Printed in the USA. All rights reserved

Geochimica et Cosmochimica Acta, Vol. 67, No. 15, pp. 2763-2774, 2003
Pergamon Copyright © 2003 Elsevier Science Ltd
0016-7037/03 $30.06- .00

doi:10.1016/S0016-7037(00)00091-7

Aqueous cadmium uptake by calcite: A stirred flow-through reactor study
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Abstract—Uptake of cadmium ions from solution by a natural Mg-containing calcite was investigated in
stirred flow-through reactor experiments. Input NaCl solutions were pre-equilibrated with calcite (pH 8.0) or
not (pH 6.0), prior to being spiked with CdCIFor water residence times in the reactor less than 0.5 h,
irreversible uptake of Cd by diffusion into the bulk crystal had a minor effect on the measured cadmium
breakthrough curves, hence allowing us to quantify “fast®Cddsorption. At equal aqueous activities of
Cd?*, adsorption was systematically lower for the pre-equilibrated input solutions. The effect of variable
solution composition on Gd adsorption was reproduced by a*CaCc?* cation exchange model and by a
surface complexation model for the calcite-aqueous solution interface. For the range of experimental
conditions tested, the latter model predicted binding of aqueod$ @ad Cd™ to the same population of
carbonate surface sites. Under these circumstances, both adsorption models were equivalent. Desorption
released 80 to 100% of sorbed cadmium, confirming that fast uptake®f @as mainly due to binding at
surface sites. Slow, irreversible cadmium uptake by the solid phase was measured in flow-through reactor
experiments with water residence times exceeding 0.7 h. The process exhibited first-order kinetics with respect
to the concentration of adsorbed ¢ with a linear rate constant at 25°C of 0.03'hAssuming that diffusion

into the calcite lattice was the mechanism of slow uptake, &"Csblid-state diffusion coefficient of
8.5x10 2* cn? s~ * was calculated. Adsorbed €d had a pronounced effect on the dissolution kinetics of
calcite. At maximum C8&" surface coverage~10~° mol m~?), the calcite dissolution rate was 75% slower

than measured under initially cadmium-free conditions. Upon desorption of cadmium, the dissolution rate
increased again but remained below its initial value. Thus, the calcite surface structure and reactivity retained
a memory of the adsorbed &0 cations after their removal. Copyright © 2003 Elsevier Science Ltd

1. INTRODUCTION CaCQ, surface precipitates to assess their significance for Cd
immobilization in natural environments. The recent trend in
experimental studies shows that macroscopic (solution-based)

Qmeasurements combined with surface spectroscopic plus mi-

croscopic experiments offer a powerful approach to unravel

mineral-solute interactions (Stipp et al., 1992; Scheidegger and

Sparks, 1996; Chiarello et al., 1997; Sturchio et al., 1997).

The objective of the present work was to contribute to the
establishment of a consistent thermodynamic and kinetic data
base for solution-mineral interactions in the calcitga=Cd(ll)
system. To this end we used stirred flow-through reactors which
allowed us to separate adsorption of?Cdat the surface of
calcite from uptake due to incorporation in the existing crystal
lattice or formation of a new (surface) phase. Thus, botR'Cd
adsorption isotherms and rates of “slow” Tduptake were
measured experimentally. In addition, the effects of Cdd-
sorption on the dissolution kinetics of calcite were determined.

Because of their importance in controlling the fate and
mobility of contaminants and nutrients in the environment,
processes at the mineral-water interface have been studie
extensively. Carbonate minerals are of particular interest be-
cause they are widespread in soils, shallow aquifers and sedi-
ments. The interactions of dissolved cadmium ions with calcite
surfaces have been the subject of many studies in the last 20 yr
(McBride, 1980; Lorens, 1981; Davis et al., 1987; Papadopou-
los and Rowell, 1988; Kaigsberger et al., 1991; Zachara et al.,
1991; Stipp et al., 1992; van der Weijden, 1995; Reeder, 1996;
Tesoriero and Pankow, 1996; Chiarello et al., 1997). Both
macroscopic studies and, more recently, studies involving high-
resolution methods for in situ surface analysis, have demon-
strated the high affinity of CGd' ions for calcite.

Cadmium uptake from aqueous solution by calcite usually
consists of two steps: rapid chemisorption followed by slower
uptake. Recent studies have mainly focused on the second step,
which is generally thought to correspond to the formation of an
otavite—calcite solid solution, probably by a combination of 2.1. Sorption
co-precipitation and solid-state diffusion of surface ions into
the bulk lattice. Researchers have aimed at determining the
composition, thermodynamics and kinetics of the CdCO

2. BACKGROUND

Removal of a chemical species from solution in the presence
of particulate matter may reflect a variety of molecular pro-
cesses, including adsorption, absorption, precipitation and co-
precipitation. Following Sposito (1986), adsorption sensu
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mensional redistribution of the sorbate species in the existing
sorbent (absorption), or the formation of a new solid phase
(surface precipitation, co-precipitation).

The initial “fast” uptake of an aqueous metal cation by a
mineral surfaceis generally ascribed to reversible adsorption at
the interface and, hence, is represented by thermodynamic
equilibrium distribution models. The characteristic time scale
of metal adsorption on mineral surfacesistypically on the order
of minutes (McBride, 1980; Davis et al., 1987; Papadopoulos
and Rowell, 1988). Frequently, adsorption is followed by a
slow removal of dissolved cations on time scales of hours to
days. This slow removal may be due to surface precipitation,
co-precipitation, or diffusion of the previously adsorbed cations
into the existing solid (for a review, see Charlet, 1994). Either
co-precipitation or solid-state diffusion may result in the for-
mation of a solid-solution (Stipp et al., 1992). An important
factor controlling the reversibility of metal uptake and the
relative importance of slow versus fast uptake is the contact
time between solid and metal.

2.2. Cadmium—Calcite Interactions

Aqueous cadmium ions have a strong affinity for calcite. For
divalent metal cations, Zachara et a. (1991) proposed the
following order of uptake affinity on calcite: Cd > Zn = Mn >
Co > Ni > Ba =~ Sr. They accounted for the sequence based
on the ionic radii of the Me** cations and the solubility
products of the MeCO, solids. lon exchange of Cd** for Ca®*
a the mineral-water interface (McBride, 1980; Davis et a.,
1987), defect-enhanced diffusion into the lattice (Stipp et al.,
1992), and co-precipitation (McBride, 1980; Daviset a., 1987;
Zacharaet al., 1991) have all been proposed as possible uptake
mechanisms of agueous cadmium by calcite. The formation of
CaCO,-CdCO; solid-solutions and the epitaxial growth of ota-
vite on calcite, as a result of cadmium uptake from solution,
have been confirmed by spectroscopic techniques (Stipp et al.,
1992; Chiarello and Sturchio, 1994). Chang and Brice (1971),
Konigsberger et a. (1991) and Tesoriero and Pankow (1996)
further showed that otavite and calcite are completely miscible
at room temperature.

At equilibrium, partitioning of Cd** between the agueous
phase and the otavite-calcite solid-solution is described by the
partitioning coefficient, D,

xCdCOa [Ca2+]
= Xexo [CF'] @)

where [Ca?"] and [Cd®**] represent aqueous ion concentra-
tions, and X g4coz and Xc,cos the mole fractions of CdCO4
and CaCO; in the solid solution. For an ideal solid solution, the
partition coefficient equals the ratio of the solubility constants,
K, Of the pure end-members, calcite and otavite, assuming
that aqueous Cd®* and Ca®* have identical activity coeffi-
cients. At 25°C, the predicted value of Log D varies between
2.8 and 3.6, depending on the choice of K, for cadmium
carbonate (Davis et al., 1987; Tesoriero and Pankow, 1996).
Measured values of Log D lie in the range 3.0 to 3.7 (Lorens,
1981; Davis et a., 1987; Papadopoulos and Rowell, 1988;
Tesoriero and Pankow, 1996).

