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Abstract-The sorption of seven divalent metals (Ba, Sr, Cd, Mn, Zn, Co, and Ni) was measured on 
calcite over a large initial metal (Me) concentration range (lo-’ to 10e4 mol/L) in constant ionic strength 
(I = 0. l), equilibrium CaC03(s)-CaCOs(aq) suspensions that varied in pH. At higher initial Me concen- 
trations ( 10m5 to 10m4 mol/L) geochemical calculations indicated that the equilibrium solutions were 
saturated with discrete solid phases of the sorbates: CdCOx(s), MnCO,(s), Zn5(OH),(C0,)2(s), Co(OH),(s), 
and Ni(OH),(s), implying that aqueous concentrations were governed by solubility. However, significant 
sorption of all the metals except for Ba and Sr was observed at aqueous concentrations below saturation 
with Me-solid phases. Divalent metal ion sorption was dependent on aqueous Ca concentration, and the 
following selectivity sequence was observed: Cd > Zn 2 Mn > Co > Ni 4 Ba = Sr. The metals varied 
in their sorption reversibility, which was correlated with the single-ion hydration energies of the metal 
sorbates. The strongly hydrated metals (Zn, Co, and Ni) were most desorbable. A sorption model that 
included aqueous speciation and Me*+-Ca*+ exchange on cation-specific surface sites was developed that 
described most of the data well. The chemical nature of the surface complex used in this model was 
unspecified and could represent either a hydrated or dehydrated surface complex, or a surface precipitate. 
A single exchange constant for Cd, Mn, Co, and Ni could describe the sorption of that metal over a wide 
range in pH, Ca concentration, and surface concentration. Zinc, however, exhibited nonlinear sorption 
behavior and required exchange constants that varied with surface coverage. Our data suggested that (i) 
Cd and Mn dehydrate soon after their adsorption to calcite and form a phase that behaves like a surface 
precipitate, and (ii) Zn. Co. and Ni form surface complexes that remain hydrated until the ions are 
incorporated into the structure by recrystallization. 

INTRODUCTION 

DIVALENT METALLIC CATIONS (Me*+) sorb to the surface of 
calcite (MORSE, 1986), thereby influencing their aqueous- 
phase concentrations in calcareous environments. Sorption, 
defined generally as a surface localization process irrespective 
of mechanism (SPOSITO, 1986), represents a potentially sig- 
nificant metal-scavenging process in aquatic, marine, and 
ground-water environments and in mineral waste systems 
(FULLER and DAVIS, 1987; DUDLEY et al., 1988; ZACHARA 
et al., 1989). Sorbed metallic cations may be incorporated 
into the calcite lattice, reflect the geochemical conditions of 
formation (REEDER and PROSKY, 1986; PINGITORE and 
EASTMAN, 1986; REEDER and GRANS, 1987), and provide a 
future source of these same metals upon dissolution of calcite. 

Divalent metallic cations at low aqueous concentration 
first associate with the calcite surface via an adsorption re- 
action whose identity and stoichiometry has not been fully 
resolved (FRANKLIN and MORSE, 1983; KORNICKER et al., 
1985; DAVIS et al., 1987; ZACHARA et al., 1988). The term 
adsorption is used here according to the definition of SPOSITO 
(1986), as representing the interfacial accumulation of sorbate 
as a surface complex, without development of a three-di- 
mensional molecular arrangement. It has been speculated 
that the adsorption reaction occurs via exchange with Ca in 
exposed structural (lattice) sites (KOSS and MOLLER, 1974) 
or by complexation to carbonate groups bound in a disor- 
dered, hydrated surface layer (LAHANN and SIEBERT, 1982; 
DAVIS et al., 1987; ZACHARA et al., 1988). 

On calcite, the fate of the adsorbed metal ions with time 
appears to vary between different sorbates and is complex. 
For example, Zn formed surface complexes that were de- 

sorbable from calcite after 48 h (ZACHARA et al., 1988), while 
adsorbed Cd and Mn have been reported to rapidly transform 
to a surface phase exhibiting slow desorption rates (MCBRIDE, 
1980; DAVIS et al., 1987; PAPADOPOULOS and ROWELL, 1988). 
The Mn and Cd surface phases have been described by the 
noted authors variously as chemisorbed complexes, surface 
precipitates, and MeC03(s)-CaC03(s) solid solutions, attesting 
to ambiguity in terminology applied to the adsorption-pre- 
cipitation boundary (see COREY, 1981; SPOSITO, 1986) as 
well as incomplete molecular understanding of their chemical 
nature. Under equilibrium conditions with respect to calcite 
solubility, surface associated metal ions may be incorporated 
into the calcite structure, as a coprecipitate, by recrystalli- 
zation (LORENS, 1981; DAVIS et al., 1987; ZACHARA et al., 
1988). Discrete MeC03 or basic-metal carbonate precipitates 
may form on the calcite surface in more concentrated metal 
solutions (MCBRIDE, 1979, 1980; GLASNER and WEISS, 1980; 
KAUSHANSKY and YARIV, 1986; PAPADOPOULOS and Row- 
ELL, 1988; ZACHARA et al., 1989). 

The factors controlling metal ion sorption and adsorption 
selectivity on calcite are not fully understood because indi- 
vidual investigators have studied single metal sorbates (see 
all references above). Comparisons between these studies are 
difficult because of the use of different calcite sorbents, elec- 
trolyte solutions, and experimental procedures, all of which 
can exert a strong influence on the reactions responsible (ad- 
sorption, precipitation) for metal cation sorption to calcite. 
Thus, trends have not been established between sorption be- 
havior, sorbate properties, and the solution composition that 
could be used to determine the sorption mechanism and the 
chemical basis for surface selectivity. 

The present study examines the sorption of seven different 
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divalent metal ions on calcite over short contact times to 
minimize the complicating influence of recrystallization. 
Metal ions varying in ionic radius, hydration energy, and 
other properties were used to (i) determine the chemical fac- 
tors influencing selectivity for the calcite surface and (ii) pro- 
vide further insights on relative contributions of adsorption 
and precipitation to sorption over concentration ranges rel- 
evant to contaminant geochemistry. A equilibrium chemical 
model based on Me’+-Ca2+ surface exchange on calcite was 
developed and applied to describe the effects of Ca activity 
and pH on metal cation sorption. The results were used to 
evaluate the conceptual veracity of several recently proposed 
models of coupled adsorption/precipitation reactions on cal- 
cite (DAVIS et al., 1987; COMANS and MIDDELBURG, 1987; 
WERSIN et al., 1989). 

EXPERIMENTAL METHODS 

The Calcite Sorbent 

Reagent-grade calcite (CaCO,(s), Fisher Scientific) was aged by 
storing 0.5 kg of CaCO&) in 14 L of 0.02 mol/L NaHCO,(aq) for 
30 days according to the procedure of REDDY and NANCOLLAS (197 1). 
The suspension was agitated daily during this period. The aging pro- 
cess establishes calcite crystallites with a more uniform particle di- 
ameter then reagent-grade calcite, through recrystallization. Recrys- 
tallization refers to a process, that occurs in saturated solution and 
is driven by surface free energy, where smaller crystahites and surfaces 
with defects dissolve and reprecipitate as energetically more stable 
forms. Following the aging period, the CaCOS(s) was separated from 
the storage solution by filtration and then lyophilized. All isotopic 
exchange and metal ion sorption experiments were performed with 
this aged calcite. The aged CaCOs(s) was 100% calcite by X-ray dif- 
fraction and had a BET surface area as measured by triple-point 
krypton adsorption of approximately 0.20 m2/g. This surface area 
was at the lower limit of our measurement capability. Electron mi- 
croscopy showed that the crystallites were rhombohedral in mor- 
phology and were intergrown. The average length of the calcite rhoms 
estimated from electron microscopy was approximately 9.0 pm. 

