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The effect of lanthanum ion on the crystallization of calcium carbonate was investigated using CaCl,-NaHCOj; so-
lutions. A sampling vessel enabling us to sample a small aliquot of a solution at any time almost under a closed condition
was invented for the experiments. The abundance of the crystallographic polymorphs in the precipitate was determined
by powder X-ray diffraction. The formation of calcium carbonate from lanthanum-doped solutions can be featured by
three stages: a spontaneous and rapid precipitation of vaterite, a transitive static stage and a delayed formation of calcite.
Almost all lanthanum (> 95%) in the solution system (dissolved + suspended solid phases) was proved to be incorporated
in the initially formed vaterite, and lanthanum in the vaterite seemed to be immobilized throughout the experiment. The
presence of lanthanum in the starting solution (10~ of calcium in mole) stabilized the initial vaterite crystal, preserved it
much longer than one month and increased the solubility of CaCOj to the level of vaterite. It is suggested that the lantha-
num ion prohibited either the transformation initially formed vaterite to calcite or the overgrowth of calcite.

From the viewpoint of geochemistry and oceanography, it is
curious that shallow water (water depths of a few hundred
meters or less) of the oceans is supersaturated with respect to
calcium carbonate (CaCOs). The supersaturation state (£2.,ciee)
is higher than six with respect to calcite, and over four with re-
spect to aragonite."” The supersaturation state of solution for
calcite, £2.,ciwe, is defined as

A2+ X aCOszf

. ©))

Qcalcne = Ksp(calcite)
where ac,2+ and aco52- are the activities of free calcium ions and
free carbonate ions. For a persuasive mechanism of the super-
saturation, the incorporation of magnesium into carbonate®™
and the adsorption of organic matter® have been proposed. Re-
cently, Akagi and Kono reported that a small amount of lantha-
num ion (La*") increased the solubility of calcium carbonate.”
Under the assumption of chemical equilibrium, the presence of
lanthanum ion ([La]/[Ca] = 7x10™) increased the ion activity
products (IAP) of calcium carbonate by about 6 times as much
as the lanthanum-free condition. Although the concentration of
lanthanum in the experiment was far higher than those in actual
seawater, the effects of the rare earth elements (REEs) might
not be negligible, since REEs could be concentrated on the par-
ticles’ surfaces due to their lack of chemically stable form in
solution.

#Present address: Laboratory for Earthquake Chemistry, Gradu-
ate School of Science, The University of Tokyo, Tokyo 113-0033.

In order to achieve a precise description of the precipitation
and dissolution of calcium carbonate, it is essential to under-
stand both the carbonate ionic system in the solution and the
solid-state structure of calcium carbonate. Carbonate (CO;>)
and hydrogen carbonate (HCO;") ions are two typical dis-
solved species of carbon in an aquatic environment. An accu-
rate description and prediction of the reactions occurring in the
calcium carbonate system involves an extreme complication
consisting of many parameters, such as equilibrium constants,
activity coefficients, the concentrations of major and minor
ions and ion pairs, the P-T condition, the surface condition,
etc.® Moreover, the kinetics of the reactions is affected by mi-
nor chemical components, such as some organic matter’ and
various metal ions.'

Calcium carbonate has three crystal forms (vaterite, arago-
nite and calcite), with many variations of morphology in the
natural minerals or organisms. The polymorphism of calcium
carbonate has distinct physicochemical properties, including
the crystal structures and morphology. The solubility of calci-
um carbonate decreases along with an increase in their thermo-
dynamic stability, with calcite being the most stable and insol-
uble and vaterite being the most labile and soluble in the sur-
face environment of the earth. The mechanisms controlling the
polymorphism of calcium carbonate have attracted the interest
of many researchers. In nature, aragonite, less stable than cal-
cite, is often found to be stable in organisms like a shell or in
hydrothermal deposits of hot springs, etc. It was reported that
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less-stable polymorphs were preserved through kinetic
effects''™'* or were stabilized by impurities, such as some inor-
ganic ions" and organic matters.'®!” Several studies demon-
strated that the initial spontaneous precipitation was vaterite at
high supersaturation of approximately 7 in £.""'#!° In the case
of a particularly high supersaturation state (£2.,.. was about
4600), the initial spontaneous precipitation is amorphous calci-
um carbonate.'" Taking account of the difference in the physic-
ochemical properties in the three polymorphs of calcium car-
bonate, as mentioned above, one can expect that the increase in
the solubility induced by the lanthanum ion was closely related
to the morphology and/or polymorphism of calcium carbonate.