The studies of Daviset al. (1987) and Stipp et al. (1992) have

highlighted the continuum between fast adsorption of dissolved
Cd®* onto calcite surfaces and its subsequent non-reversible
solid-phase incorporation. Batch reactor experiments by Davis
et a. (1987) showed no dependence of the rate of the slow
incorporation process on the amount of adsorbed Cd®*. These
authors observed constant removal rates of dissolved Cd®* for
durations of up to 150 h. The fraction of sorbed cadmium that
could be desorbed was found to decrease with increasing con-
tact time between the calcite crystals and solution suggesting
incorporation in the bulk solid. Using XPS and LEED, Stipp et
al. (1992) showed that surface precipitation and diffusion into
the lattice lead to non-reversible sequestration of cadmium by
cacite.

2.3. Equilibrium Adsorption Modeling

According to McBride (1980), Davis et a. (1987), Papado-
poulos and Rowell (1988), and Zachara et al. (1991), cadmium
chemisorption onto calcite surfaces can be described by an
equilibrium surface-exchange reaction between calcium and
cadmium cations,

Cayig + C?" © Cdgyg + CE* 2
where Me;4 refers to surface lattice calcium and cadmium
ions. The exchange constant of the reaction, K, is defined as,

o CEXea]"
ex (Cd2+) XCa

©)

where nisan empirical coefficient, and (Me**) and X,,. (Me =
Ca, Cd) correspond to the agqueous activity and mole fraction of
cation surface lattice sites occupied by Me?™, respectively.
When n = 1, the exchange reaction may be considered ideal
(Zachara et a., 1991) and K, is equivalent to the conditional
equilibrium constant c,_. Reported values of Log ¢, range
between 3.02 to 3.20 (Davis et a., 1987; Zachara et al., 1991,
van der Weijden, 1995). If an idea solid solution forms in
equilibrium with the aqueous phase, ¢, equals D.

Van Cappellen et al. (1993) developed an aternative model
for cation adsorption at the carbonate mineral-aqueous solution
interface. This surface complexation model postulates the ex-
istence of hydration species >CO,H® and >MeOH?° at the
surface of a divalent metal carbonate, MeCO; (the symbol >
represents the surface lattice). Spectroscopic evidence for the
formation of these surface species has been presented for
calcite and dolomite (Stipp and Hochella, 1991; Pokrovsky et
a., 1998; Fenter et a., 2000). In the surface complexation
approach, reactions between the surface hydration species and
dissolved species account for the chemical structure and reac-
tivity of the carbonate mineral-solution interface. The surface
reactions are written in analogy with acid-base and complexation
reactions in homogeneous solution (Table 1). The model has been
applied successfully to explain the development of surface charge
and the dissolution kinetics of a number of carbonate minerals
in terms of the densities of surface species (Van Cappellen et
al., 1993; Arakaki and Mucci, 1995; Nilsson and Sternbeck,
1999; Pokrovsky and Schott, 1999; Pokrovsky et al., 1999).

Here, we apply the constant capacitance surface complex-
ation model of Van Cappellen et a. (1993), using the intrinsic
surface stability constants and electric double layer capacitance
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Table 1. Surface complexation reactions and corresponding intrinsic
stability constants in the system CaCOj4(calcite)-H,O-CO, (from Van
Cappellen et al., 1993). k represents the constant capacitance of the
electric double layer (EDL).

Log K

25°C,

1 atm,

Surface reactions 1=0

>Ca0OH® + H* & >CaOH,* 4 12.2
>Ca0H° & >Ca0™ + H™ 5) -17

>Ca0H° + CO,2~ + 2H* & >CaHCO.° + H,O (6) 24.15
>Ca0H® + CO2~ + H' & >CaCO,~ + H,0O 7 15.55
>CO,H® & >CO,~ + HY 8 —49
>CO,H® + C&* & >CO,Ca” + H 9) -28

k = 17 Fm2, from k = (\/l/a), with & = 0.006 and | (ionic
strength) = 1072 mol dm~2

given in Table 1, and the aqueous stability constants listed in
the Appendix. The following two reactions were used to de-
scribe cadmium adsorption onto calcite surfaces:

>CO;H° + Cd** & >CO,Cd" + H* (10)
>CaOH° + Cd** & >Ca0Cd" + H* (11)

It should be noted that other types of adsorption complexes
have been postulated, with different bonding configurations or
involving adsorbed Cd complexes, such as CdCl™ or CdOH™.
For the sake of simplicity, only the representations of surface
complexes given by Egns. 10 and 11 are considered here.

2.4. Stirred Flow-Through Reactor

Flow-through reactors (Fig. 1) are particularly useful for
studying mineral-water reaction kinetics (e.g., Nagy and La
saga, 1992; Van Cappellen and Qiu, 1997a,b). By varying the
composition of the inlet solution and the flow rate, steady-state
rates can be measured over a wide range of solution composi-
tion. In addition, breakthrough experiments can be performed
to measure the adsorption and desorption of chemical speciesin
the presence of a suspended solid (e.g., Grolimund et al., 1995).

In a perfectly stirred flow-through reactor, the solution com-
position is homogeneous within the reactor and equal to that
measured in the outlet flow. For an inert (i.e,, non-reactive) solute
species, the breakthrough curve (BTC), that is, the evolution with
time of the outlet concentration, C, after a step-wiseincrease of the
input concentration from 0 to C,, is given by (Villermaux, 1985):

:> Outlet

Solution
Filter Support Grid

Suspensed Stir Bar

O-ring

Inlet

Solution

Fig. 1. Stirred flow-through reactor.

C(t) = Co[ 1- exp( — % )] (12)

where Q represents the flow rate, V,, the reactor volume, and t,
time. The ratio V,/Q defines the water residence time in the
reactor. For a reactive species, the BTC deviates from that
predicted by Eqgn. 12. In the case of aqueous Cd** uptake by
calcite particles suspended in the reactor, the amount of sorbed
cadmium is given by the surface area separating the observed
Cd?* BTC and the tracer BTC (Egn. 12). In this study, the
measured outflow concentrations of Cd?* were fitted to a cubic
splines function, which was then integrated with time to obtain
the surface area under the BTC.

After steady state is reached in a flow-through experiment,
the total dissolved cadmium concentration, [Cd], in the outlet
flow remains constant. For experimental conditions where the
water residence time in the reactor is much shorter than the
characteristic time scale of “slow” Cd®* uptake, [Cd] is equal
to the input concentration, [Cd],. Such conditions can aways
be created by increasing the flow rate, Q, to a sufficiently high
level. The difference in the BTC of dissolved Cd®** and that of
an inert tracer then only reflects Co®* removal by “fast” adsorp-
tion to calcite. From the amount of Cd®* removed from solution,
the surface density of adsorbed Cd®* in equilibrium with the
dissolved concentration [Cd)], can be calculated (Grolimund et &,
1995). Reversihility can be tested by switching back to a cadmi-
um-free input solution, hence, forcing adsorbed Cd?* to desorb.

