation. TGA weight-loss curves for var-
ious seeded coprecipitates and a control sample are shown
in Fig. 4. The control sample (calcite seed + pure over-
growth) was grown identically to the Co-, citrate-, and
phthalate-containing calcite samples, except for the ab-
sence of these coprecipitates. Because CO2 loss for calcite
occurs at 700–800 �C in air (Sanders and Gallagher,
2002; Bertram and Klimm, 2004; see Fig. 4 inset), TGA
was conducted up to 650 �C. All samples show minor loss
of surface water below 375 �C. With TGA limited to
T < 650 �C, the only significant mass loss for the control
sample occurs at 475–550 �C. The weight-loss curve for
an organic-free Co–calcite coprecipitate is essentially the
same as for the control sample. The weight-loss curve for
the Co–phthalate coprecipitate is also indistinguishable
from those for the control sample and the organic-free
Co coprecipitate.



Table 2
Partition coefficients of Co(II) coprecipitation with calcite in the absence and presence of citrate and phthalate

Experiment Organic pHa Durationb (h) logR (lmol min�1 m�2) logKd
c (Co/Ca)aq

c

CoCCcoppt01 NA 8.25 36.6 0.477 0.855 8.65
CoCCcoppt03 NA 8.29 11.2 0.778 0.751 12.1
CoCCcoppt07 NA 8.32 32.0 1.176 0.716 6.60
CoCCcoppt09 NA 8.32 8.8 1.477 0.593 7.96
CoCCcoppt13 NA 8.30 8.0 1.778 0.488 9.60
CoCCcoppt17 NA 8.32 6.7 2.176 0.345 2.52
CoCCcoppt23 NA 8.33 5.5 2.477 0.323 2.75
CoCCcoppt25 Citrate 8.35 38.0 0.477 0.653 8.35
CoCCcoppt28 Citrate 8.48 7.3 0.778 0.597 7.18
CoCCcoppt35 Citrate 8.52 52.3 1.176 0.694 7.40
CoCCcoppt39 Citrate 8.51 12.4 1.477 0.550 9.89
CoCCcoppt45 Citrate 8.47 6.8 1.778 0.580 10.1
CoCCcoppt49 Citrate 8.46 7.3 2.176 0.486 1.85
CoCCcoppt55 Citrate 8.48 6.3 2.477 0.432 2.12
CoCCcoppt62 Phthalate 8.23 37.0 0.477 0.663 9.01
CoCCcoppt65 Phthalate 8.30 8.3 0.778 0.695 7.17
CoCCcoppt70 Phthalate 8.34 46.3 1.176 0.683 6.57
CoCCcoppt75 Phthalate 8.32 11.8 1.477 0.608 7.85
CoCCcoppt79 Phthalate 8.32 8.2 1.778 0.517 7.70
CoCCcoppt83 Phthalate 8.32 11.3 2.176 0.368 2.50
CoCCcoppt89 Phthalate 8.34 6.5 2.477 0.362 2.60

a Measured at steady-state conditions.
b Duration of experiment.
c Calculated at steady-state conditions.

Fig. 4. TGA weight-loss curves from 100 to 650 �C for calcite coprecip-
itates with Co, Co–citrate, and Co–phthalate, and a calcite control (calcite
seed + pure overgrowth). The inset plot shows weight loss up to 1400 �C,
in which the large decrease over the range 700–900 �C corresponds to CO2

loss.
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In contrast, the TGA curves for samples coprecipitated
with citrate (Fig. 4) show a more significant mass loss be-
tween 375 and 550 �C. The weight-loss curves for four dif-
ferent Co–citrate coprecipitates are all similar (dotted lines
in Fig. 4), with slightly more than 0.5% total weight loss.
Also shown in Fig. 4 is the weight-loss curve for a cit-
rate-only coprecipitate, which was grown identically to
the Co–citrate coprecipitates but in the absence of Co. This
curve reveals a slightly greater weight loss between 375 and
550 �C, with approximately 1% total loss.

