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Abstract

Partitioning of Ni in calcite, CaCO3, was evaluated with the aim of collecting data on partition and distribution coefficients
and to enhance understanding about the interaction of Ni with the calcite surface and further incorporation into the bulk. This
information will aid in the interpretation of geological processes for safety assessment of waste repositories and contamination of
groundwater. Coprecipitation experiments were carried out by the constant addition method at 25 �C and pCO2 = 1 and
10�3.5 atm. Ni was moderately partitioned from solution into calcite. For dilute solid solutions (XNi < 0.001), Ni partition coef-
ficients were estimated to be �1 and found to be weakly dependent on calcite precipitation rate in the range of 3–
230 nmol m�2 s�1. Ni molar fraction in the solid is directly proportional to Ni concentration in the solution. The fit of the data
to such a model is good evidence that Ni is taken up as a true solid solution, not simply by physical trapping.
� 2007 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Nickel contamination from industrial and mining activ-
ities can pose a serious risk to groundwater. Because Ni is
toxic to plants and animals, data describing its behaviour
and fate are required for valid assessment of risk and
designing effective remediation strategies. Because the inter-
action of calcite with Ni controls its distribution in calcar-
eous environments (Larsen and Postma, 1997), better
understanding of the mechanisms responsible for nickel up-
take would improve modelling capabilities. Of the two main
controlling processes, adsorption and coprecipitation, the
latter is more effective on the long term, because trace met-
als can be ‘‘immobilised’’ within the calcite structure, effec-
tively decreasing the chance that they will re-enter the
groundwater. On the other hand, Ni accumulation via
incorporation can locally increase solid concentration, pro-
ducing a future Ni source if conditions change and the cal-
cite dissolves.
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One example of natural nickel contamination is in
groundwater supplies from chalk aquifers in Denmark
and south-western Sweden, where trace concentrations of
nickel are present as a solid solution in pyrite nodules. As
the pyrite is oxidised by draw-down of the water table, Ni
is released (Larsen and Postma, 1997). Depending on
groundwater conditions, nickel concentrations can vary
from barely detectable to a few hundred ppm (�5 lM), well
above the Danish legal limit and the World Health Organi-
sation (WHO) recommended value of 20 ppb (0.34 lM).
Anthropogenic contamination most commonly arises with
industrial operations, where nickel is produced or used in
manufacturing. Secondary contamination may result from
long term degradation of radioactive waste repositories.
59Ni and 63Ni are produced by neutron activation of 58Ni
and 62Ni (both naturally occurring and stable isotopes of
nickel) in the structural steels and internal components of
nuclear reactor vessels. These radionuclides represent
important activation products and will exceed the activity
from the other major activation products (Adams et al.,
1996). Moreover, the currently most attractive scenario
for burial of spent fuel rods is to pack them in stainless-steel
canisters. After extended exposure to the decaying waste,
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the canisters would become radioactive and corrosion could
risk release to the environment.

In recent years, a great deal of information has been
gathered about the uptake properties of calcite, especially
its propensity for incorporation of divalent cations (Curti,
1999 and references therein). A good deal of information
is also available about the uptake behaviour for elements
of particular interest for waste repositories (Curti, 1999).
In addition to experimental studies that have examined par-
titioning behaviour between solids and solutions, effective
methods have been developed for modelling solid solution
formation (Kulik et al., 2000; Curti et al., 2005) and for
incorporating parameters to describe solid solution forma-
tion in reactive transport equations (Lichtner and Carey,
2006).

Although nickel is toxic as a heavy metal as well as in
its radioactive form, surprisingly few experimental studies
have been made to define its interaction with soil and
sediment minerals in general and only a handful of arti-
cles report investigations of Ni interaction with calcite.
The only study of Ni adsorption on calcite was published
by Zachara et al. (1991). They used a single exchange
constant for Ni, as well as for Cd, Mn and Co, to de-
scribe sorption over a wide range of pH and Ca activity
and surface concentration. The data suggest that Ni, as
well as Zn and Co, forms surface complexes that remain
hydrated until the cations are incorporated into the bulk
structure by recrystallization. In contrast, they propose
that Cd and Mn dehydrate soon after their adsorption
(Zachara et al., 1991). Hoffmann and Stipp (2001) came
to a similar conclusion from their study of the mecha-
nisms of Ni incorporation, using surface sensitive tech-
niques (XPS, TOF-SIMS and AFM). They showed that
Ni is included into the calcite structure by rearrangement
of the solid, but the uptake is much slower than for Cd
or Zn (Stipp et al., 1993; Stipp, 1994). Carlsson and
Aalto (1998) studied Ni coprecipitation with calcite using
liquid scintillation counting and observed Ni incorpora-
tion during recrystallization. They estimated a Ni–calcite
partition coefficient of about 2.

The work reported here aimed to investigate calcite’s
affinity for Ni and to study Ni partitioning into calcite
precipitated from electrolyte solutions under strictly
controlled conditions. All experimental and solution
variables, including calcite precipitation rate, pH, pCO2, as
well as Ca and Ni concentrations were held constant for
any given precipitation run. By systematically varying Ni
concentration and calcite precipitation rate, the influence of
these parameters on Ni partitioning could be determined.

2. THEORETICAL BACKGROUND

2.1. Partition coefficient

Solubility of the Ni–calcite solid solution is described by
two equations (Lippmann, 1980), one relating the concen-
tration of NiCO3 in the solid solution with the activities
of the Ni2+ and CO3

2� ions in the aqueous solution:

ðNi2þÞðCO3
2�Þ ¼ Ks

NiCO3
X NiCO3

fNiCO3
ð1Þ
and the other relating the concentration of CaCO3 in the
ideal solid solution with the activities of dissolved Ca2+

and CO3
2� ions:

ðCa2þÞðCO3
2�Þ ¼ Ks

CaCO3
X CaCO3

fCaCO3
; ð2Þ

where Ks
NiCO3

, Ks
CaCO3

, fNiCO3
, fCaCO3

, X NiCO3
, and X CaCO3

represent the solubility products, activity coefficients and
mole fractions for the NiCO3 and CaCO3 end members.