Equilibrium Calcite Solutions 

Eight solutions in equilibrium with calcite (CaCO,(s)-CaCOg(aq)) 
ranging from pH 7.0 to pH 9.5 at 25°C were prepared by first mixing 
HC104, Ca(C104)z, NaC104, NaHCO,, and NaOH to achieve the 
desired solution composition and pH and a total ionic strength of 
0.1. These solutions were then allowed to equilibrate with CaCOl(s) 
in contact with atmospheric COdg) (&O, = 3.5) for 2 weeks. The 
equilibrium solutions were stored in contact with new CaCO,(s) until 
being used in the sorption experiments. Further details on the synthesis 
of similar solutions can be found in ZACHARA et al. (1988). The 
composition of the equilibrium calcite solutions are provided in Ap- 
pendix Table I. Calculations using the geochemical code MINTEQ 
(FELMY et al.. 1984) with the equilibrium constants tabulated in 
Appendix Tables II and III confirmed that the solutions were in equi- 
librium with calcite. 

Cation-Specific Surface Sites 

The isotopic exchange of 45Ca was measured on calcite in equilib- 
rium CaCO?(s)-CaCOl(aa) solutions at oH 8.3. 8.7. 9.0. and 9.3 to 
determine, by isotopicdilution, the concentration of Ca on the calcite 
surface. 

Calcite (I .OOO g) was placed into tared 25-mL polycarbonate cen- 
trifuge tubes, and 10 mL of the appropriate equilibrium CaC03(s)- 
CaC03(aq) solution (0.22 pm filtered) was added to each tube to 
yield a 100 g/L suspension. These tubes were agitated overnight at 
25°C. The tubes were then reweighed, the CaCOS(s) was allowed to 
settle, and 1 mL of the supernate was removed and placed into a 
tared 5-mL polystyrene tube. The 5-mL tubes were weighed, 300,000 

cpm of carrier-free %a was added, and the tubes were remixed and 
weighed again. Two IOO-PL aliquots were removed for counting into 
tared scintillation vials, and the 5-mL tubes were reweighed to de- 
termine pre-spike mass. The 45Ca spike was then rapidly added to 
the calcite suspension, and the final mass of the 5-mL tube was re- 
corded after spiking to determine residual counts. Each 25-mL tube 
then contained approximately 25,000 cpm/g of suspension. This 
procedure enabled accurate determination of the specific activity of 
%a in each of the tubes at the start of the isotopic-exchange exper- 
iment. 

The tubes were rolled end-over-end to ensure good mixing, and 
duplicate 25-mL tubes were sacrificed at each pH after 4, 8, 12, 24, 
and 48 h. The tubes were centrifuged at 4800 rcf for 10 min, then 
aliquots were removed, by mass, for scintillation counting. Final pH 
was measured using a Ross combination pH electrode. 

Sorption Edges 

Sorption of IO-’ mol/L Ba, Sr, Cd, Mn, Zn, Co, and Ni was mea- 
sured on calcite (a25 g/L, -5.00 m2/L) in each ofthe eight different 
equilibrium CaCOA(s)-CaCOs(aq) solutions. The experiments were 
performed by placing 20 mL (weighed to 0.001 g) of the appropriate 
0.22~pm filtered CaCOs(s)-CaCOs(aq) solution into a 35-mL poly- 
carbonate centrifuge tube into which calcite was added (0.50 g re- 
corded to 0.001 g). The CaC03(s) suspensions were agitated overnight 
and the following morning were spiked with radiolabeled, lo-’ mol/ 
L MeCI, solutions (at pH 4) to yield a final concentration of lo-’ 
mol/L with 15,000 cpm/g of solution. The concentration of the ra- 
diolabeled 10m5 mol/L MeClz spiking solution was determined by 
ICAP. The MeCI, spike mass was recorded to 0.001 g to quantify 
the initial Me’+ concentration. Replicate samples and replicate reagent 
blanks were used at each different pH for each different metal. The 
tubes were then agitated for 24 h at 25°C and were centrifuged at 
4800 rcf for 10 min for phase separation. Aliquots of the supernatant 
were removed for scintillation counting to quantify the final Me*+ 
concentration. Final pH of each sample and blank was measured 
with stirring, using a Ross combination electrode; a 20-min stabili- 
zation period was required. Four samples at different pH values were 
removed from each metal series to quantify final levels of Ca and 
other cations in the equilibrium solution. 

Desorption 

To evaluate the lability of the surface complex, desorption was 
measured at an initial concentration of lo-’ mol/L Me’+. The pro- 
cedure was designed to minimize “apparent desorption” that could 
arise from dissolution of the calcite surface. 

The Me’+ ions at IO-’ mol/L were sorbed on calcite (25 g/L) in 
20-mL suspensions of CaCO&)-CaCOs(aq) at pH 8.7. Metal sorption 
was at or near its maximum value at this pH. Sixteen individual 
polycarbonate tubes were used for each metal. The CaCO,(s) equil- 
ibration and the Me’+ spiking procedures were identical to those 
already described. 

After a 24-h equilibration, the amount of sorption and the pH 
were determined. The equilibrium sorbate solutions were removed 
after centrifugation and their masses recorded. An identical mass 
(-20 g) of CaC03(s)-CaC03(aq) solution at lower pH (Co, Ni and, 
Mn-pH 7.6; Zn and Cd-pH 7.2) was then added to the Me’+-loaded 
calcite to induce desorption. Before addition, the new CaCOs(s)- 
CaC03(aq) solution was spiked with Me’+ to yield an aqueous Me2+ 
concentration identical to that present in the original equilibrium 
solution at pH 8.7. Thus, the total concentration of Me*+ in the 
desorption experiment (aqueous plus sorbed) was identical to that 
in the sorption experiment. Replicate tubes were then sacrificed at 
2, 4, 6, 8, 12, 24, and 48 h after electrolyte replacement. 

Sorption Isotherms 

Sorption isotherms for Cd, Mn, Zn, Co, and Ni were measured 
over the initial concentration range of 1O-4 to IO-’ mol/L. The iso- 
therms were performed in one of two different CaCO,(s)-CaCOg(aq) 
solutions; lower-pH solutions were used for the more strongly sorbing 
Me2+ ions (Cd-pH 7.4; Zn-pH 7.4 and pH 8.4; and Mn, Co, and 



Sorption of cations on calcite 1551 

Ni-pH 8.4). It was fully expected and desired that precipitation of 
discrete solid phases [CdCOx, MnC03, ZnJOH)ACOsh, Co(OH)g , 
Ni(OH),] would occur at higher initial sorbate concentrations (e.g., 
> 1 O-5 mol/L initial concentration). 

The sorption isotherms were measured in 20 mL suspensions with 
calcite at 25 g/L. The procedures for pre-equilibration, mass quan- 
tification, sorbate spiking, and equilibration were identical to those 
for the pH edges. A separate spiking solution was used for each initial 
concentration and these were diluted by a factor of 100 in spiking 
(i.e., 10e6 to yield 10m8, etc.). Initial radiolabel activity was 15,000 
cpm/g of solution. Replicate samples and reagent blanks were used 
for each metal at each initial concentration. Final pH was measured 
on all samples. The equilibrium solution composition was analyzed 
by ICAP. The final Me’+ concentrations were quantified by scintil- 
lation counting and were corroborated by ICAP analyses when their 
concentrations were above the ICAP detection limit. The equilibrium 
code MINTEQ (FELMY et al., 1984) was used to determine the sat- 
uration states of the final experimental solution compositions with 
respect to the solubilities of Me’+ solids according to the equilibrium 
constants in Tables II and III of the Appendix. 

