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This study reports the first application of dynamic light scattering to observations of crystal growth of calcium
carbonate from a supersaturated solution. Crystal size distributions around the critical nucleus radius (=2 nm at Q = 18)
were measured in La-free and 5 uM La-doped conditions. In the former, the intensity of scattered light increased smoothly
and particle size increased with time. In the case of La-doped condition, the total scattering volume of particles was
smaller, and grew very slowly compared with the La-free condition. These results show that the inhibiting effect of La**
on calcium carbonate occurred from the initial stage of crystal growth.

Calcium carbonates play an important role in the global
carbon cycle, because both crystallization and dissolution of
calcium carbonates occur in marine environments, thereby
controlling the atmospheric CO, content which is closely
related to global warming.! The nucleation and crystal growth
of calcium carbonates are also familiar phenomena, for
example, biomineralization or scale precipitation in geothermal
areas. It has therefore been critical to obtain knowledge of
crystallization and dissolution of calcium carbonate. Conse-
quently, a number of studies have been reported on the
precipitation and crystal growth of calcium carbonate in
supersaturated solutions.”™

A supersaturated solution of calcium carbonate without any
additives produces initially a metastable phase, which is then
transformed into a more stable phase according to the Ostwald
step rule.>® Calcite is the most stable phase in ambient
conditions, while aragonite and vaterite are metastable phases
under these conditions.”® These polymorphs are also known to
be stabilized by impurities.’"'> Among these, lanthanum ion
(La**) has been reported to be an effective additive for
stabilizing metastable phases of calcium carbonate. The
inhibiting effect of La’* on the formation of calcite was first
reported by Akagi and Kono.'* Tsuno et al.'* reported that the
addition of approximately 10uM La’* into a supersaturated
solution of calcium carbonate yielded stabilization of vaterite.
As a possible explanation of this phenomenon, Kamiya et al.'
suggested that La’" exclusively inhibits crystal growth of
calcite. However, the inhibition mechanism has not been clear,
and it is needed to find how the La** inhibitor affects calcium
carbonate precipitation and crystal growth.

In a number of previous studies, microscopic observations
using scanning electron microscopy (SEM) and atomic force
microscopy (AFM) have been adopted for observations of
crystal growth. However, these methods cannot be used to
observe the size of a critical nucleus for calcium carbonate
(about a few nanometers).'® In addition, in situ observations of
nanometer-size particles in a solution are necessary to inves-

tigate detailed kinetic processes of precipitation and crystal
growth. In this study therefore, we adopted dynamic light
scattering (DLS) to measure time evolution of the particle size
distribution of calcium carbonate. The size distribution in the
initial stages of crystal growth of calcium carbonate and the
impurity effects of La®* on crystal growth of calcium carbonate
are discussed on the basis of DLS measurements and SEM
observations.

Experimental

Dynamic Light Scattering (DLS) Apparatus. In the
initial stage of the crystal growth of calcium carbonate after
mixing sodium hydrogen carbonate (NaHCOs3) and calcium
chloride (CaCl,) solutions, the concentration of calcium
carbonate particles in the system will be quite low. To obtain
good data from this sample, a highly sensitive detector of
scattered light is required. We therefore adopted an avalanche
photodiode (High Q.E. APD, ALV Co., Ltd.) because quantum
yield is quite high (>80% at 632.8 nm). In order to use the
avalanche photodiode, we assembled a dynamic light scattering
apparatus. A 632.8-nm line of a He-Ne laser (18 mW) was used
as the incident beam. An autocorrelation function of the
scattered light was obtained with a correlator (Flex99R-12,
Correlator.com). The angle between the incident beam and the
detector was 30°. A 50-mm by 10-mm NMR tube was used as
the sample cell to preventing distortion of the incident beam
and the scattered light. Two pinholes with a diameter of 150 um
were set behind the cell and in front of the detector. Previous
studies have successfully applied DLS to the crystal growth of
hydroxyapatite'” and zeolite.'® The obtained crystal growth rate
of hydroxyapatite was several orders of magnitude lower than
that of other inorganic crystals under the same supersaturated
condition.!” DLS data of zeolite were obtained at ordinary
temperature and pressure where crystal growth of zeolite does
not occur. Consequently, the particle size stays constant during
measurement. On the other hand, in this study, particle size
distribution can change while measuring because nucleation
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Figure 1. Plots of the calibration measurements. Polysty-

rene particles (PS) with diameters of 20, 30, 40, 50, and
200nm, and a 1.5nm cyclodextrin molecule (CD) were
used as standard samples.