To elucidate the solubility change by lanthanum reported by
Akagi and Kono,” a study of polymorphism occurring in the
solution is necessary. In the present work, we invented a reac-
tion vessel which enabled us to sample a solution almost under
closed condition; the relationship between the chemical state
of solutions and polymorphism of the precipitate could then be
studied in detail.

Experimental

A. Precipitation of Calcium Carbonate. The initial super-
saturation state (£2.,i.) of the starting solution was prepared at ap-
proximately 40. The experiments were conducted in a closed sys-
tem. Consequently, the total amount of carbon within the system
was constant, which allowed an arithmetic analysis of the carbonic
acid system.” The amount of the precipitate and IAP of calcium
carbonate were calculated from the pH of the solutions based on
the assumption of chemical equilibrium among the ionic species in
solutions. The reacting vessel invented in this study (Fig. 1) had a

Fig. 1. Schematic diagram of the experimental appara-
tus. 1: glass vessel, 2: silicon rubber stopper, 3: sili-
con rubber septum, 4: pH electrode (pH, temperature),
5: pH meter, 6. RS232C connection, 7: personal com-
puter; auto recording pH, temperature and time, 8: mag-
netic stirring bar coated with Teflon, 9: magnetic stirrer,
10: thermostatic water bath
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sampling rubber-septum through which small aliquots of solution
(about 100-300 uL) were sampled using a syringe.

Starting solutions of lanthanum(III) chloride, calcium chloride
and sodium hydrogen carbonate were prepared by dissolving ana-
lytical-grade reagents (Wako) with milli-Q® water, respectively.
After calcium chloride (with given amount of lanthanum doped)
and sodium hydrogen carbonate (with given amount of lanthanum
doped) solutions were mixed, the mixture was stirred for one
minute. The mixture (referred to as a starting solution hereafter)
was transferred into the vessel and immediately sealed with a sili-
con rubber stopper in which a pH electrode was embedded (Fig. 1).
The pH meter used in this study consisted of a combination pH
electrode and temperature sensor. The data of the pH, temperature
and reaction time were sent to a personal computer. The amount of
precipitate and IAP were calculated from the initial concentrations
of all the chemical species in the system and pH at each sampling
time according to a previously reported method’ (see Appendix).
The temperature of the solutions was at room temperature (Exp.
#1—#8 on Table 1) or was kept at 30 °C by a thermostated water
bath (Exp. #9—#12 on Table 1). We neglected the small amount of
CO, (gas) produced during the experiments. Stirring was applied
using a magnetic stirrer during the experiments, which was not
done in the experiments by Akagi and Kono.” The compositions of
the starting solutions are listed in Table 1. The highest pH of the so-
lution was estimated to be around 8.3 from a calculation of the car-
bonate system equilibria of the solution which had produced no
precipitation. Even though all lanthanum was in the form of La*",
the concentration of OH™ under this condition was too low to pre-
cipitate La(OH); (K, = 1.7 X 107 by Moeller and Fogelzo) at the
highest pH just after mixing. The two major chemical species of the
dissolved lanthanum in the starting solution were LaCO;* and
La(CO;),, and the amounts of three hydroxide complexes
(LaOH*, La(OH),*, La(OH);") were negligibly small compared
with the two major species (calculations were performed using
constants reported by Lee and Bayme21; C03ﬁ1(La) = 10",
cosBoLa) = 10", B¥(La) = 10°%, B¥y(La) = 1078 and
B¥y(La) = 10727, where fB*,(La) = oufB.(La) x Ky" and Ky =
[H'][OH]).

During the experiment, a sample solution (0.2 ml) including sus-
pended precipitates was sampled using a 2.5 ml syringe equipped
with a membrane filter with a pore size of 0.45 um (Millipore®
SLHVLO040S). The precipitate on the filter was rinsed with distilled
water and dried at room temperature.