Dividing Eq. (2) by Eq. (1) and taking into account that
for the dilute solid solution fCaCO3

! 1 and fNiCO3
! const,

we have:

X NiCO3

X CaCO3

ðCa2þÞ
ðNi2þÞ

¼
Ks

CaCO3

Ks
NiCO3

fNiCO3

¼ const: ð3Þ

For equally charged cations and dilute solutions (I < 0.3),
the ratio of the molal scale ion activities in the aqueous
phase can be considered to be essentially equal to the ratio
of molalities. Under such conditions, Eq. (3) can be
rewritten:

X NiCO3

X Ca

mCa2þ

mNi2þ
¼

Ks
CaCO3

Ks
NiCO3

fNiCO3

¼ const: ð4Þ

If Ca and Ni complexation are negligible, Eq. (4) coincides
with the partition coefficient as defined by Henderson and
Kraček (1927):

kMe ¼
X Me

X Ca

½Ca�
½Me� ð5Þ

with the exception that it is the total concentrations of Ca
and Me (metal) that are used.

Various models have been developed to predict trace
metal partitioning between minerals and aqueous solutions
(e.g. Sverjensky, 1984, 1985; Rimstidt et al., 1998; Wang
and Xu, 2001). The linear free energy correlation model
by Wang and Xu (2001) provides a useful tool to predict
an unknown partition coefficient. It takes into account
not only the chemical bonding energies of cations within
a host mineral but also the excess energies resulting from
size differences between the substituting trace ion and the
host cations. The Wang and Xu model attempted to predict
both the solubility product of NiCO3(s) (logKs = �10.15)
and the Ni partition coefficient in calcite (�3.5).

It can be seen from Eq. (4) that the partition coefficient
is largely influenced by the ratio of solubility product con-
stants of the two pure end member solids. Therefore,
knowledge of solubility product values is extremely impor-
tant for a reliable prediction of a partition coefficient. Some
simple and useful correlations to predict partition coeffi-
cients are built on utilization of solubility products (Za-
chara et al., 1991; Curti, 1997, 1999). However, the
individual solubility product for nickel-carbonate is not
well known. Zachara et al. (1991) noticed the atypical
behaviour of Ni in a comparison of surface exchange con-
stants and solubility products of the anhydrous metal car-
bonates. They suggested that previously reported values
for the NiCO3 solubility product, e.g. logKs = �6.34 (Wag-
man et al., 1982) and �6.8 (Smith and Martell, 1976) are
too high to be reasonable. Grauer (1994) recommended a
value for logKs = �11.2 ± 0.3 based on extrapolation of
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the experimental data of Reiterer (1980). This value falls in
the range of data for the solubility of other transition
metals.

Among the studies based on correlation that are listed
above, Curti (1999) reported partition coefficients for vari-
ous trace metals in calcite and the solubility of the corre-
sponding carbonates. That work includes not only
divalent cations, with their moderate partition coefficients,
but also considers monovalent and trivalent metals with
very low and extremely high affinity for calcite. Curti
(1997) provides two straight line equations derived from
linear regression analysis, that correspond to the best fit
and a ‘‘worst case’’ scenario (i.e. unfavourable for a radio-
nuclide waste repository). Using the best fit
log kNi ¼ �0:784 log aNi2þ � 4:10 with logKs = �11.2 (Gra-
uer, 1994), we obtain kNi = 5.8. With logKs = �10.15
(Wang and Xu, 2001), we can obtain kNi = 0.9. The same
calculations with the ‘‘worst’’ case, log kNi ¼ �0:843
log aNi2þ � 5:19, give kNi = 1.1 and 0.1. Thus, these esti-
mates confine the range for a Ni partition coefficient in cal-
cite to something between 0.1 and 6.

Another useful correlation for predicting an unknown
partition coefficient is the relationship between selectivity
constants, Kex, quantifying sorption, and partition coeffi-
cients (Curti, 1999). One expects positive correlation be-
tween sorption and incorporation because these processes
are tightly interrelated; adsorption is a necessary intermedi-
ate step for all incorporation reactions. The correlation be-
tween selectivity constants for the sorption of divalent
metals on calcite (Zachara et al., 1991) and the correspond-
ing partition coefficient for coprecipitation has a slope very
close to unity. This is not surprising because the same
chemical factors control the magnitude of both Kex and k
(Zachara et al., 1991). The surface selectivity constant, log
Kex, for Ni adsorption onto calcite is 0.51 or Kex = 3.2.
Thus, one would expect the Ni partition coefficient to be
about the same.

2.2. Precipitation rate effect

To obtain the equilibrium partition coefficient, KD,
values required for modeling, the system is assumed to
be in equilibrium, that is, the chemical potential of each
component is the same everywhere in the system. This as-
sumes that all phases are equilibrated with each other
and the spatial distribution of a component is uniform.
Partition coefficients determined for natural systems as
well as those estimated from experimental data usually
differ from equilibrium values because natural environ-
ments and experiments rarely reach equilibrium. Thus,
distribution of a trace component in the growing crystal
is effectively determined by some kinetic process. It is
well known (Chernov, 1984) that trace concentration is
controlled by the mechanisms of statistical selection in
the interfacial region and diffuse relaxation in the bulk
crystal and in the surrounding solution. The composition
of the adsorption layer is generally different from that in
the bulk crystal. If the crystal grows, some ions bound to
the surface have to be transferred back to the solution.
However, if crystal growth is rapid, adsorbed ions may
be trapped and buried in the freshly precipitated material,
resulting in solid concentrations that deviate substantially
from those predicted by equilibrium partitioning between
the crystal and its surroundings. The effectiveness of this
entrapment process depends on the interplay between
growth rate of the crystal and diffusivity in the boundary
layer of the crystal, which determines how efficiently a
component can reach the surface by diffusion through
the solution. A boundary layer, with a different cation ra-
tio, may be created by decreased concentration at the
crystallization surface. In this case, the measured parti-
tion coefficient, k, depends on the precipitation rate, R0,
as follows (Wang and Xu, 2001):