and crystal growth occur continuously and a broad distribution
of particle sizes are expected under these conditions (See
sample preparation). In addition, the crystal growth of calcium
carbonate is expected to be unimodal. Therefore we adopted a
histogram for analyzing all autocorrelation functions in this
study. The total number of histogram bins used in the analysis
was 55. Correlation times corresponding to each decay rate
were estimated by a nonlinear least-squares method. Then the
mean diameter of particles in the solution was calculated on
the basis of DLS theory.?’ In this study, the intermolecular
interaction on evaluated hydrodynamic radius of a particle
among each experimental condition was not taken into account,
because our attention was focused on the relative change of the
apparent hydrodynamic radius. Accuracy confirmation of the
apparatus was carried out using polystyrene particles (Duke
Scientific Co.) whose diameters were 20, 30, 40, 50, and
200 nm, and cyclodextrin whose molecular diameter was about
1.4 nm (Sigma-Aldrich Co.). The results of the calibration are
shown in Figure 1. The diameters of particles obtained from
the present instrument corresponded with the recommended
diameters.

Sample Preparation. The supersaturation state of a
solution with respect to calcite, Q.,, is defined as

2 2—
$2cal = aca *. aco, /Ksp(calcitc) (D

where ac,”t and acof’ are the activities of calcium ions
and carbonate ions, respectively. K, is the solubility product
constant of calcite. The supersaturated solution of calcium
carbonate was prepared by dissolving analytical-grade reagents
(Wako Co.) with Milli-Q water. The composition of the
solution was as follows; 1.40 mM NaHCOj solution, the pH of
which was controlled at 10.8 by the addition of a sodium
hydroxide (NaOH) solution, and 0.225mM CaCl, solution
were prepared respectively. The two solutions were treated
with a syringe filter whose pore diameter is 200 nm, mixed in a
Teflon vessel. This mixture (pH 10.5) was then stirred in an
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Figure 2. Plots of the cumulative intensity vs. reaction
time. The upper-limit was about 100 to avoid the multiple
scattering effect.

open system and subsequently, neither the addition of other
solution nor pH control were carried out. About 3 mL of the
mixed solution was collected at a certain period of time and this
solution was injected into the DLS sample cell; each measure-
ment took 10s. In this experiment, ., of the solution was set
to about 18, as calculated by visual MINTEQ ver. 2.51. For the
La-doped experiment, lanthanum chloride (LaCl;) was added
into the CaCl, solution before starting the reaction. The
concentration of La** was adjusted to SUM in the super-
saturated solution.

SEM Observation and Phase Identification of Crystal-
lized Particles. = The samples were collected by filtration
(hydrophilic PTFE membrane filter, pore size: 100nm) at
25min from the beginning of the reaction in the La-free
solution, and at 350 min in the La-doped solution. The La-
doped measurement took longer than the La-free experiment as
we discuss later. The filtered samples were dried at 110 °C in air
for 24 h. The samples of calcium carbonate thus obtained were
examined using a VE-9800 Scanning Electron Microscope
(KEYENCE Co.). The samples were coated with gold to avoid
charging in the SEM and secondary electron images were
obtained with an acceleration voltage of 10kV. Powder X-ray
diffraction measurements were carried out using a Gandolfi
camera (114-mm diameter) with the CuKa line.

Results and Discussion

DLS Measurement. Figure 2 shows plots of the
cumulative value of the obtained gz(,) as a function of the
reaction time. The cumulative value of the second-order
autocorrelation curve corresponds to the total scattering volume
of particles in the sample solution. In other words, the increase
in the cumulative intensity corresponds to the increase in
particle number and particle size. The data that are shown as
zero in intensity were below the detection limit, which occurs
when the fitting cannot be conducted to the correlation function
because of weak scattered light. In the La-free experiment, the
cumulative intensity (arbitrary unit) increased gradually with
time until the intensity approached about 100 in 23 min. In our
experiment, the sample, whose cumulative intensity was over
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Figure 3. Particle size distribution in the La-free experiment based on DLS measurements.