Several studies have demonstrated that the decompo-
sition of organic ligands, particularly citrate trapped in
the bulk of solids, begins at 350 �C and continues up
to �600 �C (e.g., Thongtem and Thongtem, 2004; Guo
et al., 2004). The similarity of our results with these pri-
or studies suggests that the mass loss at 375–550 �C is
attributable to the breakdown of citrate incorporated
in the calcite during crystallization. This is unlikely to
represent citrate bound at the calcite surface because
we extensively rinsed samples prior to TGA. Conse-
quently, we conclude that some citrate is coprecipitated
with calcite whereas phthalate is not to any discernable
extent.

In a separate study using NMR spectroscopy, Phillips
et al. (2005) examined the same citrate-only coprecipitate
described above. Their 13C{1H} CP-MAS NMR observa-
tions confirmed the incorporation of �1 wt% citrate into
the bulk structure, as demonstrated by polarization trans-
fer between citrate and bulk structural carbonate groups.
They also found that water molecules are associated with
the citrate, and suggested that they may be involved in
accommodation of the molecule in the calcite structure.
In contrast, they found no evidence for incorporation of
phthalate. These NMR findings raise the possibility that
the observed weight loss between 375 and 550 �C may re-
flect not only the breakdown of citrate but also the release
of associated water. FT-IR spectra described below pro-
vide additional evidence for the presence of water in the
Co–citrate coprecipitates. We note that the estimate of
�1 wt% citrate based on the NMR observation is approx-
imately the same as indicated by the TGA weight loss
(Fig. 4).

FT-IR spectra of the Co–calcite coprecipitates in the
presence of citrate and phthalate are shown in Fig. 5.
The FT-IR spectra of the calcite seed and the control



Fig. 5. FT-IR spectra of the calcite seed, calcite control (seed + pure
overgrowth), Co(II)-organic-calcite coprecipitates, and calcium citrate
tetrahydrate samples. Weak feature indicated by * is described in the text.
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(calcite seed + pure overgrowth) are identical and consis-
tent with previously reported spectra for pure calcite
(White, 1974; Balmain et al., 1999; Cebeci and Sönmez,
2004). No bands attributable to other mineral phases
(including other CaCO3 polymorphs) or organic acids
are observed. The absence of other mineral phases is sup-
ported by our XRD results (data not shown). The spectra
for the Co–calcite and Co–phthalate–calcite coprecipitates
(Fig. 5) are also indistinguishable from the calcite seed
and control spectra, whereas the spectra for the Co–cit-
rate–calcite and citrate–calcite coprecipitates exhibit at
least two noticeable differences. A very broad, diffuse
absorption is evident over the region 3700–3100 cm�1 in
the Co–citrate–calcite and citrate-calcite spectra. This
broad feature is almost certainly attributable to stretching
modes of structural water (e.g., Balmain et al., 1999;
Cebeci and Sönmez, 2004). A similar broad absorption
due to structural water is evident in the FT-IR spectrum
of calcium citrate tetrahydrate, which is shown for
comparison in Fig. 5. Hence, the presence of this broad
feature in the two citrate-containing calcite samples and
its absence in the seed, control, and phthalate samples
likely reflect the presence of water associated with the
citrate, as concluded by Phillips et al. (2005).
It is notable that the spectra for the two citrate-calcite
coprecipitates exhibit no sharp absorption bands that cor-
respond to those seen in the calcium citrate spectrum even
though a small amount of citrate is known to be present on
the basis of TGA and NMR. The most probable explana-
tion for the absence of characteristic absorption features is
the low concentration of citrate present (0.5–1 wt%), which
is likely to be below detection. We note, however, that the
two citrate-calcite spectra exhibit a weak shoulder at 1550–
1430 cm�1 (indicated by * in Fig. 5), which is not present in
any of the other calcite spectra. There is insufficient infor-
mation for us to assign this subtle feature to citrate, even
though it does correspond to the position of stretching
modes typical of carboxylates near 1670–1540 and 1420–
1200 cm�1. Several studies have demonstrated that the
positions of these stretching modes are sensitive to proton-
ation and binding to metal ions (e.g., Cabaniss and McVey,
1995; Strathmann and Myneni, 2004).