By adjusting Q to asufficiently slow value, asteady state can
be reached for which [Cd] < [Cd],. The persistent concen-
tration difference between inflow and outflow then indicates a
continued removal of Cd®* by “slow,” non-equilibrium uptake.
The rate of “slow” uptake is given by

_ Q([Cd]o — [Cd]y)

Req
SA Meaicite

(13)

where SA and m_, ;. denote the specific surface area and mass
of calcite, and R is expressed in mol m~2 h™™,

3. MATERIALS AND METHODS
3.1. Calcite

Experiments were conducted with a natural calcium carbonate,
Mikhart130 from Provencale S.A. (Cases de Pene, France). The X-ray
diffraction pattern was indistinguishable from that of pure calcite. The
raw product was sieved and the size fraction between 100 and 140 um
was rinsed repeatedly with ultra-pure water to remove fine particles.
The effectiveness of the washing procedure was verified by scanning
electron microscopy (Fig. 2). The specific surface area of the washed
product was 0.20 m? g~ %, as determined by the N,-BET technique
(precision *=10%). Mechanica stirring during the experiments caused
a dlight change in surface area of the calcite grains. In blank tests, the
specific surface area was found to increase to 0.28 m? g~ * after 48 h of
continuous tirring. The latter value was used in the calculations.

Chemical analysis, performed by ICP-MS, indicated the presence of
Mg?* (1.2%) and, to a lesser extent, Fe?* (0.03%) in the calcite.
Cadmium concentrations in the solid were below detection. The calcite
solubility product was calculated from the composition of equilibrated
solutions, following the approach of Thorstenson and Plummer (1977).
The experimental value, Log Ky, = 9.3 = 0.1, was higher than that of
pure calcite, as expected for a Mg-containing calcite (Busenberg and
Plummer, 1989; Mucci, 1986).

The calcite was stored in a 0.01 mol/L NaCl solution, to avoid
artefacts due to exposure to air (Stipp et al., 1996). All experiments
reported in this study were performed with the same calcite stock suspen-
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Fig. 2. Scanning electron micrographs of calcite grains before (a) and
after (b) repeated washing with ultra-pure water.

sion. The solid concentration of the suspension (50 g dm™3) was deter-
mined by weighing four replicate samples after evaporation. Addition of
calcite to the reactors was done by measuring out a precise volume of the
homogenized stock suspension. Experiments were run with 0.12 =+
0.01 g initial mass of calcitein the reactors. The total amount of calcite
dissolved during the flow-through experiments never exceeded 5% of
the initial mass. Hence, as a first approximation, the mass of calcite in
the reactor during experiments was assumed to remain constant.

3.2. Solutions

Input solutions were prepared with Ultrapure water (18 M() resis-
tivity) and reagent-grade chemicals. They were either preequilibrated
with the calcite, or not: the two types of solution are identified as EQW
and NEqW, respectively. EQW solution was prepared by reacting
Ultrapure water with the natural calcite, in contact with atmospheric
CO,. Periodic sampling confirmed that the solution reached equilib-
rium within 1 month. A large quantity of EQW solution was synthe-
sized. Before each experiment, the required amount of solution was
filtered through 0.45 wm pore size membranes and analyzed for cal-
cium concentration, pH and akalinity. The ionic strength of EQW and
NEQW solutions was adjusted to 0.01 mol dm~2 by NaCl. Table 2
gives the compositions of the input solutions.

The solutions were spiked with cadmium (as CdCl,) to obtain input
solutions with total cadmium concentrations between 2.2x10°° and
4.5%10"* mol dm~3. A number of experiments were carried out using
199Cd radioactive tracer (y-emission, 88 keV, T,,, = 462 d). A small
quantity of *°°Cd was added to EQW and NEQW solutions to create
specific activities of ~4.0x10° Bq dm™2. The acidity of the spiking
solution was neutralized by 0.1 mol dm~3 NaOH.

Table 2. Compositions of inflow solutions.?

NEqW EqW
ca®* 0 26+02x10*
Alkalinity 24 % 107° 50+ 05x 1074
pH 57 80*+0.1
lonic strength® 1072 1072

2 EqW = solution equilibrated with calcite at 25°C and atmospheric
CO,; NEqW = solution not equilibrated with calcite; concentrationsin
mol dm~3,

b Jonic strength adjusted with NaCl.

3.3. Flow-Through Experiments

The flow-through reactors (Fig. 1, modified after Van Cappellen,
1997), had an internal volume (V,) of 36 cm?®. Aqueous solution entered
and left the reactors through 0.45 um pore size hydrofoil Teflon
membranes (HVLP, Millipore). Blank tests with highly sensitive 1°°Cd
analyses did not revea any significant Cd>* sorption by the reactor
materias or filters. Flow through the reactors was controlled by me-
chanical piston pumps (Pharmacia P-500). A range of flow rates be-
tween 10.0 = 0.1 and 100 + 2 cm® h™* was used, with corresponding
solution renewal rates between 0.3 and 2.8 V, h™*. Flow rates were
stable throughout the experiments. The calcite-solution suspension in
the reactor was continuously stirred by a magnetic Teflon bar. The
outflow solutions were monitored on-line for pH and conductivity.
Samples were collected with a fraction collector and analyzed for
cadmium, calcium and akalinity.

Dissolved calcium concentrations were measured by AAS. Alkalin-
ity was measured by titration with 10~ mol dm~2 HCl, following the
Gran method (Stumm and Morgan, 1981). Dissolved cadmium con-
centrations were determined by ICP-MS or by gamma scintillation-
counting for °°Cd-spiked experiments. In the latter case, the dissolved
cadmium concentration was derived from the relative difference in
activity between input and output solutions. Counting times were
adjusted to achieve accuracies >99%.

Intheflow-through experimentswith NEQW input sol utions, undersatura:
ted conditions caused calcite to dissolve. Because the input solution con-
tained no dissolved cacium (Table 2), the cdcum concentration in the
outflow, [Cal,,, provided a direct meesure of the rate of cacite dissolution:

o A

mcalcile
where the rate, R, is giveninmol g~ * h™%.
The experiments were carried out at 25.0 = 0.5 C°, with reactors
immersed in a water bath. Before each experiment, the reactor was
washed with 5% nitric acid solution, then rinsed with Ultrapure water.
The performance of the reactors was tested by imposing a step-change
from Ultrapure water to a 102 mol dm~2 NaCl solution and measuring
the conductivity BTC in the output solution. The conductivity tracer

experiments were performed in the presence and absence of calcite.
Cadmium uptake experiments on calcite were performed with
NEgW and EqW solutions in the following sequence. (Stage |) A
Cd-free solution was pumped through the reactor until steady state was
reached. (Stage I1) The input was switched to a Cd-containing solution
with an otherwise identical composition to that of the initial solution.
The Cd-containing solution was supplied at a constant flow rate until
Steady state was reached. (Stage Ill) In a number of experiments,
cadmium desorption was monitored by switching back to the initial
Cd-free solution. Figure 3 shows the results of a typical sorption-
desorption experiment. Also given in the figure are the variations of
calcium concentration, total akalinity, conductivity and pH of the
outlet solution. Tables 3 and 4 summarize the experimental conditions
and results of al the flow-through experiments. Blank Cd breakthrough

experiments were performed with reactors containing no calcite.