RESULTS AND DISCUSSION 

Concentration of Cation-Specific Surface Sites 

The fraction of 4SCa exchanged on the surface of calcite 

at 100 g/L (fex, Fig. la) varied with pH and aqueous Ca 
concentration according to the mass law equation 

Ca(s) + 45Ca’+(aq) = 45Ca(s) + Ca’+(aq) (1) 

where (s) denotes surface associated Ca and the equilibrium 

constant (K) for the reaction is about 1. Consistent with re- 
action ( 1), the total fraction exchanged (Fig. 1 a) was greatest 
at higher pH, where the aqueous concentration of CaZf was 
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FIG. 1. (a) Isotopic exchange of ?a*+ on calcite in equilibrium 
CaC03(s)-CaCOs(aq) suspensions at a solids concentration of 100 
g/L CaCO,(s), and (b) the concentration of cation-specific surface 
sites (Cq,,) on aged calcite estimated from the exchange data in (a) 
using Eq. (3). 

lowest. The change in f ex with Ca concentration in Fig. la 

was in agreement with the following relationship derived from 

Eqn. (1): 

f ex = D(M[W41 + [Ca2+(d1) (2) 

where all terms in Eqn. (2) are in mol/L. 
The isotopic exchange of 45Ca was nearly complete within 

2 h; however, a subsequent slower time-dependent increase 
infex was observed (Fig. la). The rapid initial uptake of45Ca 
has been ascribed to both exchange with Ca on a monolayer 

of exposed lattice sites (MOLLER and SASTRI, 1974) or within 

a partially hydrated calcite surface layer (DAVIS et al., 1987). 
The slower time-dependent increase in f ex has been postulated 

to result from lattice penetration (INKS and HAHN, 1967) 

and/or surface recrystallization of 45Ca ions bound in the 
surface layer (LORENS, 1981; MOZETO et al., 1984; DAVIS 

et al., 1987). 
The concentrations of Ca surface sites [Cq,, in mol/g] was 

estimated at each pH after 24 h of exchange according to the 

equation: 

Ca(,, = {([“‘Gals X [Ca2+]aq)/[45Ca]aq}/CaC03(s) (3) 

where [45Ca]s and [45Ca]aq are in cpm/L, [Ca2+]aq is the total 
analytical concentration of Ca in mol/L, and CaCOds) is in 
g/L. The calculated value of Cq,, represents the sum of labile 
Ca in the surface layer of the solid phase and that localized 

in the diffuse layer surrounding the particles. Our Cqsj values 
over the pH range of 8.4-9.0 (Fig. lb) compared favorably 
with Ca(,, values of 2.3 X 10m6 mol/g and 3.3 X 10m6 mol/g 
determined by DAVIS et al. (1987) for calcite in 0.1 mol/L 

NaCl at pH 8.00 and artificial groundwater at pH 8.3, re- 
spectively. Since aqueous speciation effects cancel in Eqn. 

(3), the increase in Ca(,, at and above pH 9.0 (Fig. lb) may 
be due to Ca2+ (i) adsorption to CO3 surface sites or (ii) lo- 
calization in the diffuse double layer as the surface of calcite 

is reported to carry net negative charge above pCa = 4.4 

(FOXALL et al., 1979). 

For the purposes of subsequent sorption modelling the 

Cq,,, values over the pH range of 8.4-9.0 were averaged to 
yield a value of 3.6 X 10m6 mol/g. This value was assumed 

to represent the concentration of Ca in the uppermost surface 
layer or layers on the calcite surface (termed X,). This surface 

density of Ca yields an estimate of surface area (0.4 m2/g) 
that exceeds the measured value (0.20 m2/g), if these Ca(,, 
sites are assumed to represent structural Ca ions on the cleav- 
age face as proposed by MOLLER and SASTRI (1974). DAVIS 
et al. ( 1987) noted that isotopic exchange measurements on 
calcite provided inconsistent estimates of calcite surface area 
and proposed that the isotopic exchange occurs within a hy- 

drated, multiatomic layer on the calcite surface. The isotopic 

exchange of 45Ca and 32P on hydroxyapatite also defines an 
approximate crystalline monolayer near the ZPC (KUKURA 
et al., 1972) but surface concentrations of Ca2+ and PO:- 
vary significantly with both pH and displacement from the 
ZPC. Recent LEED photographs (HOCHELLA, 1990; STIPP 
and HOCHELLA, 199 1) suggest that the surface hydrated layer 
on calcite, if present, is unlikely to exceed two monolayers 
in depth. 
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a. Sorption Behavior 
co, =10-346 ’ 1 ’ ’ ’ 
Me2+=10 -‘moliL The fractional sorption of all the metals increased with 

increasing pH (Fig. 2a). The increase in sorption paralleled 
a decrease in the aqueous concentration of Ca maintained 
by calcite solubility. We have observed identical patterns of 
sorption behavior on several different calcite sorbents, indi- 
cating that these results are not a relict of unknown impurities 
that could potentially exist in the calcite used in this study. 
It has been previously shown that the sorption on calcite of 
both Co (KORNICKER et al., 1985) and Zn (ZACHARA et al., 
1988) appears to occur in competition with Ca. Furthermore, 
various studies have suggested that the surface of calcite is 
in exchange equilibrium with major and minor solutes in 
the aqueous phase (MOLLER, 1973; MOLLER and SASTRI, 
1974; MUCCI and MORSE, 1983). Although the sorption be- 
havior shown in Fig. 2a could arise from the precipitation of 
Me-carbonate, Me-hydroxide, or basic-carbonate solid phases, 
the final concentrations for all the metals were significantly 
below those required to precipitate these solids. The fractional 
sorption data for all the metals in Fig. 2a therefore appeared 
consistent with the surface-exchange reaction proposed by 
ZACHARA et al. (1988) for Zn: 

: 
” 

7 8 9 

PH 
b. 

1.0 I , I I 
C0,=10-346 Me2+ =I0 ‘mol/L C&3,=25 g/L 

Time (h) 

FIG. 2. (a) Fractional sorption ofdivalent metals on calcite in equi- 
librium CaCO,(s)-CaC03(aq) suspensions over a range in pH and Ca 
concentrations. Solids concentration was 25 g/L; ionic strength was 
approximately 0.1. (b) Desorption of sorbed metals in equilibrium 
CaC03(s)-CaCO,(aq) suspensions after change in aqueous Ca con- 
centration. Equilibration time for sorption was 24 h. Desorption index 
is as defined in text. 

Ca(surface) + Me’+(aq) = Me(surface) + Ca*+(aq). (4) 

Metals with ionic radii (rX) greater than Ca (i.e., Ba and 
Sr; Table 1) that form anhydrous MeC03(s) solids with ara- 
gonite structure were weakly sorbed by calcite (Fig. 2a). In 
contrast, metals with r, smaller than Ca (Cd, Mn, Zn, Co, 
and Ni; Table 1) that form MeC03(s) with calcite structure 
were more strongly sorbed and showed metal-specific selec- 
tivity for the surface (Fig. 2a). The selectivity of calcite for 
the Me*+ ions generally decreased as ArJrX_,,-rXc,) increased. 
That is, Cd was most strongly sorbed (Ar, = -0.02). while Ni 

Table 1. Selected properties of the metal ion sorbates and their calculated surface exchange constants. 