k ¼ k0

1þ ðk0 � 1ÞR0
: ð6Þ

Here, k0 represents the equilibrium partition coefficient and
R0 ¼ 1� m1Ca=m0

Ca (where m1Ca and m0
Ca represent Ca concen-

trations at the crystallization surface and in the bulk solu-
tion, respectively) denotes a scaled precipitation rate
ranging from 0 to 1. This expression means that the mea-
sured partition coefficient approaches 1 with increasing pre-
cipitation rate. However, Wang and Xu (2001) stated that
numerous experimental data show the partition coefficients
for divalent cations in calcite never approach 1, even if they
tend in that direction. The activation energy for calcite
growth is about 45 kJ mol�1 (Nancollas and Reddy, 1971;
Takasaki et al., 1994). This suggests that either adsorption
onto the surface or incorporation into the crystal lattice is
the rate-limiting step. The activation energy for bulk solu-
tion diffusion is about 16 kJ mol�1 (Nielsen, 1984), so it is
unlikely that diffusion in solution would be rate-
determining.

Another group of models have been developed to
explain the partitioning of trace elements between a
solution and a growing crystal (Trainor and Bartlett,
1961; Chernov, 1984; Gilmer, 1984). They account for the
effects of increased growth step velocity by means of a
decrease in time necessary for trace elements to be selected
by an incorporation site. These models are based on the
Berthelot–Nernst distribution law (McIntire, 1963):

kD ¼
Cs

Cl

; ð7Þ

where kD represents the distribution coefficient and Cs and
Cl, the concentrations of the trace component in the solid
and the liquid. The distribution coefficient is affected by
interplay between solid-state diffusion and precipitation
rate as follows (Chernov, 1984):

kD ¼ k0
D þ ðks � k0

DÞ exp � Ds

R � h

� �
; ð8Þ

where k0
D represents the equilibrium distribution coefficient,

ks, the distribution coefficient on the growing step of the
crystal, Ds, the diffusion coefficient of trace component in
the crystal, R, the linear normal growth rate and h, height
of the growing step.

It was shown (Dubinina and Lakshtanov, 1997) that Eq.
(8) can be expressed in the same way in terms of a partition
coefficient:
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k ¼ k0 þ ðks � k0Þ � exp � Ds

R � h

� �
: ð9Þ

This equation does not take into consideration the similar
diffuse relaxation in the surrounding solution where there
is interplay between the crystal growth rate, the transfer
of a species from the solution to the surface, and chemical
reaction at the surface. During fast crystal growth, the
adsorption process is often diffusion controlled and the con-
centration depends on the distance from the crystal surface.
Therefore, at high precipitation rates, a growing crystal
may trap species at the ratio of their diffusivities in the bulk
solution, which is always nearly 1, and k tends to 1. When
diffusion is not limiting, the solution is able to supply the
trace cations to the boundary layer, adsorption is nearly
at equilibrium, so at very low precipitation rates, k
approaches its equilibrium value. Between these limiting
cases, k can take values from k0 to 1. Depending on the
ratio between the equilibrium adsorption and distribution
coefficients, k0

s and k0, k may even be an extreme function
of the precipitation rate (Dubinina and Lakshtanov,
1997). On the other hand, at low to moderate precipitation
rates and when the local conditions within the boundary (or
adsorption) layer approach equilibrium, Eq. (9) can be
considered as a good approximation. It can be easily seen
from this equation that a special case exists when k0

s and
k0 have similar values. Then, the partition coefficient, k, is
independent of precipitation rate and there is proximity
between k and k0 for any value of precipitation rate. This
is very similar to the concept of Wang and Xu (2001).

An explicit solution of the growth entrapment problem
was presented by Watson and Liang (1995). Their main
assumption was that an activity coefficient for a trace element
is a function of a spatial variable in the surface layer, a neces-
sary condition for surface enrichment by a trace element.
They numerically integrated the mass balance equation to
obtain concentration profiles of a surface-enriched element
in a growing crystal. Recently, Watson (2004) modified this
model to include a depth-dependent diffusivity parameter
and possible depletion of some trace elements in the near-sur-
face region. This model does not take into account processes
occurring in the surrounding growth solution. According to
these models, with increasing precipitation rate, the mea-
sured partition coefficient approaches the value inherent for
the partition coefficient of the growing step. Since the inter-
face layer is a transition region between aqueous solution
and solid phase, one can expect that an ‘‘interfacial’’ partition
coefficient is somewhere between the equilibrium partition
coefficient and 1.
3. MATERIALS AND METHODS

For coprecipitation experiments, we used reagent grade
calcite supplied by Sigma, which had particle diameter on
the order of 10 lm. Surface area was about 0.25 m2/g.
The calcite powder was treated to remove the organic inhib-
itors added during commercial synthesis by washing several
times in vessels of fresh, deionised, hot water under CO2

atmosphere according to the method adopted from Stipp
and Hochella (1991).
A method for coprecipitation of Ni-bearing calcite was
developed for these experiments by adapting the procedure
of Tesoriero and Pankow (1996). It allows the synthesis of
solids of a nearly constant composition at a given precipita-
tion rate. For each experiment, 100 ml of NaClO4 solution
was held at T = 25 �C and pCO2 = 1 atm in a jacketed reac-
tion vessel. Weighed amounts of calcite powder were placed
into the reaction vessel to equilibrate the solution with cal-
cite and to provide seed material for precipitation. The
powder was held in suspension by an overhead propeller
stirrer to prevent grinding of the powder against the bottom
of the vessel. To minimize evaporation in long term exper-
iments, the CO2 gas was first passed through a 0.1 M Na-
ClO4 solution before it was bubbled into the reaction
solution.