(14

4. RESULTS
4.1. Reactor Hydrodynamics

An experimental inert tracer breakthrough curve (BTC) is
compared to the theoretical BTC (Egn. 12) in Figure 4. Note
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Fig. 3. Flow-through reactor experiment (R14, Table 4). The upper
panel shows the dissolved Cd®* concentration measured in the outflow
solution during the three stages of the experiment (defined in the text).
The solid line corresponds to the theoretical BTC of an inert tracer. The
lower panel displays the concentration of total dissolved Ca?™, alka-
linity, pH and conductivity in the outflow. The outflow Cd®* concen-
tration is normalized to the inflow concentration during Stage II. The
Ca2" concentration and the values of alkalinity and conductivity are
normalized to their steady state values during Stage |. V/V, corresponds
to the number of reactor volumes that have passed through the reactor.

that in the figure the X-axis corresponds to the number of
reactor volumes (V,) of solution that have passed through the
reactor, the Y-axis to the concentration measured in the out-
flow, C, normalized to the input concentration, C,, after the
step increase. In this non-dimensional representation, the BTC
of an inert solute is independent of the flow rate and input
concentration.

Eqgn. 12 provided an excellent fit to the conductivity tracer
BTCs, over the entire range of flow rates tested. The presence
of cacite in the reactor did not affect the conductivity BTCs.
Similarly, the BTCs of dissolved cadmium for reactors without
calcite matched Egn. 12. Therefore, it can be assumed that
agueous concentrations were homogeneous within the reactor
and equal to those measured in the outflow.

4.2. Cd-Calcite Interactions

When cadmium-free EQW and NEQW solutions were
pumped through calcite-containing reactors (Stage 1), outflow
pH values were 8.0 = 0.2 and 10.0 = 0.2, respectively. The
increase in pH between inflow and outflow in the NEqW
solutions reflects calcite dissolution in the reactor, which con-
sumes protons (CaCOg) + H" = Ca®" + HCO;"). For a
closed system, initially at equilibrium with atmospheric CO,,
pH reaches a value of ~10 when saturation with calcite is
attained (Stumm and Morgan, 1981). If the system remains
open to the atmosphere, the pH stabilizes around 8. The ob-
served outflow pH values during Stage | in NEQW experiments
therefore imply negligible exchange of CO, between the reac-
tor and the atmosphere. Subsequent saturation state calculations
assumed closed-system behavior of the reactor with respect to
CO, partial pressure.

Cadmium breakthrough curves for [Cd], = 8.9X10~° mol
dm~2in NEqW, at flow rates of 2.8, 1.4 and 0.3V, h™*, are
presented in Figure 4. The BTCs are shifted down relative to
that of the inert tracer, indicating retention of cadmium in the
reactor. Experimental conditions, steady state solution compo-
sitions and amounts of cadmium removed (Total Cdg;) from
solution are presented in Tables 3 and 4. Also given here are the
aqueous activities of calcium and cadmium at steady state, as
well as the saturation indexes, SI = Log (ion activity product/
Ks), With respect to cacite (Kgycwe= 10~ %, experimental
value) and otavite (K i = 107, Baes and Mesmer, 1976;
Stipp et al., 1993), computed with the equilibrium speciation
program MINTEQAZ2 (Allison et a., 1991).

In experiments run at the highest flow rate (2.8 V, h™%), the
cadmium concentration in the outflow approached the input
concentration to within a few % during Stage Il (e.g., Figs. 3,
4, 7). This was true even for experiments where the solution
was oversaturated with respect to otavite. Hence, to a first
approximation, the surface area between the observed BTC of

Table 3. Experimental conditions and results of cadmium flow-through experiments. EQW input solutions.®

R34 R33 R27 R39 R18 R26 R25 R40
Flow rate (V, h™?) 2.8 2.8 2.8 2.8 2.8 2.8 238 14
[Cd.]o 4510°° 8.910°° 45108 62108 89108 221077 451077 89107
(C* Nty 1.7107° 34107° 1.7107® 24107° 341078 86108 171077 291077
Total Cdgyig 511078 791078 191077 54107 1110°° 1.410°° 2510°° 1.310°°
Sl otavite -2.36 —2.06 -1.36 -1.21 —1.06 —0.66 —-0.36 -0.13
Req (Mol m™2h™h) — — — — — — — 19107
[Clad max 511078 791078 191077 541077 11107 14107 25107° —
[Clagd min 36108 56108 131077 401077 7610°° 1110°° 2210°° —

3In al experiments, the initial amount of suspended calcite was 0.12 = 0.01 g. Aqueous concentrations are given in mol dm 3, sorbed
concentrations in mol m™2, [Cd g max aNd [Cdgd min are the maximum and minimum estimates of adsorbed cadmium: [Cd,yd ey COrresponds to the
total uptake of dissolved Cd®* in experiments run at flow rate = 2.8 V, h™%, [Cdydmin iS Corrected for the amount of Cd(11) that has diffused into
the calcite lattice (Egn. 17 in text). Duration of stage I1: tg,o = 25 h.
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Table 4. Experimental conditions and results of cadmium flow-through experiments, NEqW input solutions.®

R32 R24 R23 R31 R10 R14 R15 R19 RO8 R37 R38
Flow rate (V, h™%) 2.8 2.8 2.8 2.8 238 2.8 238 2.8 1.4 1.4 0.3
[Cd.]o 22107° 4510°° 8910°° 8910 % 45107 89107 1.810° 4410° 89107 8910° 8910°°
(C e a1y 48107 6010°° 1710° 1710® 12107 29107 59107 1410° 16107 9010 <1310
(C& s any 4210°% 3610°° 3610°° 3910°° 3310°° 2310° 1510° 1510° 3610° 3710° 5110°
pHy (£0.2) 9.7 9.7 9.6 9.4 9.1 8.9 8.7 8.7 95 9.8 10.0
AlKs iy 17100* 17107* 1710* 1.210°* 0910 % 0610 % 0510 % 0510 % 1010 % 1710 % 2010°*
Total Cdgyig 6410 14107 17107 1.210°° 8610°° 8810° 9910 ° 1110° 1.710° 30107 381077
Sl cacite (+0.2) 0.2 0.1 0.1 0.1 -0.3 -08 -14 -15 -0.3 0.2 0.4
Sl gtavite (£0.2) -20 -1.9 -15 —0.4 0.1 0.1 0.0 0.3 0.2 -17 -34
Desorption (%) — — — >87 >74 >80 100 100 — — —
Reg (Mol m™2h™Y) — — — 241077 4210°° 2610°°

641078 141077
351078

[Cdads.l max

[Cdaud min 82107 121077 871077

171077 1210°° 8610°° 8810°° 9910°° 1110°°
6210 °©

151077

8.7107¢

64107 77107 9810°°

aIn al experiments, the initial amount of suspended calcite was 0.12 + 0.01 g. Aqueous concentrations are given in mol dm™2, sorbed
concentrations in mol M2, [Cdyd max aNd [Clgd min are the maximum and minimum estimates of adsorbed cadmium: [Cdgd ey COrresponds to the
total uptake of dissolved Cd?* in experiments run at flow rate = 2.8 V, h™%, [Cd,d,in IS COrrected for the amount of Cd(Il) that has diffused into
the calcite lattice (Egn. 17 in text). Duration of stage I1: tggg = 40 h, tgs; = 37 h.

aqueous cadmium and the inert tracer BTC provides an esti-
mate of the amount of Cd®* adsorbed to the calcite grains. The
adsorbed Cd** surface concentrations calculated in this way
are indicated as [Cd ] ma iN Tables 3 and 4. The adsorption
isotherms measured at the highest flow rate in EQW and NegW
experiments are plotted in Figure 5.