Metal A-r,a AW MeCOs(s)c MeCOsY aq)c MeHCQ+(aq)c X-Med 

(A) (kcallmol) (tog K) (fog K) (tog K) (iog CK,x) 

Ba 1.34 0.35 -315.1 a.58 -1.93 
Sr 1.12 0.13 -345.9 9.25 -2.04 
Ca 0.99 0 -380.8 0 
Cd 0.97 -0.02 -430.5 12.1 4.0 2.07 3.02 
Mn 0.80 -0.19 -437.8 10.4 4.1 1.27 1.31 
Zn 0.74 -0.25 -484.6 to.8 4.8 2.1 2.43 

co 0.72 -0.27 -479.5 10.1 3.17 1.39 0.568 
Ni 0.69 -0.30 -494.2 6.84 4.83 2.14 0.51 

a A ionic radius = Mea+ ionic radius - Can+ ionic radius 
b A GH = single-ion Gibbs free energies of hydration from BURGESS (1978) 

c sources of data given in Appendix Table II 

d X-Ca + Me*+ = X-Me + Ca*+ cK., 

where X is a cation specific surface site and 
(Ca*+)[X-Me] 

CKex = (Men-1 
values for X-Me and X-Ca are in mol/L 

e value fit without data at pH 8.9 and 9.3; CK Bx is 0.39 if all points included or 0.57 if all points are included along with 

CoW3)2*-(aq). 

f best fit to the data in Fig. 6a is obtained with the noted constant and with 

CK~~ - NiOH = 1.06 
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was least strongly sorbed (Ar, = -0.30). Manganese (Ar, 

= -0.19) and Zn (Arx = -0.25) however, showed reversed 
selectivity with respect to this size trend (Fig. 2a). 

Desorption 

The three metals Zn, Co, and Ni were desorbable from 
calcite (Fig. 2b). A desorption index (DI), where DI = [equi- 
librium mol Me2+/g at pH 7.6 (Co, Mn, and Ni) or pH 7.2 
(Zn and Cd) with initial Me2+ = lo-’ mol/L]/[mol Me*+/g 

in the desorption experiment at time t], approaching 1 .O sig- 

nifies a labile surface complex, while a DI of 0.1 indicates 
irreversibility. Generally, the desorption of Zn, Co (Fig. 2b), 

and Ni (not shown) was complete within 8 h and showed no 
appreciable increase with time up to 48 h. ZACHARA et al. 

( 1988) also observed sorption reversibility for Zn on calcite 
in comparable experiments. The -20% of these sorbed metals 
that was not desorbable (Fig. 2b), probably represented sor- 

bate that was incorporated into the CaC03(s) by lattice pen- 

etration or recrystallization. This non-desorbable fraction was 
similar to or slightly less than the fraction of 45Ca2’ fixed 
over a comparable time period (Fig. la). 

Manganese and cadmium, in contrast, showed limited 
sorption reversibility after 48 h (Fig. 2b). Only 10 to 25% of 
the sorbed concentration of these two metals was desorbable. 

Cadmium, the most strongly sorbed metal, and the metal 
with r, closest to Ca*+, was least desorbable. However, eaSe 
of desorption was not simply a function of sorption strength; 
although Zn was sorbed more strongly than Mn (Fig. 2a), 

Zn sorption was reversible. The final metal concentrations 
were calculated with MINTEQ to be below those required 
for saturation with CdC03(s) and MnCO,(s), indicating that 

discrete MeC03(s) precipitation was not cause for sorption 
irreversibility. DAVIS et al. (1987) also observed limited de- 

sorption of Cd from calcite after 24 h of sorption and their 
desorption index was similar to that shown in Fig. 2b. DAVIS 
et al. (1987) observed more rapid desorption rates if sorption 

contact periods were shortened. These authors postulated that 
Cd diffused within a surface layer and was incorporated into 
the crystalline structure as a solid solution (as defined by 
COREY, 1981) as new crystalline material formed from the 

hydrated layer. MCBRIDE ( 1979) suggested that Mn is chemi- 
sorbed by calcite at aqueous Mn*+ concentrations below sat- 

uration with MeC03(s). Chemisorption involves the forma- 
tion of strong chemical bonds similar to those occurring in 
precipitates (COREY, 1981). MCBRIDE (1979) likened this 

chemisorption to the formation of a two-dimensional Me- 
Ca solid solution. 

The average desorption index after 8 h for Cd, Zn, Mn, 

Co, and Ni correlated well with the single-ion hydration 
energies (AGn, Table 1) of the metal sorbates, Fig. 3. The 
high hydration energies of Co, Ni, and Zn apparently prevent 

dehydration of these ions on the calcite surface or within the 
surface layer, and they allow the continued persistence of 
these ions as partly hydrated, exchangeable surface complexes. 
This observation was consistent with the slow observed pre- 
cipitation rates (at room temperature and pressure) of an- 
hydrous metal carbonates of the strongly hydrated divalent 
metal cations (e.g., Mg, LIPPMANN, 1973, pp. 76-87; Zn, 
SCHINDLER et al., 1968). The desorption data suggest that 

AG-Me2+ (kcalimol) 

FIG. 3. Relationship between the average desorption index after 8 
h of desorption and the single-ion hydration energies of the divalent 
metal cations. 

sorbed hydrated metal ions distributed on the calcite surface 
or within a surface layer undergo exchange equilibria with 
the aqueous phase within 4-8 h. In contrast, the lower hy- 

dration energies of Cd and Mn allow these metals to form a 
dehydrated or partially dehydrated surface phase or complex 
containing MeC03 bonds. Cadmium and manganese appar- 
ently form these dehydrated surface phases rapidly, because 
there was limited desorption at the first time of observation 
(e.g., 2 h, Fig. 2b). FRANKLIN and MORSE (1983) concluded 

that Mn dehydration and formation of a chemical bond on 

the surface controlled Mn sorption kinetics on calcite over 
intermediate time periods. 

Sorption and Exchange Isotherms 

Sorption isotherms were measured for Cd, Mn, Zn, Co, 
and Ni at two different pH values (7.4 and 8.4, Fig. 4a) to (i) 
maximize the aqueous Me*+ concentration range over which 
discrete Me-solid phase precipitation would not occur and 
(ii) maintain fractional adsorption between 50 and 95% for 

better measurement statistics. The final concentration range 
in the isotherms that corresponds with the sorption-edge ex- 

periments in Fig. 2a ranged from 1 O-7.85 to lo-‘,’ mol/L and 
is noted on the ordinate in Fig. 4a. Sorption isotherms for 

all the metals in Fig. 4a were controlled by precipitation of 
discrete Me-containing solid phases above a final equilibrium 

concentration of approximately 10m6 mol/L (discussed sub- 
sequently in Fig. 4b). Isotherms for Cd, Mn, Co, and Ni were 
linear on a log-log basis below an equilibrium concentration 

of 1O-6 mol/L and exhibited a slope of near unity. In contrast, 
Zn isotherms exhibited non-unit slope at both pH values. 

The aqueous concentration data from the isotherm ex- 
periments (Fig. 4a) were speciated using MINTEQ and the 
equilibrium constants in Appendix Table II. The calculated 
single-ion activities for the uncomplexed divalent metal spe- 
cies (Me2’) were used along with the concentration of cation- 
specific surface sites (X, = 3.46 X 10e6 mol/g, Fig. lb) to 
construct ion exchange isotherms (Fig. 4b) of the form: 
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a. 

-10.0 -9.0 -8.0 -7.0 -6.0 -5.0 

Equil. Cont. (log molll) 

FIG. 4. Sorption isotherms of divalent metals on calcite. (a) Un- 
speciated isotherms based on concentration-change measurements. 
The pH variation between metals is noted. Zinc isotherms are con- 
nected by dotted lines. (b) Speciated exchange isotherms based on 
Eqn. (5) and data in (a), complexation constants in Appendix Table 
II, and surface site concentration (X,) determined in Fig. I b. 

log [(Me*‘)aq/(Ca*‘)aq] = log K,, + n log [NMey/Ncax]. 