100, could not provide a correct correlation curve because of
the multiple scattering effect.?! On the other hand, under the
La-doped condition, more reaction time (270 min) was needed
for the cumulative intensity to exceed 100. These results clearly
show that La’* inhibits precipitation and crystal growth of
calcium carbonate. In both the La-free and La-doped con-
ditions, no decay of the second-order autocorrelation curve was
observed at 5min from the start of the reaction. This suggests
that there were no detectable particles in the solution. At 10 min
from the beginning of the reaction, the cumulative intensity
was more than 23 under the La-free condition. On the other
hand, in the La-doped condition, the intensity was about 6,
which was only a quarter the value of the La-free condition.
This suggests that under the La-doped condition, the amount of
particle precipitation was remarkably less than that under the
La-free condition in the initial stages of crystal growth.

Particle size distributions obtained from DLS measurements
under the La-free condition are presented in Figure 3. Particle
size distribution was number weighting. The amounts of particle
are presented as the percentage of the corresponding size in the
total number. The effect of gravity is more dominant than the
diffusion of particles when the particle size is larger than 1 um
in solution;?? the upper detection limit is 1 um in the DLS
apparatus. For this reason, the histograms thus show a range of
particle sizes from 2 nm to 1 um. At 10 min from the start of the
reaction, a distribution peak at about 2.5 nm was observed; this
size is comparable to the size of the critical nucleus of calcium
carbonate at Q = 18 (®2 nm) estimated from the change in the
Gibbs free energy.'® This value also corresponds to the sizes of
stable prenucleation ion clusters (the nucleation clusters and
their aggregates are 0.6—1.1 and 2—4 nm in size, respectively).??
This coincidence suggests that the particle size distribution of
the critical nucleus of calcium carbonate was successfully
detected by DLS. The size distribution shifted toward larger
particle sizes up to 18 min, and then remained unchanged. On
the other hand, Figure 2 shows that the cumulative intensity
increased even after 18 min, and therefore the total scattering
volume of the particles should increase.

The results of the experiments in the La-doped condition are
shown in Figure 4. A particle size distribution was observed at
about 8.5nm at 10 min after the start of the reaction. In this
case, the shift in the distribution was much slower than for the
La-free condition. The average particle size grew to 200 nm in
90 min, 5 times slower than for the La-free condition, and their
sizes then remained constant until the end of the measurement
(270 min). Figure 2 indicates that the cumulative intensity
increased after 90min. This implies that only the total
scattering volume of the particles increased, whereas the
particle size was unchanged. In other words, the number of
particles increased while the particle size stayed constant after
90 min.

Figure 5 shows plots of the mean diameter obtained from
both experiments as a function of the reaction time. For both
conditions, particle sizes increased up to 200nm and then
remained constant. The crystal growth rate, v, was estimated by
a linear approximation of the particle growth up to 200 nm. The
growth rate of the particles in the La-free condition, Ve, Was
calculated to be 25.2nmmin~!, and that in the La-doped
condition, Vgope, Was 2.5 nm min~'. The addition of La** thus
substantially decreased the growth rate of the particles (Vyope/
Viree = 0.1). For example, aspartic acid, which has been
reported to be an effective impurity for retarding crystal
growth and dissolution of calcite, requires a concentration of
more than 0.15M to reach vgope/Viree = 0.1.2* In the case of the
addition of 4mM of Ba?*, the value of Vdope/ Viree also only
decreased to 0.56.2° The effect of La’* on crystal growth of
calcium carbonate is thus more effective than the other
additives mentioned above.