Precipitation was induced by pumping the two separate
solutions, Ca(ClO4)2 and Na2CO3, into the reaction vessel
using a peristaltic pump. Molalities of the solutions ranged
from 0.025 to 0.425 depending on desirable calcite precipi-
tation rate. Precipitation rate could also be selected by set-
ting the peristaltic pump rate that varied from 0.001 to
0.01 mL/min. Mixing of the solutions caused calcite precip-
itation; precipitation rate increased until it was equal to the
addition rate of Ca and carbonate by the pump. After stea-
dy-state precipitation rate was reached, where solution
composition in the reaction vessel remained essentially con-
stant (detected by the measurements of Ca concentration as
well as pH), a small aliquot (0.1–1 ml) of 7.5 · 10�3 M
Ni(NO3)2 stock solution was added to the initial Ca(ClO4)2

solution. This resulted in Ni concentration of the feed solu-
tions ranging from 100 to �6500 ppb. Introduction of the
Ni solution had no measurable effect on carbonate alkalin-
ity or pH. Pumping of the solutions continued as before, at
the same rate, until a second steady-state condition was
reached where Ni concentration remained constant. In
some experiments, a Ni aliquot was added to the initial
Ca(ClO4)2 solution from the beginning and we waited for
the steady-state condition of constant Ni concentration.
The aqueous phase was periodically sampled, filtered
through 0.2 lm Sartorius filters, and analyzed for Ca and
Ni. Reaching this second steady-state condition is the most
important point in the experiment because the Ni molar
fraction in the solid at this second steady-state condition
can be assumed to be equal to the Ni molar fraction in
the feed solution. More correctly, Ni molar fraction, XNi,
in the last precipitate formed at the second steady state
can be expressed as follows:

X Ni ¼
½Ni�0 � ½Ni�st

½Ca�0 � ½Ca�st þ ½Ni�0 � ½Ni�st
; ð10Þ

where []0 and []st denote the corresponding molar concen-
trations in the feed solution and in the reaction vessel at
the second steady-state. These calculated values of Ni molar
fraction were then used for determining the Ni partition
coefficients.

The Ni concentrations of the feed solution were chosen
such that the solubility products of pure Ni solid phases
(such as NiCO3(s), Ni(OH)2(s)) were by no means exceeded,
in order to insure that Ni could precipitate as a solid
solution and not as a separate, pure Ni phase. Aqueous
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speciation calculations for all experiments were performed
using PHREEQC (Parkhurst and Appelo, 1999) with the
Zachara et al. (1991) constants for Ni speciation included
in the database.

At the end of each experiment, the solid phase was
rinsed for a few minutes with a calcite-saturated solution,
dried at 90 �C for a day and then weighed. Several samples
with the highest Ni loadings were checked by X-ray diffrac-
tion to ensure that the solid was still only calcite. Calcula-
tions with expected intensities for other Ni phases
indicate that within a detection limit of about 1%, no crys-
talline materials other than calcite were found. A part of
each solid sample was dissolved in 3.5 M HNO3 and ana-
lyzed for Ni and Ca. Nevertheless, the solid composition
values for Ni were not used for determination of kNi values
obtained using Eq. (4), because of the large uncertainty
associated with determining solid composition. Uncertainty
arises from errors in estimating overgrowth mass and the
composition and its evolution over the course of the pre-
steady state period. Ca and Ni concentrations were deter-
mined from solution, by atomic absorption spectrometry
(AAS) (Perkin–Elmer 5100) with precision better than
±2%.

Ni adsorption experiments were performed at 25 �C with
atmospheric CO2 partial pressure, in calcite equilibrated
solutions. The purpose was to establish the role of adsorp-
tion on Ni incorporation during calcite growth. At each de-
sired initial concentration, 20 mL of the solution in
equilibrium with CaCO3(s) was placed in three 25 mL poly-
ethylene bottles with 1–5 g fresh CaCO3(s) powder. Suspen-
sions were allowed to equilibrate for 24 h. Each bottle was
then spiked with 20–200 lL of NiCl2 (22 ppm) solution.
The bottles were agitated for 24 h. Samples were taken after
24 h of equilibration, filtered with 0.2 lm Sartorius filters,
acidified with HCl and stored for analysis by AAS with
flame for Ca concentrations and graphite furnace for Ni.

4. RESULTS

4.1. Adsorption

Nickel sorption on calcite followed the same pattern
observed for other divalent cations (McBride, 1979, 1980;
Lorens, 1981; Davis et al., 1987; Zachara et al., 1988,
1991; and many others), namely, an initial fast adsorption,
followed by slower uptake by coprecipitation or recrystalli-
sation. Recrystallisation is driven by the difference in
surface free energy for crystals of different sizes. It can
produce a surface coprecipitate when adsorbed ions
incorporate into freshly formed surface layers of calcite.
In our experiments, steady-state or equilibrium solution
concentrations, which were typically reached after
10–15 h, could be used to estimate adsorption. The data,
plotted as a Ni isotherm, define a line on a log–log plot
(Fig. 1), as was also observed by Zachara et al. (1988, 1991).

In the present study, nickel adsorption was considered
to take place through complexation with the calcite surface
groups. Surface spectroscopic and microscopic observa-
tions have shown that water adsorbs to the calcite surface
and this hydrating layer is torn apart by the partially unsat-
isfied charges associated with Ca and CO3, resulting in a
hydrolysed layer directly in contact with the termination
of the calcite bulk structure (Stipp, 1999). The adsorbed
water thus becomes OH� and H+, sitting respectively over
>Ca and >CO3, where the symbol >Ca represents the por-
tion of the CaCO3-surface where Ca atoms on the solid are
in contact with solution. OH�, associated with >Ca, then
delocalizes the unsaturated charge on Ca and forms the
complex >CaOH. Similarly, H+ delocalizes the charge on
>CO3 and becomes >CO3H (Stipp and Hochella, 1991;
Stipp et al., 1994; Stipp, 1999). Based on these observations,
the surface complexation model was developed by Van
Cappellen et al. (1993) and extended by Pokrovsky et al.
(1999). It assumes that the calcite surface is terminated by
two main hydrolysis products, >CaOH and >CO3H.