(5) 

In Eqn. (5) NMex is the mole number (fraction) of metal 
sorbate on the cation specific surface site, 

N,, = [sorbed Me*‘]/[X,], (6) 

sorbed Me’+ and X, are in mol/g, and Ncti = l-N,,&. Equa- 

tion (5) is a log transformation of the empirical power ex- 

change function described by LANGMUIR (1981) for the 
homovalent binary surface exchange of aqueous species A 
(i.e., Me) for species B (i.e., Ca) on the sorbent: 

(7) 

where n is an empirical constant and K,, is the exchange 
constant of the reaction. If the isotherm exhibits unit slope 
on a log-log plot (i.e., n = l), then the exchange reaction may 
be considered ideal (see SPOSITO and MATTIGOD, 1979) and 
the power exchange function becomes identical to the equi- 

librium quotient for the conditional equilibrium constant 

“Kex : 

‘L = (B)[NAxJI(A)[NBxI. 03) 

The applicability ofthe power exchange isotherm to Zn sorp- 
tion on calcite has been described by ZACHARA et al. (1988). 

The speciated aqueous equilibrium concentrations were 
also used to calculate ion activity products for Me’+ solid 
phases that have rapid precipitation/dissolution kinetics at 

room temperature and pressure and could conceivably pre- 

cipitate in the sorption experiments (Appendix Table III). 

The equilibrium isotherm solutions that computed to be sat- 
urated with these phases are marked on Fig. 4b. Precipitation 

of solid phases occurred for all of the metals at the highest 
initial Me2+ concentrations ( 10m5 to 10e4 mol/L). Invariably, 

the equilibrium solutions computed to be saturated with dis- 
crete solid phases when the isotherms displayed either a pos- 

itive or negative change in slope (Fig. 4a, 4b). 
Where discrete solid phase precipitation did not occur, the 

exchange isotherms for Ni, Co, Mn, and Cd were nearly par- 

allel. The slope of these isotherms was approximately 1, sig- 

nifying that a single exchange constant could describe the 
sorption/surface reaction (i.e., n = 1 in Eqns. 5 and 7). The 

two different Zn isotherms at pH 7.4 and 8.4 in Fig. 4a defined 
an identical exchange isotherm in Fig. 4b after accounting 

for the effects of hydrolysis, aqueous complexation, and Ca2+ 

concentration. Similarly, ZACHARA et al. (1988) observed 
that Zn isotherms measured over a range in CO2 partial pres- 
sures and pH also defined a single exchange function similar 
to that in Fig. 4b. The exchange function of ZACHARA et al. 

(1988) was identical to that in Fig. 4b if differences in the 

surface Ca concentrations as measured by isotopic exchange 
were taken in account. The Zn isotherms differed from the 

other sorbates and exhibited a high exponential term (i.e., n 

= 1.86 in Eqn. 5). The selectivity sequence of the speciated 
exchange isotherms in Fig. 4b, Cd > Zn > Mn > Co > Ni, 

was comparable to that observed for the sorption edges (Fig. 
2a). It was evident from Fig. 4b that the selectivity difference 

between Zn and the other metals was a strong function of 

sorption density (i.e., [NMfl/Ncax]). 

Sorption Modelling 

Half-reaction exchange constants for each of the metal ions 
on cation specific sites (X) on the surface of calcite were de- 

termined using the data in Fig. 2a, the FITEQL program 

(WESTALL, 1982a,b), and the solution composition data and 
complexation reactions summarized in Appendix Tables I 
and II. The averaged value of Cq,, derived from the isotopic 
exchange data was assumed to equal the total number of 

cation specific surface sites (X,). It should be noted, however, 
that limited data suggests that only 10% or less of the surface 
sites estimated by isotopic exchange on calcite may actually 
be accessible to minor ion sorbates (ZACHARA et al., 1988; 
COWAN et al., 1990). 

The half reactions for Ca and metal ion exchange on calcite 
were 

(Ca”)aq + X = X-Ca Kc, (9) 
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and 

(Me’+)aq + X = X-Me KMe (10) 

where ( ) signifies single-ion activity. To initialize the mod- 
elling calculation, the half-reaction constant for Ca was fixed 
at high value (log K Ca = 15) to ensure that all the cation- 
specific surface sites (X,) were occupied by Ca before metal 
sorption commenced. Surface saturation with Ca is consistent 
with electrokinetic measurements on calcite (THOMPSON and 
POWNALL, 1989). The half-reaction constant for the metal 
was determined by fitting to the fractional sorption data versus 
pH in Fig. 2a. The overall exchange constant ‘K,, for the 
surface reaction 

X-Ca + (Me2+)aq = X-Me + (Ca’+)aq (11) 

was calculated from the difference in the half-reaction con- 
stants; i.e., log ‘K,, = log KM, - log Kc=. The surface exchange 
constant (“K,,) was conditional (denoted by c) in that surface 
concentrations (in mol/L) rather than surface activities were 
used in the reaction quotient. This ‘K,, is similar to the Van- 
selow exchange constant (Kv) used in modelling of Mn2+ 
sorption to siderite (WERSIN et al., 1989). As discussed pre- 
viously for Eqn. (4), Eqn. (11) embodies no assumption, im- 
plicit or explicit, regarding the chemical nature of the surface 
species, X-Me. The surface species may be a surface complex 
between the hydrated metal ion and a structurally bound 
carbonate ion (as hypothesized for Zn, Co, and Ni) or a de- 
hydrated surface phase of uncertain molecular properties (as 
presumed for Mn and Cd). Exchange reactions such as Eqn. 
(11) have been used to describe different reactions ranging 
from adsorption to precipitation, including ion exchange on 
layer silicates (SHAVIV and MATTIGOD, 1985; FLETCHER and 
SPOSITO, 1989) and solid solution formation in carbonates 
(MCINTIRE, 1963; SPOSITO, 198 1; DAVIS et al., 1987). 

The sorption edges for all metals in Fig. 2a, except Ni, 
could be quantitatively described with a single exchange re- 
action between X-Ca and the uncomplexed divalent metal 
cation Me*+ (Fig. 5a and b). Constants describing the divalent 
metal ion surface exchange (CK,,) are summarized in Table 
1. Sorption edges for Cd and Mn could also be quantitatively 
described by an exchange reaction between Me2+ and surface 
Ca, in spite of their limited sorption reversibility (modelling 
not shown). The decrease in the sorption of Co2+ above pH 
8.5 (Fig. 2a) could only be simulated by including the aqueous 
species CO(COJ$ (Fig. 5b). A constant was estimated for 
this complex (log K = 7.46) while fitting an exchange constant 
for Co2+ to the sorption data in Fig. 2a. The existence of 
ML*-type carbonate complexes for Cu was suggested by 
SCHINDLER et al. (1968) and a similar complex may exist 
for Co, because Cu2+ and Co2+ have identical ionic radii (0.72 
A). The fitted value for the log K of Co(C03):- was similar 
in magnitude to stability constants for ML2-type complexes 
of other divalent metallic cations estimated by MATTIGOD 

and SPOSITO ( 1977). 
In contrast to the other metals, a second surface complex 

(X-NiOH) in addition to X-Ni was required to quantitatively 
describe the sorption edge of Ni on calcite (Fig. 6a). The 
increase in Ni sorption above pH 8.7 (Fig. 6a) could not be 
described with X-Ni alone, because at and above that pH, 

I.2 

Model Stmulation 

Aoueous Swecies 

Zn(OH)+ Zrl(OH)j 

Zn(OH); Zn(OH)2, 

ion 

X-Ca+Zn2’G X-zn+ca*+ 
I I I I 

7.5 8.0 8.5 9.0 

). 
PH 

1 

CoOH+ Co(OH)j 

7.5 8.0 8.5 9.0 

PH 

FIG. 5. Half-reaction exchange modeling of Zn and Co sorption 
on calcite over a range in Ca*+ concentration. Aqueous and surface 
species are as noted. Sorption data is from Fig. 2, and both solid and 
textured lines are model calculations. 

aqueous Ni was calculated to exist primarily as hydrolyzed 
species [NiOH+ and Ni(OH)q] and the carbonate complex 
NiCOg(aq). The hydrolyzed surface species (X-NiOH) was 
therefore calculated to be important above pH 8.5 (Fig. 6a) 
and was calculated to be more strongly bound than the di- 
valent metal cation (e.g., log ‘K,,(Ni) = 0.51 and log 
“K,,(NiOH) = 1.06). If, however, the log formation constant 
for the NiCOS(aq) was reduced from 4.83 (Appendix Table 
II) to a fitted value of 4.37, the Ni sorption edge (Fig. 2a) 
could be quantitatively described using only the divalent cat- 
ion complex (X-Ni) (Fig. 6b). 