B. Observation and Analysis of the CaCQ; Precipitate.
For powder X-ray diffraction (XRD) and scanning electron micros-
copy (SEM) image observations, the precipitate was recovered
from the filter cartridge. A platinum coating was produced on the
specimens to avoid any charge-up; secondary electron images were
observed with a scanning electron microscope (SEM, JEOL JSM-
6000F) with an acceleration voltage of 3.0 kV and an emission cur-
rent of 8.0 HLA.

Polymorphs of calcium carbonate were determined with a pow-
der X-ray diffraction photograph using a 114 mm diameter
Gandolfi camera with the Cu Ko line. The photographic density
(blackening) of an X-ray film was scanned by a microdensitometer.
The composition of the polymorphs was determined through an ac-
curately integrated intensity of characteristic diffraction lines of
calcite (104), I, and vaterite (110), /,, on a powder photograph.
The conversion of the ratio (I./(I. + I,)) to weight percent of calcite
was achieved by using a calibration curve reported by Spanos and
Koutsoukos."”

The precipitate in the syringe filter cartridge was dissolved with
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The Concentration of Starting Solutions and the Results of CaCO; Precipitation Experiments

Initial solution Time during Calculated log IAP Temperature during the reactions
metastable stage® minimum - mean - maximum
Exp. No. [3"CO,]/mnol kg~! [Ca]/mmol kg~! [Lal/umolkg™! La/Ca /min Equilibrium® (metastable)) /°C
1 144 15.5 0 0 — -8.4 21.7-24.8-26.3
2 15.0 16.0 7.8 4.9%x1074 180-630 =79 (-7.2) 21.0-26.1-27.2
3 14.8 15.7 79 5.0 x10™ 240-720 =79 (-7.2) 21.2-25.7-27.0
4 14.2 144 0 0 — -8.6 28.4-29.1-30.5
5 13.8 13.8 8.4 6.1x107* 50-465 -8.1(-74) 26.8 -29.3 -30.7
6 14.2 14.1 17.3 1.2x1073 50-500 -8.0 (-7.4) 27.5-29.2-30.5
7 14.6 14.5 8.9 6.1x107* 90-640 -8.0 (-7.3) 27.0 -28.5-29.6
8 14.8 14.7 8.9 6.1x107% 50-410 -79(-74) 25.6-29.0-31.6
9 15.4 15.4 0 0 — -8.6 28.7-29.9 -30.0
10 15.6 15.4 0 0 — -8.6 28.3-29.9-30.2
11 15.1 15.0 9.1 6.0x107* 50-350 =79 (-7.4) 28.7-30.0 - 30.1
12 15.1 15.0 9.2 6.1x107* 70-330 -8.0 (-7.3) 28.4-30.2-30.5

a) Figures stands for the time from the beginning of the reaction. b) Calculated from the pH value after 1400 min from the beginning of the reaction,
assuming that pH is an equilibrium pH. c¢) Calculated from the average pH value of the metastable stage.

nitric acid, and a known amount of indium solution was added as an
internal standard, and was finally diluted to 0.4 M HNO; with
milli-Q water (1 M = 1 mol dm™). The filtrate of the cartridge was
also treated by the same procedure. The concentration of lantha-
num in the final solutions was measured using an inductively cou-
pled plasma mass spectrometer (ICP-MS, VG Plasma Quad). The
concentration of calcium in the final solutions was analyzed with
an inductively coupled plasma atomic emission spectrometer (ICP-
AES, SII SPS1200). The lanthanum concentration in the precipi-
tate was evaluated from the La/Ca ratio.

Results and Discussion

A. Formation of Calcium Carbonate Precipitate.  Typi-
cal examples of the pH change during the experiments with and
without lanthanum ion are shown in Fig. 2. The decrease in the
pH was caused by the precipitation of calcium carbonate. The
amount of precipitated CaCO; was calculated from the pH of
the solution, assuming chemical equilibrium in a closed sys-
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Fig. 2. Plots of pH change with time during the crystal-
lization in a solution without lanthanum (Exp. 9) (A)
and a solution with lanthanum (Exp. 11) (B). The cal-
culated log IAP values of calcium carbonate in the so-
lutions of the metastable stage and equilibrium were in-
dicated in parentheses.

tem; the precipitate was found to increase with time (Fig. 5). In
all experiments, the pH became almost constant after one day
(1440 min).