In the experiments run at flow rates lessthan 2.8 V, h™?, the
steady state dissolved cadmium concentrations in the outflow
never reached the input value (Fig. 4), implying a continued
removal of dissolved Cd®* in the reactor. Stable outflow Cd*>*
concentrations and, thus, constant rates of “slow” uptake by
calcite, were observed for durations of up to 15 h. Net rates of
“dow” uptake calculated with Egn. 13 are listed as R4 in
Tables 3 and 4.

A series of flow-through experiments was run to determine
whether the solid-solution ratio and the analytical technique
used to measure dissolved cadmium influenced the adsorption
densities derived from cadmium BTCs. The three experiments
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Fig. 4. Effect of flow rate on dissolved Cd®*" breakthrough curves
(BTCs) in the presence of calcite. Data plotted correspond to experi-
ments R23, R37 and R38 in Table 4 ([Cd], = 8.9x10° mol dm™3).
Also shown are the theoretical (full line) and experimental (crosses)
inert tracer BTCs (conductivity). The horizonta axis gives the number
of reactor volumes of input solution passed through the reactor. The
origin coincides with the moment the initially Cd?*-free input solution
is switched to a Cd**-containing input solution (Stage 11).

were performed at a flow rate of 2.8 V, h™* with NEQW input
solutions containing [Cd], = 8.9X10~° mol dm~3. The calcite
concentration in the reactor was varied and two different ana-
lytical techniques (ICP-MS and y-counting) were used to mea-
sure dissolved cadmium in the outflow (Table 5). Within errors,
the experiments yielded the same surface density of cadmium,
1.7 (= 0.1) x10~ 7 mol m~2. Therelative error on Cd** surface
densities presented in this paper was estimated to be *+10%,
with the largest contributions coming from the uncertainties
associated with the mass and specific surface area of calcite
added to the reactor.

Introduction of dissolved cadmium at the start of Stage Il in
NEQW experiments caused simultaneous decreases in outflow
pH, akalinity, calcium concentration and conductivity (Fig. 3),
implying a decrease of the dissolution rate of calcite. Further-
more, the inhibitory effect on the dissolution kinetics (Table 6)
increased with the amount of adsorbed cadmium (Fig. 6). In
Figure 6, the relative inhibition is expressed as (R, — R,))/R,,
where R, and R, are the steady state rates of dissolution
measured before (Stage |I) and after (Stage Il) introducing

-4 mﬁ """" o o @ o]
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S 5ge t = This study - NEqW ‘
E Q"‘ o1 4 This study - EqQW |
_§ 4 :: 2 ‘o t o McBride (1980)
I s & ° | © Davisetal. (1987)
:e; 84 x ° o Papadopoulos and Rowell (1988)

x & Zachara et al. (1991)
o x x Van der Weijden (1995) ‘
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Log [Cd* activity]

Fig. 5. Isotherms of Cd*" adsorption on calcite. Isotherms deter-
mined in flow-through reactor experiments with equilibrated (EqW)
and non-equilibrated (NEQW) solutions in this study (data in Tables 3
and 4) are compared to those of previous studies (see Table 7). For each
agueous Cd®" activity in this study both the maximum and minimum
estimate of the adsorbed Cd?* concentration is plotted (see text for
discussion).
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Table 5. Replicate Cd** adsorption determinations in flow-through
reactor experiments.?

Replicates
Meacite 0.12 0.12 0.24
Technique ICP-MS Y v
Cdgyig 178 x 1077 1.82x 1077 158 x 1077

@ Comparison of two analytical techniques for dissolved Cd®* mea-
surements (gamma counting and ICP-MS), and effect of a doubling of
the mass of calcite (in grams) suspended in the reactor. Experimental
conditions: [Cd], = 8.9 X 107° mol dm™3 Q = 2.8V, h™%. Sorbed
concentrations, Cdg;q, Were derived from the measured Cd®* break-
through curves and are expressed in mol m~2,

cadmium to the reactor, respectively. The concentrations of
adsorbed cadmium indicated on the figure were cal culated from
the adsorption isotherm for NEqW (Fig. 5) using the steady
state agueous Cd activity in the outflow during Stage I1. The
relative inhibition of calcite dissolution by adsorbed cadmium
asymptotically approached 75—-80% (Fig. 6). Therefore, calcite
dissolution continued even when maximum surface coverage
by Cd®* was reached.

Calcite dissolution rates were also determined after desorp-
tion of Cd®*, that is, during Stage |11. The results showed that,
after removal of adsorbed Cd®* from the calcite particles, the
dissolution rate remained below theinitial value during Stage |
(Table 6). Thisis particularly striking for experiments R15 and
R19 where 100% of sorbed Cd®>* was recovered during Stage
[11 (Table 4). Despite the complete desorption of Cd®*, the rate
of dissolution of calcite was 30% lower than measured before
the calcite surfaces had interacted with Cd®* ions.

4.3. Adsorption Isotherms

The cadmium adsorption isotherms differ for NEQW and
EqQW solutions: for the same free aqueous (Cd®™) activity, the
amount of cadmium removed by calcite is lower for EQW than
for NEQW solution, as shown in Figure 5. The figure aso
compares the results of this study with those of McBride
(1980), Davis et a. (1987), Papadopoulos and Rowell (1988),
Zachara et a. (1991), and van der Weijden (1995). The ad-
sorbed Cd concentrations are al given in units of mol m~2 to
account for differences in specific surface area of the calcite
samples used. Experimental conditions of the various studies
are summarized in Table 7.

Up to aCd** surface density of ~10~> mol m~2, the results
of previous studies mostly fall between the NEQW and EqW
isotherms measured in this study. The general trend of the data
defines a 1:1 dope on a log-log scae (Fig. 5). At surface
densities >10"> mol m~2, our data (especidly in NEQW
solution), as well as those of Papadopoulos and Rowell (1988)
and McBride (1980), show a flattening of the isotherms. A
likely explanation is that saturation of the surface adsorption
sites is reached. The saturation value of ~107° mol m~2
observed in this study agrees with estimates of the density of
lattice positions exposed on calcite surfaces (5 sites nm™2,
Moller and Sastri, 1974; Davis and Kent, 1990). The differ-
ences between the isotherms shown on Figure 5 are further
analyzed in the Discussion section.
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Fig. 6. Inhibition of calcite dissolution by adsorbed Cd®*". The
degree of inhibition is given as the relative drop of the steady state
dissolution rate between Stages | and 1. Dissolution rates were calcu-
lated with Eqgn. 14.

The quantity of Cd desorbed from calcite was calculated by
integrating the outflow Cd®* concentration from the beginning
of Stage Il until the end of the experiment. Table 4 reports the
percentages of sorbed Cd®* that were remobilized by desorp-
tion in five experiments. In some cases, the outflow still had a
significant dissolved Cd®>* concentration at the end of the
experiment. The corresponding desorption percentagesin Table
4 are therefore identified as minimum estimates of the fraction
of sorbed Cd** that could be recovered from the calcite parti-
cles.