We can consider Ni adsorption by formation of the sur-
face complex, >CO3Ni+, by the half-reaction exchange:

> CO3HþNi2þ () > CO3Niþ þHþ KNi: ð11Þ

The second half-reaction is that for Ca:

> CO3Hþ Ca2þ () > CO3Caþ þHþ KCa: ð12Þ

The overall exchange reaction is

> CO3Caþ þNi2þ () > CO3Niþ þ Ca2þ Kex ð13Þ

where the surface selectivity constant is defined:

Kex ¼
½Ca2þ�
½Ni2þ�

½> CO3Niþ�
½> CO3Caþ�

� �n

; ð14Þ

and where [Ca2+] and [Ni2+] represent the free ion solution
concentrations and [>CO3Ni+] and [>CO3Ca+], the total
adsorbed concentrations. If n = 1, as is the case for Ni
and all other divalent metals except Zn (Zachara et al.,
1991), Kex is formally equivalent to the partition coefficient
Eq. (5). Eqs. (11) and (12) allow us write:

log Kex ¼ log KNi � log KCa: ð15Þ

Stability constants were optimized using the non-linear
least-squares optimization program, FITEQL Version 3.2
(Herbelin and Westall, 1996). The input of experimental
adsorption data into FITEQL was made as described in
(Herbelin and Westall, 1996) using a dummy component
Niad. This dummy component was the derived adsorbed
Ni concentration, which we found from the difference be-
tween the total added Ni and the Ni concentration we ana-
lysed in the solution (Table 2).

Calcite surface site density was estimated from the atom-
ic spacing of the surface unit cell. On the f10�14g plane,
which is the surface that is most commonly observed on
commercially available calcite powder used in uptake
experiments, the surface unit cell is 4.99 Å wide and
8.10 Å long. It includes two Ca and two CO3 groups per
40.42 Å2. Thus, calcite has about 5 · 10�18 sites/m2 or
8.22 lmol sites/m2 for a cation or an anion.

In modeling, we chose either the Electrical Double Layer
(EDL) Constant Capacitance Model (CCM) or no electro-
static model. CCM was used to compare our results with
those of Pokrovsky et al. (2002) who modeled the experi-
mental data of Zachara et al. (1991) for divalent metal
adsorption onto calcite. The complexation reactions rele-



Table 1
Complexation reactions relevant to the calcite–CO2–Ni2+–Ca2+–
H+ system at 25 �C and I = 0, used in the FITEQL model. Data
were compiled from Zachara et al. (1991), Van Cappellen et al.
(1993) and Pokrovsky et al. (1999)

Equilibrium reaction logK

H2O = H+ + OH� �14
Ca2þ þH2CO3 ¼ CaHCO3

þ þHþ �5.4
Ca2+ + H2O = CaOH+ + H+ �12.6
Ca2þ þH2CO3 ¼ CaCO3

0 þ 2Hþ �13.55
H2CO3 ¼ CO2�

3 þ 2Hþ �16.7
H2CO3 ¼ HCO�3 þHþ �6.4
Ni2þ þH2CO3 ¼ NiCO3

0 þ 2Hþ �12.5
Ni2þ þH2CO3 ¼ NiHCO3

þ þHþ �4.18
Ni2+ + H2O = NiOH+ + H+ �9.86
Ni2þ þH2O ¼ NiðOHÞ20 þ 2Hþ �19
> CO3H ¼> CO3

� þHþ �5.1
>CO3H + Ca2+ = >CO3Ca+ + H+ �1.7
> CaOHþHþ ¼> CaOH2

þ 11.5
>CaOH + H2O = >CaO� + H+ �12
>CaOH + H2CO3 = >CaHCO3 + H2O 6.8
> CaOHþH2CO3 ¼> CaCO3

� þHþ þH2O 0.4

Table 2
Ni concentrations for the adsorption experiments:
pCO2 = 10�3.5 atm; pH � 8.3; [Ca]eq = 5 · 10�4 M; I � 0.001; each
[Ni]eq value is averaged over three parallel runs

Run # [Ni]tot, 10�6 M [Ni]eq, 10�6 M [Ni]ad, 10�7 M

1 0.75 0.69 0.6
2 1.49 1.38 1.1
3 1.49 1.39 1.0
4 2.02 1.85 1.7
5 2.24 2.07 1.7
6 2.98 2.74 2.4
7 2.98 2.76 2.2
8 2.98 2.77 2.1
9 3.52 3.25 2.7

10 3.73 3.44 2.9
11 3.73 3.45 2.8
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vant to the calcite surface–CO2–Ni2+–Ca2+–H+ system,
used in the model, are summarized in Table 1. We did
not vary the value of capacitance of the double layer (j)
but rather, we fixed it at 15 F/m2 as calculated using the
formula j = I1/2/a, where a is an empirical parameter equal
to 0.006 for calcite (Pokrovsky et al., 2002). The optimiza-
tion procedure led to a log KNi value of �1.15 ± 0.05, which
is somewhat lower than logKNi = �0.95 obtained by Pok-
rovsky et al. (2002).

Almost the same value of log KNi = �1.18 ± 0.05 was
obtained using the non-electrostatic model. This is not sur-
prising because of the strong relationship between surface
charge and electrostatic potential which is typical for car-
bonates (high capacity of the electrical double layer). More-
over, electrostatics plays an insignificant role because the
overall process of exchange of two equivalent cations,
Ni2+ and Ca2+, proceeds without surface charging.

From Eq. (15), a surface selectivity constant can be
found to be log Kex = �1.18 + 1.7 = 0.52. This value is in
excellent agreement with logKex = 0.51 obtained by
Zachara et al. (1991).

4.2. Coprecipitation

A first steady-state condition, where calcite precipitation
rate was constant, was typically reached within 25–30 h
after beginning a run, depending on initial Ca(ClO4)2 con-
centration. After the aliquot of Ni(NO3)2 stock solution
was added, Ni concentration in the reaction solution in-
creased and a second steady-state condition with constant
Ni concentration was attained within 3–5 days, depending
on Ca and Ni initial concentrations. The experimental con-
ditions, including aqueous and solid composition and cal-
cite precipitation rate, are listed in Table 3.