In the case of a lanthanum-free system, the pH change be-
came sluggish, but did not remain constant (100-300 min), in
contrast to the case of the lanthanum-doped system described
later. The calculated log IAPs after one day from the starting
point of the experiments were usually about —8.5 (see Table 1).
These values were close to the reported log K, for calcite
(-8.48%%; —8.480 at 25 °C*). This result strongly suggests that
the solutions without the addition of lanthanum were close to
being in equilibrium with calcite after one day.

When lanthanum ion was doped in the initial supersaturated
solution, a remarkable change in the transitional stage was ob-
served. As can be seen in Fig. 2, a static pH period (metastable
stage) without exhibiting a decrease in the pH appeared at be-
tween 50 and 350 min. The log IAP of calcium carbonate dur-
ing the metastable stage was calculated from the pH value
assuming chemical equilibrium within a system of
CO,~HCO;—CO;*". The calculated log IAP was in the range of
—7.2 to —7.4 (see Table 1). After the metastable stage, another
precipitation started and the carbonic acid system reached a
new equilibrium. If we assume that the carbonic acid system in
the lanthanum-doped solution after one day was in equilibri-
um, the ion activity products (IAP) of calcium carbonate could
also be calculated from the pH. The calculated log IAP was in
the range of —7.9 to —8.1 independent of the concentration of
lanthanum in the starting solutions (Table 1). This value is
close to the reported value of vaterite (=7.902 at 25 °C*). The
presence of vaterite was confirmed from the X-ray diffraction
pattern, as described later. It is noteworthy that the system kept
vaterite for a long period of more than one month in spite of the
thermodynamically labile characteristics of vaterite.

We carried out several experiments with (Exp. #9—#12) and
without any temperature control (Exp. # 1-#8), obtaining al-
most identical results. We consider that the effect of tempera-
ture is not noticeably important in the temperature range of the
present experiments.

Experiments by Akagi and Kono,” in which no stirring was
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applied, showed no metastable stage, and the pH of lanthanum-
doped solution of their experiment reached only that of the
metastable stage in the present study. We reexamined their re-
sults using the reaction vessel without stirring, and obtained re-
sults similar to theirs (data not shown).

B. Crystal Shapes and Polymorphism of Calcium Car-
bonate. Typical SEM images of the precipitate are shown in
Fig. 3. The precipitate occurring at an early stage in the experi-
ments was spherulite, indicating the aggregation of particulates

Fig. 3.
precipitate. (A) sampled from a La-free solution at 15
min from the beginning of the reaction. (B) (C) sampled
from a La-doped solution at 110 min (B) and 1320 min
(C) from the beginning of the reaction.

Typical scanning electron microscope images of

Effects of La on the Crystallization of CaCOj;

with a few-hundred nanometer size for both the lanthanum-free
system (Fig. 3A) and the lanthanum-doped system (Fig. 3B).
The spherulite transformed to the euhedral shape of calcite in
the case of the lanthanum-free condition. These observations
are consistent with the morphology of calcium carbonates pre-
cipitated in aquatic solutions numerically reported.'"'>!81
When lanthanum was added to the starting solution, spherulite
became more persistent and survived during the metastable
stage (Fig. 3B); it then turned to rhombohedral calcite shape,
which showed a derangement in the crystal surface (Fig. 3C).

Figure 4 shows typical X-ray diffraction profiles measured
after several time intervals. The profiles exhibit an obvious dif-
ference between lanthanum-free and lanthanum-doped sys-
tems with time. Figure 5 shows the time dependencies of the
polymorphic abundance both for the lanthanum-free system
and the lanthanum-doped system. The observed difference is
discussed later in detail.