Results of desorption experiments showed that 80 to 100%
of Cd®* removed from solution by “fast” adsorption was re-
covered after switching to Cd-free NEQW solutions (Table 4).
During desorption, it took on the order of 10—20 h to reach
steady state at a flow rate of 2.8 V, h™*. Under similar condi-
tions, steady state is reached within 3 h for an inert species. In
the experiments at flow rate 2.8 V, h™*, no effect of the contact
time between calcite and cadmium-containing solutions on
cadmium desorption was observed in the concentration range
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Fig. 7. Comparison of normalized Cd*" outflow concentrations
during Stages |1 and I11, in two experiments where the duration of Stage
Il was equivalent to 22 and 60 V,, respectively. Input solutions con-
tained 4.4x10~® mol dm™2 of dissolved Cd** and were supplied at a
constant flow rate (2.8 V, h™?) in both experiments. The origin of time
in the insert corresponds to the beginning of Stage Il for both exper-
iments. The results show no effect of the duration of Stage Il on the
Cd?* desorption curves.
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Table 6. Inhibitory effect of Cd?* sorption on calcite dissolution kinetics. R; (i = I, II, 111) represent the rates of calcite dissolution during the
successive stages of the flow-through experiments (see Fig. 3).
R23 R31 R10 R14 R15 R19 RO8 R37 R38
(R — RYR 0.24 0.41 0.63 0.72 0.80 0.79 0.66 0.21 0.43
(R — RW/R, — — 0.31 0.46 0.31 0.27 — — —

4.45x1077 to 4.45x107° mol dm~2. This is illustrated in
Figure 7 where identica desorption curves are observed
whether 22 or 60 reactor volumes (V,) of Cd-containing solu-
tion passed through the reactor during Stage 11.

4.4. Slow Aqueous Cd?* Uptake

For the same input concentration of Cd®*, [Cd]J/[Cd], was
equal to 1.0, 0.65, and 0.05 at flow rates of 2.8, 1.4 and 0.3 V,
h™1, respectively (Fig. 4). Thus, for water residence times
greater than 0.5 h, uptake processes other than equilibrium
adsorption had a pronounced effect on the outflow concentra-
tions of agueous cadmium. “Slow” uptake of cadmium oc-
curred even for total Cd uptake significantly below saturation
of the surface sites and for solutions undersaturated with re-
spect to otavite.

The rates of “slow” Cd uptake by calcite, Ry, were calcu-
lated with Eqgn. 13 for experiments R08, R37, R38 and R40
(Tables 3 and 4). The rates are order-of-magnitude higher than
those of Davis et a. (1987) who reported a rate of “sow”
uptake of 7.5x107** mol m~2 h™%. In the experiments with
flow rates <2.8 V, h™*, steady state conditions during Stage I
and, thus, constant rates of “slow” cadmium uptake were main-
tained for periods of up to 15 h. The dow uptake rates, however,
were found to depend on the concentrations of adsorbed cadmium
derived from the isotherms: the higher the surface dendty of
adsorbed cadmium, the higher the rate of “dow” uptake.

The dependence of therate of “dow’ cadmium uptake on the
concentration of adsorbed Cd®** was fitted to a first order
expression:

Reg = K [Cdlgd] (15)

The apparent first order rate constant, k, derived from the data
of experiments R08, R37, R38 and R40, was 0.030 (*0.005)

h™1. The characteristic time scale of “slow” Cd** incorpora-
tion was therefore on the order of 30 h, compared to the
characteristic time scale of “fast” Cd** adsorption of less than
0.5 h. Experiments with EQW and NEqW input solutions de-
fined a single trend, suggesting that the rate of incorporation of
Cd** was not affected by dissolution of the calcite grains.

5. DISCUSSION
5.1. Adsorption Isotherms

At equal free agueous Cd®* activities, 40-50% more Cd?*
ions are adsorbed in NEgW than EqW solutions (Fig. 5).
Previous studies have shown that pH and the presence of
divalent cations, such as Ca?" and Mg?*, influence cation
adsorption on calcite. In particular, calcium competes with
adsorption of Co®** (Kornicker et al., 1985), Zn®* (Zachara et
al., 1988) and Cd** (Franklin and Morse, 1983; Davis et al.,
1987; Zachara et a., 1991) on calcite.

The cation exchange model (Egns. 2 and 3) is the simplest
model describing the effect of Ca?* ions on Cd®* adsorption to
calcite surfaces. The model was fitted to the (Cd®™) and (Ca?™)
free ion activity values listed in Tables 3 and 4, yielding a
maximum Cd?* adsorption density, X, of 1.1x10~> mol m~2
As can be seen in Figure 8, the Ca-Cd exchange model repro-
duces the difference between the NEqW and EqW isotherms.
The fit to the data yields a Log ¢, value of 2.5 (Eqn. 3 with
n = 1). The value of the equilibrium exchange constant de-
pends on the value of X;. If a cation surface site density of 5
atoms Ca per nm? is used (Moller and Sastri, 1974), the
corresponding X value equals 810~ ¢ mol m~2 and the best
fit to the observed isotherms gives Log ¢, = 2.7. In this case,
however, the model dlightly underestimates the maximum ad-
sorbed cadmium concentrations. The conditional stability con-

Table 7. Comparison of experimental conditions in this and previous studies of Cd®* sorption to calcite.?

Papadopoul os Zachara
McBride Davis et al. and Rowell et a. van der Weijden

NEqW Eqw (1980) (2987) (1988) (1991) (1995)
T (°C) 25+ 05 23+ 2 25 25+1 25 20+ 2
Input solution P.W. Eq. P.W. Eq. Eq. Eq. Eq.
Electrolyte NaCl — AGW Ca(NOs), — NaCl
Log Pco, variable -35 -35 —-35t01 -35 -35 -35
pH 8.9-9.8 7.9-8.2 6.5-8.3 6.0-8.25 6.4-8.3 74 79
I (mol dm™3) 0.01 — variable variable 0.1 0.1-0.7
SA (m?*g™Y) 0.28 0.49 0.50 0.15 0.20 0.13
Particle size (um) 100-140 — 2-4 — 9 10-100
Solid/solution (g dm™3) 333 8.0 — 80 25 4.94
Contact time (h) 5-20 24 24 72 24-36 49

2P.W. = pure water; Eq. = equilibrated water; AGW = artificial ground water. In contrast to this study, all previous studies were conducted in

batch reactors.
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Fig. 8. Adsorption models. Minimum and maximum estimates of
adsorbed Cd®*" concentrations are plotted for flow-through reactor
experiments using EQW and NEQW input solutions. Lines correspond
to fits of the Cd-Ca exchange (Exc.) and surface complexation (S.C.)
models to the data. For the latter model, fits for two different electric
double layer capacitance values are shown. See text for complete
discussion.

stants derived here are smaller, athough of the same order of
magnitude, as previously reported values (Log ¢, = 3.02-
3.03, Zachara et a., 1991; 3.02-3.12, van der Weijden, 1995)
and D vaues (log D = 3.18, Davis €t al., 1987; 3.5, Papado-
poulos and Rowell, 1988).

The cation-exchange model only describes the competition
between Ca?" and Cd** for the same population of surface
sites. In addition to competition by Ca?™, the surface compl-
exation model accounts for effects of pH and P, on Cd**
binding to calcite surfaces. Application of the surface compl-
exation model predicts that during Stage | the calcite surfaces
are dominated by >CO,~, >CO,Ca* and >CaCO,~ species,
both in NEQW and EqW solutions. With the default values for
the surface site density, X; = 1.1X107° mol m~2, and the
capacitance of the electrical double layer, k = 17 F m~2, fitting
of the isotherms gives a stability constant for the surface
complex >CO,Cd™ (Egn. 10) of Log K, = 0.1. Inclusion of
reaction 11 does not improve the fit to the data and no value for
Log K41y was therefore determined. The EQW isotherm is well
reproduced, while for NEQW a reasonable fit is found for
agueous Cd?* activities below 10~7 (Fig. 8). At higher aque-
ous activities, adsorbed concentrations in NEQW are underes-
timated. Decreasing the capacitance improves the agreement
between model and data without a large change in Log K,
(see datafit for k = 9 Fm 2 and Log K(;q) = —0.1in Figure
8.