The Ni partition coefficients were calculated using Ca2+

and Ni2+ concentrations Eq. (4). For the runs with
pCO2 = 1 atm, where pH is about 6, total dissolved metal
concentration is essentially the same as free ion concentra-
tion, so there was no difference whether Eq. (4) or Eq. (5)
was used. In contrast, when pCO2 = 10�3.5 atm where pH
is about 8.3, NiCO3

0 concentration is a significant part of
the total dissolved Ni present. For this reason, the Ni
partition coefficients for runs with pCO2 = 10�3.5 atm were
derived from both Eqs. (4) and (5). Ni2+ concentrations
were determined using PHREEQC (Parkhurst and Appelo,
1999), for Ni speciation (Zachara et al., 1991) and logK for
NiCO3

0 = 4.2 as reported by Baeyens et al. (2003).
One can see in Table 3, that Ni molar fraction in the

solid, determined using Ni and Ca aqueous concentra-
tions in the feed solution, is sometimes slightly higher
than that obtained using concentration from the calcite
overgrowths. This occurs because the composition of
the solid is not uniform. In addition to the mass contrib-
uted by the original seed crystals and their overgrowths
precipitated during attainment of the first steady-state,
which are free of Ni and therefore easy to account for,
the total mass of the final material also contains Ni-bear-
ing overgrowths formed during the period where the sys-
tem was attempting to reach its second steady-state
condition. From the moment when Ni was first added
to the Ca(ClO4)2 feed solution, until the attainment of
the second steady-state condition, Ni concentration in
the solution was not constant, so its incorporation into
calcite varied. Therefore, for the calculation of the Ni–
calcite partition coefficients, we used only the values of
Ni molar fraction calculated from the solution concentra-
tion data; the molar fraction of NiCO3 in the solid was
assumed to be x for the NixCa1�xCO3 feed solution. In
some runs (#16, 27, 28), the overgrowth mass was too
small to allow determination of Ni with sufficient accu-
racy to be useful. Concentrations determined from the
solids have not been used for any of the calculations.

The experiments were designed to investigate Ni incor-
poration in calcite for precipitation rates ranging from 3
to about 230 nmol/m2 s, where m2 refers to the surface area
of seed material. As seen in Fig. 2, for the whole range of
the precipitation rate, k decreases with R. The best fit line
drawn through the data for pCO2 = 1 atm, yields the fol-
lowing relationship:
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log k ¼ �0:04 log Rþ 0:02; ð16Þ

where R represents precipitation rate in nmol/m2 s.
Fig. 3 shows XNiCO3 for calcite precipitated at all rates as

a function of the steady-state [Ni2+]/[Ca2+] ratio in the
solution at pCO2 = 1 and 10�3.5 atm. All the data correlate
linearly along the line with zero intercept and slope equal to
k. Such dependence is the reason why the Ni partition coef-
ficient, k, is independent of both XNi and [Ni2+] (not shown
here). The Ni partition coefficients determined for the single
data points ranged from 0.93 to 1.15, with an average value
of 1.09.
Table 3
Experimental conditions for coprecipitation runs

N [Ca]0, ppm [Ca]st ppm [Ni]0 ppb [Ni]st ppb Ionic strength, mol/L

1 3910 413 110 11 0.19
2 3910 425 160 16 0.19
3 3905 416 300 29 0.19
4 3900 376 410 37 0.19
5 3900 350 530 45 0.19
6 3890 346 1120 93 0.19
7 6900 780 185 20 0.34
8 6900 780 398 44 0.34
9 6890 742 833 89 0.34

10 6900 676 1059 101 0.34
11 6880 661 1435 136 0.34
12 6880 653 1604 155 0.34
13 8310 310 135 5 0.42
14 8310 312 329 12 0.42
15 8310 288 638 23 0.42
16 8300 237 1015 29 0.42
17 8297 230 1583 46 0.42
18 8295 253 1714 52 0.42
19 4502 480 150 15 0.20
20 4500 480 201 21 0.20
21 4480 425 339 29 0.20
22 4480 420 858 75 0.20
23 4470 420 1545 135 0.20
24 4467 425 2005 168 0.20
25 4465 430 3266 296 0.20
26 4465 425 3654 319 0.20
27 16820 227 304 4 0.84
28 16820 473 203 6 0.84
29 16810 367 838 19 0.84
30 16800 294 1656 29 0.84
31 16800 432 3402 92 0.84
32 16770 275 6637 110 0.64
33 3990 480 434 49 0.19
34 3990 504 773 91 0.19
35 3990 494 1182 148 0.19
36 3990 470 434 45 0.19
37 3990 422 773 70 0.19
38 3990 389 1182 99 0.19
39 1235 35 519 15 0.06
40 1235 37 985 31 0.06
41 2510 39 2019 33 0.13
42 2510 32 2088 28 0.13
43 3320 40 3254 40 0.17
44 3320 37 1519 18 0.17

a time from the moment of Ni addition to the end of the run.
b Calculated from the solution concentration data using Eq. (10).
c Obtained from the solid concentration data.
d Determined with Eq. (4) (values in the brackets are calculated using
5. DISCUSSION

The experiments described here illustrate the relation-
ship between calcite precipitation rate and Ni partition-
ing. Compared to other di- and trivalent cations
(Lorens, 1981; Tesoriero and Pankow, 1996), the Ni par-
tition coefficient is only very weakly dependent on precip-
itation rate. From Eq. (16), one can see that for Ni, dk/
dR = �0.042, whereas for Sr, it is about 0.25, for Mn,
0.27, and for Cd, �0.19 (Lorens, 1981). Such difference
is consistent, because the mineral-water interface is a
pH Run durationa, min R, nmol/m2 s XNi
b XNi