Because the calculated distribution of surface complexes 
and the value of the exchange constants for Ni varied with 
the magnitude of the log flNiCOi(aq)], a sensitivity analysis 
was performed for Cd, Co, Ni, and Zn (Table 2) to determine 
the potential for variability in the log ‘Kex of X-Me given the 
range in measured and estimated literature values for log 
K[MeCO!(aq)]. As shown in Table 2, using different literature 
values for log K[MeCOi(aq)] did not cause significant vari- 
ability in the surface exchange constants for Cd*+ and Zn2+. 
For Co and Ni, whose literature values for log K[MeC03(aq)] 
varied by factors of 10 or greater, the variability was more 
significant. Nickel showed the greatest variation. The final 
set of exchange constants for X-Me, which were based on the 
complexation constants in Appendix Table II, are summa- 
rized in Table 1. 

The surface exchange constants in Table 1 combined with 
the complexation constants in Appendix Table II provided 
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a. 
, I I 4aueous’ ’ I ’ I 0’ 

Ni 2+ 
NiOH + Ni(OH)g 

NiHCOj 
NICO,O 

X-Ca+NiOH’ 
X-NiOH+Ca 

6.0 6.5 9.0 

PH 
b. 

Niz+ 
NiOH l Ni(OH)z 

6.0 6.5 9.0 

PH 

FIG. 6. Half-reaction exchange modeling of Ni on calcite over a 
range in Ca’+ concentration: (a) modeling with X-Ni and X-NiOH 
surface species and (b) modeling with best fit KMeCOIWj. Aqueous and 
surface species are as noted. Sorption data is from Fig. 2; both solid 
and textured lines are model calculations. 

predictions of the sorption isotherms in Fig. 4a that varied than 1O-6 mol/L and Ni at solution concentration greater 
in their agreement with the experimental data (Fig, 7). Agree- than 10-5.5 mol/L; Fig. 7a). In general, however, the exchange 
ment was best (Fig. 7) for those metals exhibiting a slope of constant for the single X-Me surface complex provided good 
near unity on the exchange isotherm plots of Fig. 4b (e.g., predictions of the sorption of Ni, Co, Cd, and Mn over a 
Ni, Co, and Cd). Deviation of the predicted isotherm from range of three orders of magnitude in surface coverage, until 
the experimental data was greatest when discrete phase pre- discrete solid phase precipitation of MeCO,(s) or Me(OH)Js) 
cipitation occurred (e.g., Co at solution concentrations greater occurred. 

Table 2. Sensitivity calculation to determine effect of 

KWSCS(& on cK,,b 

Metal 

Cd 5.40 3.03 
2.42 3.02 

co 4.91 0.79 
2.55 0.44 

Ni 

Zn 

6.67 2.06 
2.56 -0.11 

6.63 2.89 
2.55 2.43 

a Based on range of K~~ca(~~) reported in 

FOUILLAC and CRIAUD (1964), Table 2. 
b cK,, as defined in Table 1. 

g 
E -5.5 

2 
8 -6.5 

P 
f! 
8 -7.5 

P 

$ -8.5 
pH = 8 35 

-6.0 -7.5 -7.0 -6.5 -6.0 -5.5 -5.0 

log Soln. Cont. (mol/L) 

b. 
I I I I 

CaC@(s, = 25 g/L 

-6.5 -6.0 -7.5 -7.0 -6.5 -6.0 -5.5 -5.0 

log Soln. Cont. (mol/L) 

FIG. 7. Agreement between predicted isotherms and isotherm ex- 
perimental data from Fig. 4a. Dotted lines are model predictions. 
Half-reaction exchange constants are derived from Fig. 2 and are 
summarized in Table I. 

A single exchange constant could not adequately predict 
the placement of the Zn isotherms (not shown), because of 
their nonlinearity (e.g., slope of 1.86 on Fig. 4b). No expla- 
nation accounted for this anomalous isotherm behavior of 
Zn. The isotherm data implied that sites on the calcite surface 
exhibit heterogeneity in their binding energy with Zn. Log 
exchange constants (log ‘K,,) varying from approximately 
3.0 to 1.5 were required to describe the Zn isotherm. 

Correlations and Significance of Exchange Constants 

The X-Me exchange constants (‘K,,, Table 1) were not 
uniformly correlated with any single property of the metallic 
cations. The exchange constants decreased sharply as r, of 
the metal ion exceeded that of Ca (Fig. 8a), suggesting that 
ion size influences sorptivity on calcite. Metals with ionic 
radii greater than Ca (i.e., Ba and Sr) form orthorhombic 
anhydrous carbonates (aragonite structure), because their 
larger size is incompatible with the octahedral coordination 
environment in the rhombohedral structure of calcite 
(REEDER, 1983). The exchange constants for the metals with 
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I / I I I I I I / L I i I, I 
-25 0 +.25 

b. 
A - ionic radius (A) 

I 1 1 1 I 1 1 1 I 
-3.0 -2.0 -1.0 0 1.0 2.0 3.0 

‘0s’ %x 
FIG. 8. Relationship between MeX surface-exchange constants and 

(a) difference in ionic radius between Me’+ and Ca’” and (b) solubility 
product of the anhydrous metal carbonate, MeCO&). Values for Ba 
and Sr are orthorhombic carbonates; all others are rhombohedral 
carbonates. 

smaller r, than Ccl increased as their ionic radii approached 
Ca (Fig. 8a), suggesting that the cation whose size was closest 
to the structural cation was preferred on the surface. Zinc 
was anomalous with respect to this size trend (Fig. 8a), im- 
plying that other factors perhaps related to the electronic en- 
vironment of the metallic cation were also important. The 
exchange constants for all the metals except Ni were found 
to correlate well with the solubility of the anhydrous metal 
carbonate solid (MeC03(s)) (Fig. 8b). The trend in Fig. 8b 
circumstantially suggests that the equilibrium constant for 
NiC03(s) may be in error. Similarly, the selectivity of metal 
cation adsorption on geothite (a-FeOOH), where the surface 
complex is strong and believed to be inner sphere (DAVIS 
and KENT, 1990), correlated with the solubilities of the in- 
dividual metal hydroxides (GRIMME, 1969). Correlations be- 
tween the metal exchange constants and any of the aqueous 
complexation constants for carbonate or bicarbonate com- 
plexes (i.e., MeCO!(aq)) were poor. The good correlation 
between ‘Z& and K(MeC03(s,) indicates that direct chemical, 
rather than electrostatic, interaction controls the binding 
strength of the sorbing metallic cations with the calcite surface. 