Whereas the TGA and FT-IR results are consistent with
the incorporation of citrate and associated water into cal-
cite during growth, there is no evidence of phthalate incor-
poration under similar experimental conditions. On the
basis of the aqueous speciation (Table 1), we propose that
citrate is incorporated as the Ca–citrate complex. In citrate
solutions, this species accounts for �87–93% of the total
citrate, with free citrate3� making up �5% (Table 1),
whereas in phthalate solutions, the Ca–phthalate species
is less than 12% of the total phthalate, with free phthalate
accounting for �70%. We also note that the Co–citrate
complex is noticeably more abundant than the Co–phtha-
late complex in comparable coprecipitation solutions, but
we do not consider this difference to be responsible for
the differential incorporation of citrate and phthalate. In
the Co-free, citrate-containing solution (Table 1), the Co–
citrate complex is obviously absent, yet the TGA results
showed greater citrate incorporation than when both Co
and citrate are present in solution. This is consistent with
our hypothesis that the Ca–citrate� species is involved in
the incorporation. Accordingly, we deduce that free cit-
rate3�, which is significantly less abundant in both citrate
solutions than free phthalate2� is in the phthalate solution,
is unlikely to be directly involved in the incorporation.

Aqueous speciation alone may not explain the incorpo-
ration of citrate and apparent exclusion of phthalate. It is
also important to recognize the different structures of these
two organic ligands and the stereochemistry of their car-
boxylate groups. Over the pH range of the experiments
(7.9–8.5), the carboxyl groups of both citric and phthalic
acids are fully deprotonated (pKa3 = 6.4 for citric acid;
pKa2 = 5.4 for o-phthalic acid). Phthalate has two ortho-
positioned carboxylate groups on an aromatic ring
(Fig. 6a), whereas citrate has an aliphatic structure with
three carboxylate groups separated by 2–3 carbon atoms
(Fig. 6b). Above, we inferred that the Ca–citrate complex
has a strong affinity for the calcite surface and is readily
incorporated during precipitation. An X-ray structural
study of the 1:1 calcium citrate trihydrate shows that Ca



Fig. 6. Schematic illustrations of (a) phthalate and (b) citrate ligands, and
(c) hypothetical models illustrating their sorption at the calcite surface.
Once the carboxylate groups of phthalate (left) are committed to the
surface, the exposed aromatic ring is hydrophobic and does not allow
further attachment of growth units. Although only one of several possible
modes of citrate binding is shown (right), carboxylate or hydroxyl groups
not committed to the surface are available for attachment of Ca, allowing
continued growth.
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binds with citrate in a bidentate fashion involving two car-
boxylate groups or a carboxylate group and a hydroxyl
oxygen (Sheldrick, 1974). Glusker (1980) noted, however,
that metal coordination by citrate may be monodentate,
bidentate, or tridentate, and may involve any of the car-
boxylate groups and the hydroxyl. Geffroy et al. (1999)
examined the sorption of various carboxylates at the calcite
surface, and inferred that, in general, two carboxylate
groups coordinate to a surface Ca but, in cases where an
a-hydroxycarboxylate is present, as in citrate, coordination
by a carboxylate and the hydroxyl oxygen may be favored.
Nevertheless, there may not be a unique mode of citrate
sorption at the calcite surface. The observation by Phillips
et al. (2005) of broad peaks in 13C{1H} CP-MAS NMR
spectra from calcite coprecipitated with citrate indicates
multiple conformations of citrate within the calcite. Differ-
ent modes of binding may also occur at the surface.