With the necessary parameter adjustments, both adsorption
models provide equally good fits to the observed isotherms
(Fig. 8). Andysis of the chemica structure of the calcite
surface predicted by the surface complexation model speciation
reveals why this is so. In experiments both with NEqW and
EqgW input solutions, the dominant adsorption sites for both
Ca®* and Cd** are surface carbonate groups. Only at pH > 10
do surface hydroxyl sites (>CaOH®) become available for
cation adsorption. Therefore, within the framework of the sur-
face complexation model, reactions (9) and (10) account for the
adsorption of Ca?* and Cd®* on calcite surfaces over the range
of conditions encountered in the flow-through experiments.
Combined, these reactions give

>CO,Ca" + Cd** © >CO,Cd™ + C&* (16)

which is formally equivalent to the cation surface exchange
reaction 2. Based on the intrinsic stability constants for reac-
tions (9) and (10), Log K4, is calculated to be in the range
2.7-2.9. Thus, as expected, K, is of the same order of
magnitude as ¢ _.

The intrinsic surface stability constant for the adsorption of
Ca®* ions to carbonate surface sites, i.e., reaction (9) listed in
Table 1 (Log Ky = —2.8), is not an experimentally-deter-
mined value, but a rough estimate derived from the formation
constant of the dissolved complex CaHCO,* (see Van Cap-
pellen et a., 1993, for complete discussion). In recent studies,
Pokrovsky et al. (1998) and Fenter et al. (2000) have proposed
higher (—1.7) and lower (< —4.4) values for log K. Varia-
tions in log K, affect the value of log K ;4 obtained from
fitting the Cd®* adsorption isotherms, but not that of log Kae)-
Thus, while considerable uncertainty remains concerning the
absolute values of the stability constants for the formation of
the >CO,Cd* and >CO,Ca* surface complexes, their relative
maghitudes appear well constrained.

In principle, the surface complexation model provides a
more general description of carbonate mineral-aqueous solu-
tion interactions, compared to the cation exchange model. It
offers a single theoretical framework in which mineral disso-
lution and precipitation kinetics, surface charge development
and sorption properties are explained in terms of reactions
between surface hydration species (>CaOH® and >CO,;H°)
and aqueous congtituents (Van Cappellen et a., 1993). The
existence of >CaOH® and >CO,H° surface sites at the termi-
nation of the calcite lattice is supported by observations using
high-resolution surface observation techniques (e.g., Stipp and
Hochella, 1991; Pokrovsky et a., 1998; Fenter et a., 2000). As
shown here, the simpler cation exchange model represents a
specia case of the surface complexation model of the calcite-
aqueous solution interface.

Values of the exchange constant c,_, D or K(16) derived from
the data presented here are lower than found in the literature.
Furthermore, the maximum adsorption density observed in this
study is significantly lower than reported by McBride (1980),
and Zachara et a. (1991) (Fig. 5). One reason for the discrep-
ancies may be that previous Cd®* sorption studies were carried
out in batch reactors. Measurements of Cd®** uptake by calcite
in batch systems include contributions of both “fast” and
“dow” uptake processes, as recognized by Papadopoulos and
Rowell (1988). These authors separated their Cd®" uptake data
into two regimes, one corresponding to the progressive satura-
tion of available surface sites, the other to surface precipitation
which they assumed starts only after monolayer surface cover-
age by Cd®** has been reached. The kinetic Cd®* uptake data
presented here, however, show that “slow” incorporation be-
gins well below Cd®* surface saturation. This is in agreement
with the observations of Davis et a. (1987) and Stipp et al.
(1992). The former authors found that uptake processes other
than reversible adsorption occur even at less than 1% mono-
layer surface coverage, while Stipp et a. (1992) observed the
disappearance of cadmium adsorbed at the surface, as a result
of diffusion into the calcite crystal, at surface coverages below
25%.

According to the experimental results presented here, the
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effect of “dow” uptake on total agueous Cd** removal by
calcite becomes important at reaction times exceeding 0.5 h.
Batch sorption experiments are typically run for much longer
times (Table 7). Hence, the variability of isotherms measured
previoudly in solutions equilibrated with calcite (Fig. 6) may in
part reflect variable contributions of “slow” uptake processes
among the different studies.

The flow-through experiments conducted in this study ran
for 5 to 20 h. Some Cd** uptake by calcite is therefore due to
“dow” incorporation, even in the high flow rate (2.8 V, h™%)
regime. The maximum contribution of “slow” uptake to total
removal of agueous Cd**, can be calculated using a constant
rate of incorporation, Roy = k[Cd 4 min, during the time nec-
essary to reach steady state conditions in Stage I, t,,. The
corresponding minimum estimate of the concentration of truly
adsorbed Cd®", [Cdud min 1S related to the maximum estimate
[Cd.yd max (Tables 3 and 4) by

[Cdadmax = [Claaemin(1 + Ktyy) 17

The minimum estimates of the concentrations of adsorbed
Cd?* are listed in Tables 3 and 4. Both the maximum and
minimum adsorbed concentrations are shown on Figures 5 and
8. It can be seen that “slow” uptake mainly affects the estimated
adsorbed surface densities of Cd®* at the lowest dissolved
Cd** levels.

Based on the previous discussion, we propose that the
smaller exchange constants (as ¢, or K(;6)) and saturation site
densities found using the flow-through reactor technique pro-
vide a more accurate representation of “true’ surface adsorp-
tion of Cd®** on calcite than values derived from batch exper-
iments.

5.2. Desorption

Desorption of Cd®* from calcite is characterized by an initial
rapid release of Cd®** ions, followed by the persistence of
non-zero outflow concentrations over relatively long times
(Figs. 3 and 7). Tailing of the desorption curves could corre-
spond to the release of Cd®** removed during “slow” uptake.
This explanation, however, does not agree with the lack of
dependence of the desorption tails on the duration of the
preceding sorption period (Fig. 7). Furthermore, the amounts of
Cd** released during tailing exceed the maximum estimated
concentrations of Cd®* fixed by “slow” uptake. Alternatively,
the observed tailing could reflect the existence of several sur-
face coordination environments for Cd*. Differencesin bond-
ing could result in differences in desorption kinetics. Further
kinetic experiments, as well as spectroscopic observations, will
be needed to determine the mechanism(s) responsible for the
observed desorption behavior.

5.3. Slow Cd?* Uptake

Cadmium solid-state diffusion into the calcite lattice from
adsorbed positions has been proposed as a mechanism leading
to otavite—calcite solid-solution formation (Stipp et a., 1992).
Assuming that the thickness of the adsorbed layer and the
diffusion jump distance are both equal to the thickness of a
CaCO; unit cell aong the cleavage plane (d = 3.2 A; Liang and
Bear, 1997), and assuming that the rate constant of “sow”

uptake (k = 0.03 h™1) can be equated to the jump frequency of
Cd®* ions from surface sites to underlying lattice sites, a
corresponding solid-state diffusion coefficient, D, at 25°C can
be calculated as D, = k(d)® (Lasaga, 1998). The calculation
yidlds D, = 8.5 (=1.4) x10~2* cm? s~ %,

The value of D calculated here falls in between values of
solid state diffusion coefficients at 25°C of “°Ca in cacite
(8%x107%° cm? s~ %; Lahav and Bolt, 1964) and akali cations
(Rb, Cs, Sr) in the hydrated surface layers of silicate glasses
(=10"2* cm? s %; White and Yee, 1986). Thus, in terms of
magnitude, the kinetics of the “slow” uptake process are com-
patible with diffusion of adsorbed Cd®* ions into the calcite
lattice. The value of Dy is aso consistent with the changes in
Cd?* surface concentration on calcite observed by Stipp et al.
(1992).