The present data cannot resolve whether the exchange re- 
action occurs on or within a partially hydrated layer on the 
calcite surface (e.g., DAVIS et al., 1987) or within a structural 
surface site with 3- to 5-fold coordination (e.g., REEDER and 
PROSKY, 1986; REEDER and GRANS, 1987). We note, how- 
ever, that the metal-ion selectivity sequence in Figs. 2 and 4 

is opposite to that proposed for metal ion incorporation into 
structural protosites (REEDER and GRANS, 1987), where the 
smallest ion is thought to be preferred. Regardless of the lo- 
cation of the metal binding sites on the surface of calcite, the 
correlations in Fig. 8 imply that metal binding sites exhibit 
structural organization and uniformity because they appar- 
ently demonstrate discrete preference and chemical selectivity 
based on the electronic properties of the sorbing metals. The 
unit isotherm slopes for Co and Ni and the constant condi- 
tional-exchange constants (‘Kc,) observed for these metals 
over a range in surface coverage suggest that the surface sites 
have uniform sorption energies. The contesting heterogenous 
behavior of Zn was anomalous and unexpl~nable. 

Relationship to Surface Precipitation 

Two models involving coupled adsorption/precipitation 
processes have been proposed to describe the sorption be- 
havior of metal ions on carbonate surfaces (DAVIS et al., 1987; 
COMANS and MIDDELBURG, 1987). Both models postulate 
that the metal ions first bind to the calcite surface through 
an adsorption reaction and then dehydrate to yield a surface 
co-precipitate, termed a solid solution by both authors. The 
models differ, however, in their conceptual view of the co- 
pr~ipitation reaction. In the model of DAVIS et al. (1987), 
the formation of co-precipitate can occur at any surface load- 
ing, whereas in the model of COMANS and MIDDLEBURG 
(1987) co-precipitation commences only when surface ad- 
sorption sites become saturated. While the present study has 
emphasized the initial adsorption reaction, the multi-metal 
sorption data in this paper allows comment on the veracity 
of these models and the nature of the surface precipitation 
reaction. 

Two patterns of Me surface precipitation are evident in 
this paper and publications by MCBRIDE (1979), DAVIS et 
al. (1987), and ZACHARA et al. (1989). The first pattern is 
consistent in general aspects with the model of DAVIS et al. 
(1987) and is represented by the sorption data for Mn and 
Cd. These two metal ions appear to dehydrate rapidly after 
being adsorbed, forming a surface phase at low fractional 
occupancy (< 1%) of surface sites. Data is not available to 
determine whether the surface phase exhibits two-dimen- 
sional (i.e., the surface solid solution of MCBRIDE, 1979) or 
three-dimensional molecular arrangement, (i.e., the solid so- 
lution of DAvts et al., 1987), criteria necessary to define the 
nature of the surface phase (SPOSITO, 1986). The second pat- 
tern of surface precipitation is represented by the present 
sorption data for Co, Ni, and Zn and is only partially con- 
sistent with either the model of DAVIS et al. (1987) or that 
of CoI\A.&NS and MIDDELBURG (1987). These latter metal ions 
do not appear to form surface co-precipitates, but rather ap- 
pear to persist on the calcite surface as hydrated complexes 
until they are either incorporated into the lattice by recrys- 
tallization, or aqueous Me concentrations exceed the solu- 
bility product ofand induce precipitation of discrete Me solids 
with rapid precipitation kinetics (e.g., see Fig. 4b and ZA- 
CHARA et al., 1989). 

The arguments immediately above are based on specula- 
tion that metals that are desorbable from calcite (i.e., Zn, Ni, 
and Co) exist as hydrated adsorbed species on the surface or 
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within the surface layer. The distinction between adsorbed 
and precipitated species, however, is difficult to resolve at 
low surface concentrations inaccessible with spectroscopy (see 
SPOSITO, 1986). The ambiguity between precipitation and 
adsorption for metallic cations on calcite is highlighted in 
Table 3, where the surface exchange constants (“K,,) for X- 
Me surface complexes (Table I) are compared to solid phase 
distribution coefficients, D (as defined by MCINTIRE 1963) 
that describe Me partitioning into surface layers on calcite 
(d and e) or calcite co-precipitates (a-c, f-i, g-k). Solid phase 
distribution coefficients often are dependent on precipitation 
rate (LORENS, 198 1; LAHANN and SIEBERT, 1982; PINGATORE 
and EASTMAN, 1986; PINGATORE et al., 1988), and the ranges 
for D reported in Table 3 reflect these rate dependencies. In 
general, however. the surface exchange constants follow the 
same trend as and are similar in magnitude to the distribution 
coefficients, despite their being measured and calculated dif- 
ferently. This similarity suggests that the same chemical fac- 
tors control the magnitude of both ‘Kex and D. Given the 
relationship observed in Fig. Sb, this similarity would be ex- 
pected, because D is also related to the solubility of the an- 
hydrous carbonate (D = KQ~~,,,, jKMeCO,(,, if the solid solution 
is ideal; MCINTIRE, 1963). 

SUMMARY 

Divalent metals sorb to calcite according to the selectivity 
sequence Cd > Zn > Mn > Co > Ni % Ba = Sr. Desorption 

was found to correlate with the hydration energy of the metals; 
ions with the highest hydration energies were most desorbable. 
The magnitude of sorption depended on the aqueous Ca 
concentration, and sorption could be described as a surface 
exchange reaction between Me’+ and Ca” ions on cation- 
specific surface sites (X). The sorption model presumed no 
explicit molecular form for the surface complex (X-Me), be- 
cause the form is not known with certainty and appears to 
differ between metals. Exchange constants for the X-Me sur- 
face complex (i) correlated, in part, with the ionic radius of 
the metal sorbates and the solubility products of MeC03(s) 
solids and (ii) were similar in magnitude and in trend to solid 
phase distribution coefficients for these metals in calcite co- 
precipitates and overgrowths. 

Our data for Cd and Mn were consistent in trend with the 
model of DAVIS et al. (1987), where the adsorbed metals de- 
hydrate on the calcite surface, forming a phase that behaved 
as a surface precipitate. The macroscopic sorption data, how- 
ever, could not resolve whether this surface phase was a two- 
or three-dimensional co-precipitate. Therefore, a rigorious 
assessment of the surface reaction sequence proposed by 
DAVIS et al. ( 1987) was not possible. In contrast, Zn, Co, and 
Ni appeared in our study to remain on the calcite surface as 
hydrated complexes until (i) they were incorporated into the 
calcite structure by recrystallization or (ii) aqueous Me con- 
centrations maintained by the surface-exchange reaction ex- 
ceeded the ion activity product of ZnS(OH),(C0,)2(s), 
COG, or Ni(OH),(s) allowing for their heterogeneous 

Table 3. Surface exchange constants (cK& and reported solid phase 

distribution coefficients (D) 

Metal Log c&x (X-Me) Log D and Sources 

6e -1.93 

Sr -2.04 

Cd 3.02 

Mn 1.31 
Zn 1.43 

co 0.56 

Ni 0.51 

-1.22a 

-1.30a, -0.69 to -1.22”. -52~ 

3.17d, -1.46e 

0.6-i ,391. 1.358, O-1.259, 1.24h, 1.17i. 0.73i 

>1.75k, 0.75-1.31’ 

0.688 

a 
b 
C 

d 

; 

g 
h 
I 

] 
k 
I 

PINGITORE and EASTMAN (1984) 
PINGITORE and EASTMAN (1986) 
MUCCI (1966), average log D with &I .8 to 14.4 
DAVIS et al. (1987), log D in surface layer 
LORENS (1991) log D at 0 rate 
MCBRIDE (1979), log D in surface layer 
PINGITORE eta/. (1988) 
STUMM and MORGAN (1981) 
BODINE et al. (1965) 
MICHARD (1968) 
TSUSUE and HOLLAND (1966) 
GIASNER and WEISS (1960) 

D = solid phase distribution coefficient = [Me2’]l[Ca2’] 

where X is mole fraction and [ ] is aqueous concentration 
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precipitation. Observations herein do not support the surface 
precipitation model for calcite proposed by COMANS and 
MIDDELBURG (1987), but our data were not sufficient for 
performing comprehensive evaluation. 