C. Lanthanum Concentration in the Precipitate and So-
lutions. The time dependencies of the lanthanum amount in
the liquid and solid fractions are shown in Fig. 6. The concen-
tration of lanthanum in the solution decreased rapidly at the
very beginning of the reaction, and then gradually declined to
nearly 1/100 of the concentration in the starting solution (1.6 X
107" umol kg™, an average value in 900—1400 min of Exp. 11),
which was as low as the detection limit of the adopted method.
On the other hand, the lanthanum amount in the precipitate in-
creased quickly until the first one hour of the reaction, and re-
mained almost constant thereafter (4.3 umol kg™', an average
value in 900-1400 min of Exp. 11). The sum of the lanthanum
amounts in the solution and precipitate at the final stage (4.4
umol kg™', an average value in 900-1400 min of Exp. 11),
however, explained only half of the lanthanum amount initially
given to the system (9.1 umol kg™', Exp. 11). We suspected that
the rest of the lanthanum was adsorbed onto the wall of the
glass reactor as soon as the starting solution was transferred
into it. The silanol group on the surface of glass induces dis-
solved species of lanthanum (especially La*") to adsorb on
glass surface. We prepared a silanized vessel with dimethyldi-
chlorosilane in order to substitute a methyl-terminated surface
for the adsorptive silanol surface. Using the surface-terminated
vessel, the obtained results corresponded to the case using an
untreated vessel with twice the concentration of lanthanum in
the starting solutions (unpublished data). This suggests that ap-
proximately half of the lanthanum in the system (solution +
precipitate) in the present experiments was adsorbed on the
glass surface. Thus, more than 95% of the lanthanum in the so-
lution system (dissolved + suspended solid phases, excluding
the missing lanthanum) was incorporated into the precipitate,
which is attributed to vaterite in the later discussion.

D. The Crystallization of CaCOjs in the Lanthanum-Free
System. Without the lanthanum ion in the starting solution,
calcium carbonate immediately precipitated as thermodynami-
cally unstable vaterite. As the reaction proceeded, vaterite
(spherulite) transformed to euhedral calcite. As can be seen
from Fig. 5A, during the transformation from vaterite to cal-
cite, the precipitation rate of calcium carbonate was relatively
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Fig. 4. Chronological change of X-ray diffraction profiles. (A—C): Precipitate sampled from a solution without lanthanum (Exp.
9). After 16 min (A), 202 min (B) and 520 min (C) from the beginning of the reaction. (D-I): Precipitate sampled from a
solution with lanthanum (Exp. 11). After 10 min (D), 27 min (E), 380 min (F), 398 min (G), 633 min (H) and 4755 min (I)

from the beginning of the reaction.

slower than before and after the period of transformation (tran-
sitional stage in Fig. 2A). Once most of the vaterite trans-
formed to calcite, calcium carbonate precipitated quickly to
reach equilibrium (see Fig. 5). The transformation from vater-
ite to calcite began after a few minutes from the mixing of the
two solutions and completed in 8—10 hours. The vaterite spon-
taneously nucleated at the beginning of the experiments was al-
ways spherulite (about 5 wm in diameter, see Fig. 3A). Ogino
et al."' reported that the spherical vaterite gradually trans-
formed to rhombohedral calcite during the transition. In their
case, highly supersaturated solutions of Ca** and CO;> ions
rapidly precipitated as amorphous calcium carbonate, and
transformed to a crystalline calcium carbonate polymorphs
within several minutes followed by the phase transformation
from vaterite to calcite in a temperature range between 14 and
30 °C. On the contrary to the experiments by Ogino et al.,"
amorphous CaCO; was not observed in this study. This is be-
cause (2. Of the starting solutions was around 40 in this
study, whereas that in the work of Ogino et al. was about
4600."" Their supersaturation was one hundred-times as high as
ours and may have been sufficient to create high supersatura-
tion state necessary for precipitating amorphous calcium car-
bonate.

E. Inhibition of Transformation of Vaterite to Calcite by
Lanthanum Ion. As can be seen from Fig. 5B, in the first

tens of minutes, vaterite formation occurred quickly and calcite
formation was not observed. During the metastable stage, the
composition as well as the amount of polymorphs was con-
stant. After the metastable stage, a break point of the calcite
formation was observed. Transiting the break point, calcium
carbonate precipitated as calcite exclusively. The amount of
initially formed vaterite was almost constant throughout the
experiment, even after calcite formed.