According to Einstein’s equation, z = \/Ii where x and t
are distance and time, Cd®** should not have diffused beyond
the first surface CaCO5; monolayer during the 5-20 h of Stage
Il of the flow-through experiments. The amount of Cd®*
needed to form a monolayer of otavite—calcite solid solution in
equilibrium with a given experimental solution can be deter-
mined with Egn. 1, using the agueous Ca®* and Cd®* activities
(Tables 2—4), and assuming a total number of cation positions
of 1.1x107% mol m~2 in a CaCO, monolayer. The measured
kinetics of “slow” uptake (Egn. 15) then predict that it would
take between 30 and 400 h to produce a monolayer of solid
solution at equilibrium with the solution, depending on the
dissolved Cd®" level. If the slow uptake process indeed corre-
sponds to Cd®* diffusion into the surface lattice, then these
times are absolute minimum estimates, because (1) for times
>30 h Cd®* will have penetrated beyond the outermost mono-
layer, and (2) the rate of diffusion will slow down as Cd**
starts building up in the mineral surface lattice. From these
considerations, it appears that only the initial stage of solid-
solution formation may have been reached during the experi-
ments.

5.3. Calcite Dissolution

Cadmium adsorption has an instantaneous inhibitory effect
on calcite dissolution (Fig. 3). At only one fifth of the maxi-
mum adsorption density, adsorbed Cd®* ions reduce the dis-
solution rate of calcite by 50% (Fig. 6). This suggests that Cd**
preferentialy attaches to reactive dissolution sites, e.g., kink
and edge sites (Reeder, 1996; Schosseler et al., 1999), leading
to a competition between adsorption and dissolution processes.
When Cd?* adsorption reaches its maximum coverage (X; =
1.1x10~° mol m~?2), however, dissolution still proceeds at a
rate equal to 25% of itsinitial value under Cd-free conditions.
This non-zero rate istoo fast to be explained by release of Ca?™*
ions coupled to “slow” incorporation of Cd®™ into the lattice by
diffusion. Thus, it would appear that a fraction of dissolution
sites at the calcite surface remains active in the presence of
Cd**. A complete understanding of the observed effect of
Cd?* adsorption on calcite dissolution will require a detailed
characterization of the kinetic and structural properties of sur-
face sites at the calcite mineral-aqueous solution interface.

Desorption of Cd®" does not restore the calcite dissolution
rate to its preadsorption value, even when desorption is 100%
complete (Tables 3, 4, and 6). Previous studies have demon-
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strated the highly dynamic nature of calcite surfaces and have
documented significant modifications of the surface structure
upon interaction with solute species (e.g., Hillner et al., 1992;
Dove and Hochella, 1993; Reeder, 1996; Liang and Baer, 1997,
Teng et al., 1998, 1999; Fenter et a., 2000). The results
presented here confirm that interaction with Cd®* changes the
dissolution kinetics of calcite but, in addition, they suggest that
the calcite surfaces retain a “memory” of the adsorbed Cd®*
ions after they return to solution.

The flow-through reactor study shows that calcite crystals
present in sediments, soils and aquifers have the potential to
immobilize Cd®" via adsorption and bulk incorporation.
Equally important, the results show that interactions with Cd®*
have profound effects on the reactivity of calcite.

6. CONCLUSIONS

The interactions of Cd®* ions with calcite surfaces were
investigated in NaCl solutions at 25°C using stirred flow
through reactors. By varying the solution residence time in the
reactor, Cd®* uptake due to “fast” surface adsorption and to
“dow” bulk incorporation could be measured separately. The
flow-through technique also allowed us to monitor the effect of
cadmium uptake on the dissolution kinetics of calcite. The
following are the main conclusions of this study.

1. For water residence times less than 0.5 h, the breakthrough
curves of dissolved cadmium are mainly affected by adsorp-
tion of Cd®* at the calcite-aqueous solution interface. Cad-
mium adsorption is lower in EQW than in NEQW solutions.
For the range of solution compositions encountered in this
study, the difference between EQW and NEQW isothermsiis
attributed to competition of Ca?* ions with Cd®** ions for
surface carbonate ligands.

2. The Cd?*-Ca?* surface exchange constant (Log K« = 2.5)
and the maximum Cd?* adsorption density on calcite (X, =
1.1x10~° mol m~2) determined in this study are lower than
reported in the literature. This may reflect the fact that
previous isotherms were measured in batch reactors and
may have been affected to a larger degree by uptake pro-
cesses other than true adsorption.

3. Ratesof slow Cd®* uptake remain constant for periods of up
to 15 h and are proportiona to the surface density of
adsorbed Cd®* ions. The diffusion coefficient describing
transfer of Cd®* ions from the surface into the solid phase
(8.5x1072* cm? s~ 1) implies that, for the duration of the
experiments (520 h), migration of Cd®* cations into the
lattice is limited to the outermost few A.

4. The flow-through experiments confirm the continuum be-
tween adsorption and slow uptake when Cd®** containing
solutions are in contact with calcite surfaces. The kinetic
data for sow uptake are consistent with migration of sur-
face-bound Cd®* into the calcite lattice, leading to the
progressive formation of a CaCO5;-CdCO, solid solution in
the near-surface of the crystals.

5. Adsorption of Cd®" inhibits the dissolution of calcite crys-
tals. The degree of inhibition increases with the surface
density of adsorbed Cd®" and reaches a maximum of ~75%
when maximum Cd®" adsorption coverage is reached. This
indicates that a subset of the dissolution sites remains active
in the presence of adsorbed Cd®* ions. Upon desorption of

Cd?*, the calcite dissolution rate increases again, but does
not return to itsinitial value even for 100% desorption. The
nature of this “hysteresis’ effect is presently unknown.
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APPENDIX

Aqueous Speciation

Log K, 25°C,

Aqueous reaction® lam, 1 =0
2H* + CO,%~ & H,CO4(aq) -138
H* + CO;*~ © HCO,;™ 10.33
H,Oyy + COyg © 2 HY + COz2™ -18.16
Na" + H" + CO?>” & NaHCO3® 10.08
Na* + CO,>~ < NaCO,~ 1.26
Ca?t 4+ CO42~ + H' © CaHCO,* 11.33
Ca?" + H,0 & CaOH™' + H* —12.60
Cd®* + CI~ & cdcl* 1.98
Cd** + 2ClI~ & CdCl, 2.60
Cd®* + 3Cl~ < CdCl,;~ 240
Cd** + H,O0 & CdOH™ + H* —10.08
Cd** + 2H,0 & Cd(OH),° + 2H™" —-20.35
Cd?* + CO2~ + H™ & CdHCO,* 11.83
Cd®* + CO4%” & CdCOy° 3

2 Sources. MINTEQA?2 database (Allison et a., 1991), Fouillac and
Criaud (1984), Stipp et a. (1993).
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