Although we do not know its exact conformation, it
appears reasonable to infer that a Ca coordinates with
citrate in a bidentate, or possibly tridentate, linkage, and
this complex sorbs to the calcite surface, reflecting the
affinity of carboxylate groups for surface Ca atoms or the
affinity of the calcite surface for the partially coordinated
Ca in the Ca–citrate complex. Regardless of the exact
coordination of the citrate at the surface, uncoordinated
carboxylate and/or hydroxyl group(s) exhibit a hydrophilic
character and are potential sites of Ca attachment and
further CaCO3 growth. Fig. 6c shows a purely hypothetical
example of citrate attachment at the calcite surface.
Because of the position and spacing of carboxylate groups
around the chain, further attachment of Ca to citrate is
possible after it sorbs. Additionally, hydrogen-bonded
interactions involving H2O (or OH�) are possible, which
Phillips et al. (2005) noted were likely to be required to
accommodate the citrate in the calcite structure. The ste-
reochemistry of the carboxylate groups may be the princi-
pal factor that facilitates citrate incorporation during
growth. Other workers have emphasized the importance
of positioning of functional groups for addition of Ca
and CO3

2� for calcite growth (cf. Mann et al., 1993). Phil-
lips et al. (2005) noted that the C1–C5 carboxylate distance
in citrate (5.1 Å) is similar to the 4.99 Å Ca–Ca (and CO3–
CO3) spacing along the calcite cleavage edge.

The ortho-position of the two carboxylate groups
around the aromatic ring in phthalate presents a very
different situation. Phthalate does not complex signifi-
cantly with Ca in solution, which suggests a lower affin-
ity for binding at surface Ca sites. Studies of phthalate
sorption on other mineral sorbents have suggested that
inner- and outer-sphere adsorption surface complexes
may occur, depending on solution factors, such as pH
and ionic strength (Boily et al., 2000). If phthalate sorbs
as an inner-sphere surface complex, with the two carbox-
ylate groups associated with a surface Ca atom, the aro-
matic ring would present a hydrophobic character with
no sites for further attachment of either Ca or CO3.
Without further possibility of attachment of growth
units, phthalate incorporation may not be favored. Con-
sequently, sorbed phthalate may need to desorb before
further growth of calcite can occur. If outer-sphere sorp-
tion occurs, then the low affinity of phthalate for Ca also
suggests that it is unlikely to be incorporated and is
more likely to be desorbed prior to further growth of
calcite. These arguments for preferential incorporation
of citrate and exclusion of phthalate remain speculative,
but suggest a model for further testing.

The preferential incorporation of citrate over phtha-
late may provide insight to the principal factors that
control incorporation of macromolecules into the calci-
um carbonate structure during biomineralization. The
presence of citrate may influence crystal growth, mor-
phology, and mechanical properties of the host calcite.
Furthermore, the involvement of water molecules associ-
ated with citrate incorporation may play a key role in
accommodating a large guest molecule within the calcite
structure. Additional work is needed to address these
aspects as well as the long-term stability of these
coprecipitates.

4. Summary

The findings of this study suggest that dissolved cit-
rate and phthalate, over the range of concentrations
investigated, have little influence on the partitioning
behavior of Co into calcite under steady-state growth
conditions. Only small differences are observed in the
Kd trends with and without these organic ligands as a
function of calcite precipitation rate, except at very low
rates. Consequently it is likely that the interaction of
the metal (i.e., Co2+) at the calcite–water interface, rather



Table A1
Stability constants (logK) used for aqueous Ca2+, Co2+, citrate, phthalate,
and their complex speciation calculation

logK

Co2+ + H2O = CoOH+ + H+ �9.697
Co2þ þ 2H2O ¼ CoðOHÞ20 þ 2Hþ �18.794
Co2þ þ 3H2O ¼ CoðOHÞ3� þ 3Hþ �31.491
Co2þ þ 4H2O ¼ CoðOHÞ42� þ 4Hþ �46.288
2Co2+ + H2O = Co2OH3+ + H+ �10.997
4Co2þ þ 4H2O ¼ Co4ðOHÞ4þ4 þ 4Hþ �30.488
Co2+ + 2H2O = CoOOH� + 3H+ �32.092
Co2þ þ CO3