The concentration of lanthanum was very low (around 1 X
107”7 mol kg™") in the solution during the reaction, except for the
very early stage of the reaction in which the concentration of
the starting solution was reflected (Fig. 6). On the other hand,
the amount of lanthanum in the precipitate was relatively high
and remained almost constant during the reaction. The La/Ca
ratio in the whole precipitate (Fig. 7A) dropped abruptly at the
break point. Taking into consideration that most of the precipi-
tate formed after the metastable stage was calcite, and that the
total amount of lanthanum in the precipitate was almost con-
stant during the experiment, we judged that lanthanum was
concentrated exclusively in vaterite. Based on this assumption,
the La/Ca ratio in vaterite can be calculated from the polymor-
phic abundance and the concentration of lanthanum in the pre-
cipitate. The calculated La/Ca ratio in vaterite (Fig. 7B) was
virtually constant during the reaction where the large gap
around the break point was much subdued to the level within
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Fig. 5. Typical change of the polymorphic abundance in
a solution without lanthanum (Exp. 9) (A) and a so-
lution with lanthanum (Exp. 11) (B). O : Vaterite, o :
Calcite, and m : Total CaCO;. Total CaCO; was cal-
culated from pH and given concentration of chemical
species in the starting solutions.

analytical error due to the uncertainty of parameters involved
in the calculation.

Spanos and Koutsoukos'® reported on the dependence of the
transformation from vaterite to calcite upon supersaturation.
According to their report, the transformation of the initially
formed vaterite to calcite took place through the dissolution of
more soluble vaterite. At supersaturation states of 2.3 to 4.4,
the transformation was controlled by the dissolution of vater-
ite, whereas at lower supersaturation states (£2 was in the range
of 1.2 to 2.3) the dissolution rate of vaterite was comparable
with the rate of calcite crystallization. The supersaturation state
in the present study was higher than 4, and it can be suggested
from their study that the vaterite dissolution could be the rate-
determining step of the calcite formation in our study.

The transformation of the labile phase to the most stable cal-
cite is also influenced by the minor or trace impurities. The
presence of phosphate ions (5 X 107 umol kg™) in the precipi-
tating solution stabilized the initially formed vaterite by a re-
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Fig. 7. Change in the La/Ca molar ratio in the precipi-
tate sampled from the lanthanum-doped starting solu-
tion (Exp. 11). The observed La/Ca ratio of total pre-
cipitate (A) and the calculated La/Ca ratio of vaterite
(B), assuming that lanthanum was concentrated only in
vaterite. The arrow in the figure indicates the time of
the break point observed in Fig. 5B (see text).

markable decrease in the transformation rate to calcite.”* The
stabilization of vaterite by the presence of the phosphate ions
was ascribed to the retardation of both the dissolution of vater-
ite and the crystallization of calcite, caused by blocking of the
active sites for the dissolution of vaterite and for the crystalli-
zation of calcite by the absorbed phosphate. By an analogy to
the case of phosphate, our present result suggests that lantha-
num ions block the active sites on vaterite dissolution and cal-
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cite crystallization.
Conclusions

The small amount of lanthanum ions in the supersaturated
parent solutions of the calcium carbonate was found to disturb
the formation of calcium carbonate in the following ways;

A. The parent solutions containing lanthanum induced an evi-
dent metastable stage, where the abundance of the polymorphs
and La/Ca rations in the precipitate did not change.

B. They also produced persisting vaterite which survived more
than one month.

C. Most of lanthanum was quickly incorporated into the initial-
ly formed vaterite.

D. Lanthanum in the initially formed vaterite is considered to
prohibit a transformation to calcite.

Zhong and Mucci® reported that REEs were strongly parti-
tioned into calcite and substituted for calcium ion with a parti-
tion coefficient of 10*°. Facing the strong mutual association
among REEs, calcium and carbonate ions in nature and also
shown in this study, it could be important to understand how
REEs may affect the carbonic acid system. The effect of lan-
thanum ion on the crystallization of CaCO; might provide a
possible explanation for the supersaturation of calcium carbon-
ate in seawater.
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Appendix

Dissociation reactions of carbonic acids, ion-pairing reactions
between major cations (Na* and Ca>") and anions (HCO* and
CO;™) and between La** and CO,> are considered. They were
summarized as follows along with the equilibrium constant of
each reaction used in the calculations:

COyaq) + H,O = HCO5™ + HT, (1)

_ Maco,-[HCO57]1 0PH

K,
[COZ(aq)]