c kd

6.10 18980 16 1.92e-5 1.9e-5 1.06
6.09 18980 12 2.80e-5 2.5e-5 1.10
6.13 18980 9 5.27e-5 4.9e-5 1.11
6.16 18980 11 7.18e-5 7.0e-5 1.08
6.18 18980 11 9.26e-5 9.2e-5 1.06
6.19 18980 14 1.96e-4 1.7e-4 1.08
5.96 10000 75 1.83e-5 1.5e-5 1.05
5.95 10000 77 3.92e-5 3.6e-5 1.03
5.99 10000 85 8.20e-5 8.1e-5 1.01
6.01 10000 84 1.04e-4 1.0e-4 1.03
6.02 10000 91 1.42e-4 1.4e-4 1.02
6.01 10000 98 1.92e-4 1.4e-4 0.98
6.15 9540 107 1.10e-5 1.0e-5 1.01
6.14 9540 96 2.69e-5 2.3e-5 1.03
6.18 9540 100 5.21e-5 5.0e-5 0.93
6.23 9540 86 8.29e-5 — 1.00
6.24 9540 111 1.29e-4 1.2e-4 0.95
6.19 9540 107 1.40e-4 1.4e-4 1.01
6.06 15540 15 2.28e-5 2.3e-5 1.07
6.05 15540 13 3.04e-5 2.9e-5 1.05
6.08 15540 17 5.18e-5 5.2e-5 1.12
6.08 15540 16 1.31e-4 1.3e-4 1.08
6.08 15540 16 2.59e-4 2.6e-4 1.08
6.08 15540 17 3.08e-4 3.1e-4 1.15
6.09 13300 15 5.0e-4 5.1e-4 1.07
6.09 13300 15 5.6e-4 5.5e-4 1.10
6.18 8460 231 1.21e-5 — 1.01
6.03 8460 221 8.40e-6 — 0.95
6.15 8460 231 3.38e-5 3.2e-5 0.96
6.16 8460 232 6.68e-5 6.4e-5 1.00
6.08 8460 214 1.37e-4 1.2e-4 0.94
6.20 8460 222 2.68e-4 2.4e-4 0.99
6.08 9960 37 7.44e-5 7.4e-5 1.07
6.07 9960 34 1.33e-4 1.2e-4 1.08
6.10 9960 32 2.20e-4 2.2e-4 1.08
6.09 48960 3 7.49e-5 7.5e-5 1.15
6.10 48960 3 1.34e-4 1.3e-4 1.19
6.12 48960 3 2.04e-4 2.0e-4 1.18
8.36 8640 21 2.85e-4 2.7e-4 1.12 (0.98)
8.35 8640 23 5.40e-4 5.3e-4 1.09 (0.95)
8.30 8640 37 5.45e-4 5.2e-4 1.09 (0.95)
8.34 8640 38 5.64e-4 5.4e-4 1.09 (0.95)
8.40 8640 37 6.64e-4 6.3e-4 1.12 (0.98)
8.35 8640 37 3.10e-4 3.0e-4 1.08 (0.94)

Eq. (5)).
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transition region between the solution and the solid
phase. So for elements with k0 > 1, it can be expected
that

k0 > ks > 1 ð17Þ

and for the elements with k0 < 1,

k0 < ks < 1 ð18Þ

where ks represents the partition coefficient for the interfa-
cial layer. Whichever limiting stage of partitioning we con-
sider: (i) diffusion in the surrounding solution or (ii) in the
interfacial region of the solid, the closer k0 is to ks or 1, the
weaker is the rate dependence of the partition coefficient. It
is easy to see from Eqs. (6) and (9) that dk/dR0 is propor-
tional to either (ks � k0) or (1 � k0).

Differentiation of Eq. (6) gives

dk
dR0
¼ � k0ðk0 � 1Þ

1þ 2R0ðk0 � 1Þ þ R02ðk0 � 1Þ2
ð19Þ

when k0� 1 (which is the case for Sr and Ba), Eq. (19) can
be simplified to

dk
dR0
� k0

ð1� R0Þ2
: ð20Þ

From this equation, it follows that at high precipitation
rates, dk/dR0 tends to very high values, whereas during slow
precipitation, dk/dR0 approaches k0:

dk
dR0
� k0: ð21Þ

This is exactly what happens for partitioning of Sr and
Ba: dk/dR0 is very high while precipitation is rapid and it
levels off as precipitation rate decreases (e.g. Tesoriero
and Pankow, 1996, Figs. 2 and 4). In the case where
k0� 1, Eq. (19) reduces to

dk
dR0
� � ðk0Þ2

ð1þ R0k0Þ2
ð22Þ

and the opposite behaviour is observed. At high R, dk/dR0

levels off and approaches –1 but the partition coefficient
changes most in the range where precipitation rates are
slowest. At low precipitation rates

dk
dR0
� �ðk0Þ2: ð23Þ

Therefore, the higher the k0, the more rapid k increases with
decreasing R. Thus, for very low precipitation rates, com-
pletely different behaviour should be observed for the ele-
ments with k0 < 1 (such as Sr, Ba, Na, Cs) and k0 > 1
(such as Cd, Mn, Co). Comparison of Eqs. (21) and (23)
shows that k changes much faster if k0 > 1 than if k0 < 1.
This important feature was also demonstrated by Watson
(2004) in the special case when ion diffusivity varies with
proximity to the crystal surface.

For Ni, the partition coefficient is predicted to be slightly
higher than 1 (this paper, Introduction; also Wang and Xu,
2001; Curti, 1999) and this correlates with results from
experiments on calcite recrystallisation (Carlsson and Aal-
to, 1998). From Eq. (17), the partition coefficient in the
interfacial region is likely close to 1. Thus, the Ni partition
coefficient very loosely depends on calcite precipitation
rate, because its range is constrained by k0 and 1 (or ks).

It should be noted that for Sr and Ba, i.e., the elements
with k0 < 1, the dependence of partition coefficient on cal-
cite precipitation rate leveled off as precipitation rate de-
creased to R < 30–40 nmol/min mg (Lorens, 1981;
Tesoriero and Pankow, 1996). In contrast, for elements
with k0 > 1, i.e., Cd, Mn, Co, partition coefficient changed
linearly (in log–log scale) over the entire range of precipita-
tion rate, from rapid, to the extremely slow region which
represents calcite recrystallization (Lorens, 1981; Tesoriero
and Pankow, 1996). The behaviour of Ni reflects this. On
Fig. 1, logk increases linearly with decreasing precipitation
rate, to its very low values of about 3 nmol/m2 s. This rate
approaches the upper limit for recrystallization rates found
in the literature (Lorens, 1981; Davis et al., 1987; Tesoriero
and Pankow, 1996; Curti et al., 2005), which range from
7 · 10�3 to 3 nmol/m2 s. However, the precipitation rates
adopted in the present work are much lower than either
the rate of recrystallization of aragonite to calcite (Lorens,
1981), which is about 400 nmol/m2 s, or the precipitation
rate of biogenic calcite, which is 7000–27,000 nmol/m2 s
(Lorens, 1981).