2� ¼ CoCO3
0 4.228

Co2þ þHþ þ CO3
2� ¼ CoHCO3

þ 12.220

H+ + Citrate3� = H(Citrate)2� 6.396
2H+ + Citrate3� = H2(Citrate)� 11.157
3H+ + Citrate3� = H3(Citrate)0 14.285
Ca2+ + Citrate3� = Ca(Citrate)� 4.870
Ca2+ + Citrate3� + H+ = CaH(Citrate)0 9.260
Ca2+ + Citrate3� + 2H+ = CaH2(Citrate)+ 12.257
Co2+ + Citrate3� = Co(Citrate)� 6.187
Co2+ + H+ + Citrate3� = CoH(Citrate)0 10.444
Co2+ + 2H+ + Citrate3� = CoH2(Citrate)+ 12.786
Na+ + Citrate3� = Na(Citrate)2� 1.030
2Na+ + Citrate3� = Na2(Citrate)� 1.500
Na+ + Citrate3� + H+ = NaH(Citrate)� 6.450

H+ + Phthalate2� = H(Phthalate)� 5.408
2H+ + Phthalate2� = H2(Phthalate)0 8.358
Ca2+ + Phthalate2� = Ca(Phthalate)0 2.450
Ca2+ + Phthalate2� + H+ = CaH(Phthalate)+ 6.430
Co2+ + Phthalate2� = Co(Phthalate)0 2.830
Co2+ + H+ + Phthalate2� = CoH(Phthalate)+ 7.227
Na+ + Phthalate2� = Na(Phthalate)� 0.800

National Institute of Standards and Technology (NIST) database as given
in PHREEQC with minteq.v4.dat database (2005). LogK values given for
infinite dilution scale and 25 �C.
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than the metal-organic complex, is primarily responsible
for the incorporation behavior of Co. It remains to be
determined if other metals and organic species will be-
have similarly. Our findings show that calcite precipita-
tion is slightly inhibited by these organic ligands at the
concentrations used in this study. Because of the high
Ca to ligand ratio of the growth solutions, calcite super-
saturation is not significantly affected by the presence of
citrate or phthalate and, thus, inhibition is attributed to
adsorption of the organics at the surface and interference
with growth sites.

TGA curves for citrate-calcite coprecipitates in the ab-
sence and presence of Co show a significant (i.e., 0.5–
1 wt%) mass loss between 350 and 600 �C, which is
attributed to the decomposition of citrate in the calcite
structure, suggesting citrate incorporation into calcite
during crystallization. The TGA curves, however, reveal
no difference between samples with and without phtha-
late, suggesting no incorporation of phthalate into cal-
cite. Aqueous speciation calculations indicate that
citrate occurs predominantly as Ca–citrate complexes,
whereas phthalate remains largely uncomplexed. These
results imply that changes such as the formation of aque-
ous metal–organic complexes in the growth solution may
be one important factor accounting for organic coprecip-
itation with calcite during crystallization. Functionality
of the organic ligands may also play a role. FT-IR
spectra indicate that structural water is present in
citrate-containing calcite.

The findings of this study demonstrate that dissolved
organic molecules can be incorporated in calcite in con-
centrations up to �1 wt%, but the incorporation depends
on the functionality and complexation of the organic
ligand. One implication of this study is that organic
ligands associated with the biologically mediated growth
of calcite may be included in the structure, thereby
affecting its composition, solubility, and other properties.
It remains to be determined if dissolved metal–organic
complexes may be coprecipitated with calcite during
crystallization.
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