The magnitude of sorption on calcite for many of the met- 
als (Cd, Mn, Zn, Co, and possibly Ni) was sufficiently large 
to imply that calcite could act as an important sorbent for 
metals in calcareous soils and groundwater. An approximate 
calcite surface area of only 0.0017 m’/g is required in a water- 
saturated aquifer material of 50% porosity to yield the same 
fractional of sorption as shown in Figs. 2a and 4. Sensitivity 
calculations on hypothetical aquifer materials containing 
calcite, layer silicates, and amorphous Fe-oxide (ZACHARA 
et al., 1990) also attest to the potential importance of calcite 
as a metal sorbent in aquifer materials. The extent of sorption 
reversibility on calcite, however, has important ramifications 
for metal ion transport in calcareous systems. The limited 
desorption of Cd and Mn from calcite suggests that sorption 
may be irreversible for these ions over the temporal scale of 
water movement in soils and aquifers. While sorption reac- 
tions for Zn, Co, and Ni appear mostly reversible, nonequi- 
librium sorption behavior could become evident in natural 
systems as a result of calcite rec~stalIization. 
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Appendix Table I. Composition of equilibrium CaCQ(s) - CaCOa(aq) solutions 

1561 

l%cQ (ag) sdutaln wim PC02 - 10-3.5 aml 

PH cl hB DIG cto, K @I Si SI 

7.25 7.11E-2 5.87E-6 2.67E-4 1.29E-1 6.4E-5 6.6 Ed l2E-4 4.OE-6 
7.48 2.19E.2 6.35E-2 3.7lE-4 9.59E-2 3.3E-5 2.01E-4 9.6E-5 1.4E-6 
7.71 7.14E-3 6.57E-2 6.05E-4 9.53E-2 3.1 E-5 7.OE.5 3.6E-5 4.3E-7 
7.98 1.75E.3 9.44E-2 l.l5E-3 8.6lE-2 3.8E-5 9.9E-6 2.OE-5 1.4E-7 
8.40 3.14E.4 9.35E.2 2.66E-3 8.58E-2 2.2E-5 BD’ 2.6E-6 6.OE-8 
8.60 8.21 E-5 9.66E-2 5.39E-3 8.2lE-2 2.6E-5 BD 2.OE-6 ED 
6.88 3.27E-5 9.92E.2 l.O3E-2 7.95E.2 3.3E.5 5.8E-8 3.6E-6 6.OE-8 
9.22 1.21E-5 l.O6E-1 2.25E-2 7.36E-2 2.6E-5 ED 3.2E-6 E.OE-8 

Appendix Table II. Aqueous speclalbn reactions wllh associated equlllbrlum c~nstanls 

Reactbn bo K, 

25%. 1.0 

.%urca 

Ca;" + H20. CaOH+ t H+ -12.6 

C& + cop I taco, 3.15 

C&+ + H* + CO$. = CaHCQ+ 11.3 

H* + CO+ - HCO,- 10.3 

2H. + CO$- = ti*CQ 16.65 

NE+ + H+ + CO# - N&X$ 10.08 

Na+ + CO+ = NaCOa- 1.28 

zinc 

2112’ + Hz0 = ZnOH+ + H+ -8.96 

Zn2+ + 2H20 - Zn(OH)p + 2H+ -16.9 

Znn+ + 3HzO - Zn(O&- + 3H’ -28.4 

2112’ + 4H20 - Zn(OH)& + 4H’ .41.4 

Znz* + H’ + CO+ . ZnHC@* 11.7 

4.76 

Sr2* + Hz0 I SrOH* + H’ -13.18 

NIP+ + Hz0 - NIOH+ -9.66 

Ni2* + 2HpO = Ni(OH).p + 2Ht -19.0 

Niz+ + H+ + CO@ - NiHCO,+ 12.52 

BALL et al. (I 981) 

BALL 81 al. (1981) 

BALL 8181. (1981) 

BALL 8, al. (1981) 

BALL et al. (1981) 

BALL et al. (1981) 

q ALL efal. (1981) 

BAES and MESMER (1978) 

BAES and MESMER (1976) 

BAES and MESMER (1976) 

BAES and MESMER (1976) 

RYAN and BAUMAN (1978) 

BILINSKI ef al. (1976) 

WAGMAN et 81. (1982) 

Reaction log K, Source 

25°C. I=0 

Ni2+ ‘CC@. = NiCOp 

E!xium 

4.83 FOUILIAC and CRAIUD (1984) 

Baz* + Hz0 P BaOH’ + H+ -13.36 BAES and MESMER (1976) 

&&3ll 

C& + Hz0 I CoOH* + H+ .9.67 BAES and MESMER (1976) 

C& + 2H20 = CO(OH)~O + 2H’ -18.76 BAES and MESMER (1976) 

C#+ t 3HsO - Co(OH)a. + 3H+ .32.23 SMITH and MARTELL (1976) 

C& + 3H20 = Co(OH),z. + 4H+ .45.78 SMITH and MARTELL (1976) 

C#+ + H’ + CO+ =CoHC&* 12.5 FOUILLAC and CRIAUD (1984), 

ZHOROV 81 a/. (1976) 

w* + CO$. -cxo$ 4.41 COSOVIC et al. (1982) 

FOUILLAC and CRIAUD (1984) 

C&+H20-CdOH++H+ -10.08 

C@+ + H+ + CO$ I CdHCq’ 12.30 

C& + cog = cxc?p 4.00 

BAES and MESMER (1978) 

BAES and MESMER (1976) 

FOUILLAC and CRIAUD (1984) 

Mnz+ + H&l = MnOH+ + H’ -10.59 

MI+* + H+ + CO$- = MnHC03+ 11.57 

MI+ + CO$ = M~CQD 4.10 

BAES and MESMER (1976) 

FOUILLAC and CRIAUD (1984) 

DAVIS et al. (1987) 

BAES and MESMER (1976) 

LESHT and BAUMAN (1978) 

FOUILLAC and CRIAUD (1964) 
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Appendix Table III. Solubilily reactions and associated equilibrium constants 

Reaction LoeK 

25”C, I=0 

Baa + cO$ = Bacon 

Cap+ + co+ = CaCq(s) 

Ca* + CO# = CdCO&) 

w+ + co3z- = cocos(s) 

C&+ + 2H20 = Co(OH)&) + 2H* 

Mnz* + CO$ = MnCO,(s) 

Ni2+ + CO+ = NiCO&) 

Ni2+ + 2H20 = Ni(OH)&) + 2H+ 

w+ + co!+ = SrCOx_(s) 

znn+ + cog. = ZnCOa(s) 

5Zn2+ + zco+ + 6HpO = 

Zn~(OHk(COs)z(s) + 6H’ 

6.56 

6.48 

12.1 

10.1 

-12.1 

10.4 

6.34 

-10.6 

9.27 

10.6 

-9.65 

WAGMAN et a,. (1962) 

BALL 81 a,. (1961) 

RAI et a,. (1991) 

NAUMOV et a,. (1974) 

NAUMOV e, al. (1974) 

JOHNSON (1962) 

WAGMAN e, a,. (1962) 

BAES and MESMER (1976) 

PLUMMER and SUSENBERG 
(1967) 

SCHINDLER et al. (1969) 

SCHINDLER eta,. (1969) 