Extrapolation of our experimental data to a lower limit
(�10�2 nmol/m2 s) using Eq. (16) gives k of about 1.5. It is
likely that this value is not exceeded in any natural or lab-
oratory calcite (re)crystallization so the Ni partition coeffi-
cient probably always falls within the limits of 1–1.5.
Nevertheless, the true equilibrium value for the Ni partition
coefficient still remains unknown. The theoretical models
and empirical correlations (Wang and Xu, 2001; Curti,
1999) predict it to be about 3, which is consistent with the
surface selectivity constant, Kex = 3.0, measured in this
work, and Kex = 3.2 obtained by Zachara et al. (1991).

The dependence of partition coefficient on precipitation
rate is so low that the Ni molar fraction incorporated by
calcite as a function of [Ni2+]/[Ca2+] in the solution is rea-
sonably approximated by a single straight line (Fig. 3).
Inspection of Eq. (4) shows that [Ni2+]/[Ca2+] is expected
to be proportional to Ni molar fraction in the solid phase,
XNi, which is demonstrated by the experimental data. This
is the main evidence that Ni is incorporated by the forma-
tion of a solid solution. Moreover, Figs. 2 and 3 show that
data obtained at different pCO2 (1 and 10�3.5 atm) are gov-
erned by the same dependencies. This verifies that a change
in pCO2 does not result in a change in the Ni incorporation
mechanism in spite of an implied effect on calcite surface
speciation by CO2 partial pressure changes (Pokrovsky
et al., 1999). While surface selectivity constants for divalent
metals clearly correlate with partition coefficients (Curti,
1999), interrelation between adsorption and incorporation
is not so obvious. For example, at pCO2 = 1 atm
(pH � 6), Ni adsorption on calcite is not measurable
whereas Ni incorporation is significant.

Partition coefficients measured in the present work
(k � 1) indicate that Ni incorporation into calcite is
expected to be moderate, in contrast with incorporation
of trivalent and tetravalent lanthanides and actinides,
which are expected to incorporate strongly (k � 20–1000)
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whereas incorporation of elements such as Na, Sr, Ba, Cs
would be weak (k < 1).

Let us now evaluate the effects of Ni coprecipitation
with calcite using the model developed by Curti (1997),
which was intended to describe a closed system representing
low and intermediate level radioactive waste (L/ILW)
repositories. This model allows estimation of the dissolved,
adsorbed and coprecipitated fractions of the trace element
inventory during degradation of cement phases and forma-
tion of secondary calcite from the resulting high pH, high
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Ca activity solutions. The coprecipitated fraction (Curti,
1997) of the element inventory is expressed as:

xc ¼ 1� exp
kn

V pR½Cf �

� �
;

where n represents the total amount of Ca in the system; Vp,
the water-filled pore volume; [Cf], the concentration of Ca
in the pore water; R, the retention factor

R ¼ 1þ Kd
qð1� eÞ

e
;

Kd, the distribution coefficient for sorption of the element
on calcite; q, the density of the solid phase (pores excluded)
and e, its porosity. The parameter values used for the model
calculations refer to the L/ILW repository at Wellenberg,
Switzerland (Curti, 1999) and are as follows: q =
2600 kg m�3; e = 0.13; Vp = 5.4 · 104 m3; n = 1.15 · 109

mol; [Cf] = 8.1 mol m�3. We have adopted the distribution
and partition coefficients from the present work:
Kd = 0.005 m3 kg�1 and k = 1.5. The model calculates that
initially, almost the entire Ni inventory is adsorbed. After
only 1% of the initial dissolved Ca is converted to calcite,
77% of Ni has coprecipitated. When 2% of Ca is precipi-
tated as calcite, almost the entire Ni pool (95%) has been
fixed in the solid phase. Thus, coprecipitation of Ni with
calcite is an effective mechanism for reducing Ni mobility
in natural systems.

6. CONCLUSIONS

The interactions of Ni with calcite (adsorption and
coprecipitation) were investigated in NaClO4 solutions at
25 �C and pCO2 = 1 and 10�3.5 atm. Coprecipitation exper-
iments maintained constant composition in the aqueous
phase, allowing synthesis of solids with a nearly constant
composition at a given precipitation rate. From the results,
we conclude:

1. Dissolved Ni is moderately partitioned into calcite. For
dilute solid solutions (XNi < 0.001), Ni partition coeffi-
cients are estimated to be slightly higher than 1.

2. Ni followed the behaviour of other elements with k0 > 1
(Cd, Mn, Co) for which equilibrium k0 values are never
achieved. The Ni partition coefficient depends only
weakly on the calcite precipitation rate over the entire
range examined (3–230 nmol m�2 s�1). The very weak
dependence on precipitation rate could be explained by
the proximity of the Ni equilibrium partition coefficient
k0 to 1.

3. Extrapolation of our experimental results to lower
recrystallization rates (�10�2 nmol/m2 s) gives a k
value of about 1.5. It may be that this value is never
exceeded in any natural or laboratory calcite (re)crys-
tallization process so the Ni partition coefficient may
always lie within the limits of 1–1.5. Nevertheless, the
true equilibrium value of Ni partition coefficient is still
not known. It may be about 3, as predicted by some
theoretical models and empirical correlations (Wang
and Xu, 2001; Curti, 1999). This is consistent with
the surface exchange constant, Kex = 3.0, measured in
this study and Kex = 3.2, obtained by Zachara et al.
(1991).

4. Ni molar fraction in the solid is directly proportional to
Ni concentration in the solution. The fit of the data to
such a model is good evidence that Ni is taken up as a
true solid solution, not simply by physical trapping.
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5. Results of the model calculations show that coprecipita-
tion of Ni with calcite is likely to be an effective mecha-
nism for reducing Ni mobility in natural groundwater
systems.
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