; @

log K| = =356.3094 — 0.06091964T + 21834.37/T
+126.8339log T — 1684915/T2, 3)
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HCO;™ = CO;>™ + HY, 4)

_ Yooy [CO;*7 110771

K, = , )
? Yico,- [HCO3~]
log K> = —107.8871 — 0.03252849T + 5151.79/T
+38.92561log T — 563713.9/T2, (6)
Ca®* + CO;2~ = CaCO;’, @)
Yeaco,0[CaC03°]
Kepr_cop- = o PR ®)
Year+ [Ca™ 1Yc0,2-[CO3°7]

log Keycop0 = —1228.732 — 0.299444T
+35512.75/T +485.818log T, 9)
Ca®* + HCO;~ = CaHCO;™, (10)

Yeaticos+ [CaHCO3*]
Ke_nicoy- 105 (11)

~ 7Ca [Ca* IYirco, [HCOs |’

log Kcancos+ = 1209.120 + 0.31294T
—34765.05/T — 478.782log T, (12)

Ca?* + CO;3%™ = CaCO;3, (13)
Kx = Yo+ [Ca®* 1Yeo,2- [CO5™], (14)

log Kcatite = —171.9065 — 0.0779933T
+2839.319/T +71.5951og T, (15)

108 Karagonite = —171.9773 — 0.0779933T
+2903.293/T + 71.5951log T, (16)

log Kyateriee = —172.1295 — 0.0779933T
+3074.688/T + 71.59510g T, a7

where % is the activity coefficient of an ion i, x is polymorphs of
calcium carbonate and T is in °K (available over the range of 0 to
90 °C (Egs. 12, 13, 14 and 15), 5 to 80 °C (Eq. 9) and 0 to 100 °C
under 1 atm. total pressure (Egs. 3 and 6)). The equations and
constants were reported by Plummer and Busenberg.23
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Na* + CO;*” = NaCO;™, (18)

Waco,- [NaCO37]

Knyt—co.2- = , (19)
N0 T e [Na* T30, [CO52]

10g Knacos- = 102 at 25 °C, (20)

Na* + HCO;~ = NaHCO,°, 21

Warico;0 [NaHCO5°]

KNat—ncos- = - — —, (22)
Wa+ [Na*]¥co,- [HCO57]

10g Kyaticop = —0.19  at 25 °C, (23)

The values of ion-pair formation of sodium were reported by Mil-
lero and Schreiber.”’

La** + CO3>™ = LaCO5*, (24)

scow [LaCOs*
Kiio-cop = —or DL )
) Yiad+ [La ]’yC032_ [CO32_]

10g KLaCOg“' =7.12 at25 OC, (26)

The formation constant of lanthanum-carbonate complex was tak-
en from Lee and Byrne.?! According to their calculation, the pres-
ence of any hydrated species of lanthanum ions can be neglected in
our experiments.

The closed system constrains the amount of the total carbonic
species to be constant, i.e.

[COxaq] + [HCO5™] + [CO5%] + [NaHCO;°] + [NaCO;7]
+[CaHCO;5*] + [CaCO5°] + [LaCO;*] + CaCOsprecipitation)
= constant. 27

The concentrations of all the chemical species appearing in the re-
actions are uniquely determined for the given amounts of total car-
bon, calcium, sodium and lanthanum, if one of any concentrations
of the species appeared in the chemical equilibrium equations list-
ed above is known. When equilibrium is extended to the reaction
of CaCO; formation, K, is also obtained from the calculated con-
centrations of carbonate and calcium ions. The activity coefficients
of ions in the solutions (molar ionic strength, / < 0.06) were given
by the Davies equation®, i.e.

VI 298
. — — .2 —_ _
log 1; = —0.5z; {1+ 7 0.21 { - } (28)

where z; is the charge number of an ion 7, T is the temperature in °K

Effects of La on the Crystallization of CaCOj;

(available over the range of about 0 to 50 °C) and / is the dimen-
sionless ionic strength of the solution:

1

I= 3 Z(Ciziz)v (29)

i

In this equation ¢; is the molality of an ion i.

The IAP and the amounts of calcium carbonate precipitate were
obtained by solving these simultaneous equations using a mathe-
matical computer program (Mathcad® 8, Mathsoft, Inc.).
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