SEM Observations and XRD Characterization.  The
DLS experiments showed that particles of about 200 nm
remained until the end of the measurement. The SEM study
was carried out to confirm the particle size distribution obtained
using the DLS method. Figure 6 shows SEM images of the
suspended particles which were collected at 25 and 350 min,
under La-free and La-doped conditions, respectively. In the
La-free experiment, two different morphologies were observed,
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Figure 4. Particle size distribution in the La-doped experiment based on DLS measurements.
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Figure 5. Plots of the mean diameter at each reaction time.
The solid line indicates the crystal growth rate in the
La-free condition (vgee) and the dashed line indicates the
growth rate in the La-doped condition (vgope)-

rice-shaped particles about 200-500 nm and hexagonal disk-
shaped particles about 1-2um in size (Figure 6a). In this
experiment, the degree of supersaturation decreased continu-
ously with progress of reaction because pH control and
addition of other solutions were not carried out in the course
of the reaction. At the start of the reaction, nucleation occurred
and crystal growth proceeded because of the high degree of
supersaturation. The initial precipitates grew steadily and sized
up to beyond 1um. These crystals cannot be detected by
the DLS measurement. In contrast, the crystals which were
generated after the degree of supersaturation decreased grew
slower than the former did. These two kinds of crystals

Figure 6. SEM images of the samples obtained (a, b) in the
La-free experiment after 25 min from the start, and (c, d)
in the La-doped experiment after 350 min from the start.
The scale bar is (a, ¢) 2um and (b, d) 1um. The
rhombohedral-like crystal is shown by an arrow in (b).

correspond to hexagonal particles and rice-shaped particles
shown in Figures 6a and 6b, respectively. The obtained particle
sizes in the SEM observations agree with the DLS data
(Figure 3) except for the 1-2 um particles. The upper limit in
the particle size detected with DLS in the instrument used in
this study is 1pum as mentioned already. Diffraction lines
corresponding to vaterite and the strongest line of calcite (104)
were found in the XRD patterns (data not shown). The
morphology of some of the larger particles was rhombohedral-
like (Figure 6b). This morphology is similar to those reported
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for crystals in the transformation from vaterite to calcite in a
previous study.® The disk-shaped particles observed in this
study may correspond to calcite transforming from vaterite.

For the La-doped condition as well, ~200-500 nm particles
and calcite crystals (thombohedral) with particle sizes larger
than 1 um were observed. The former particle sizes also agree
with the DLS results shown in Figure 4. Diffraction lines of
calcite {(104), (113), (202), (018), (116), (214)} were observed
from this sample. These results suggested that the small
particles were retained, even though some particles grew to
more than 1um. The crystals were thus transformed from
vaterite to calcite, and then some of the calcite grew larger
while others remained smaller than 1 um. The morphology of
these small particles was not rhombohedral; however, lantha-
num compounds were not detected by XRD. Kamiya et al. have
reported that lanthanum carbonate precipitated on the step sites
of calcite and lanthanum carbonate does not form epitaxially on
the calcite surface.!> The reason that two kinds of crystals
appeared is the same of the La-free experiment. No effects of
La’* were observed for the larger crystals because the growth
of these crystals is fast due to the high degree of super-
saturation. In contrast, for the smaller crystals, the inhibition
effects of La** on the crystal surface appeared, because these
crystals grew slowly due to the low degree of supersaturation.
However, lanthanum compounds could not be detected by
XRD because their amounts were much smaller than calcium
carbonate or those compounds had no periodic structure.

Gebauer et al. have reported that ACC II (amorphous
calcium carbonate II) precipitates at higher pH and then
transforms to vaterite.>> However, in our experiments, the
mixed solution of pH was 10.5 that is higher than that reported
by Gebauer et al. and vaterite was also detected in the La-free
condition by XRD. The experimental conditions of Gebauer
et al. were different from ours in the control of solution
composition and pH and these results cannot be compared
directly. As the secondary smaller particles were exclusively
affected by La®™ (no effect for the primary larger particles), it is
suggested that the adsorption rate of La** on the crystal surface
competed with the crystal growth rate of calcium carbonate.
This suggest that the inhibition effect of La’" appeared in the
crystal growth of vaterite. This study demonstrated that the
presence of La’t in the supersaturated solution affects
drastically the nucleation and accumulation of particles of
calcium carbonate.

Conclusion

The nucleation and crystal growth process of calcium
carbonate were progressively monitored using DLS. The
particle size distribution of the critical nucleus of calcium
carbonate was detected. Under the La-free condition, the
particle sizes increased at a rate of 25.2 nm min~! until reaching
about 200-500nm. The larger particles transformed from
vaterite to calcite 25min after the start of the reaction. In
contrast, under the 5 UM La-doped condition, the particles sizes
increased 2.5 nmmin~! and it took 10 times longer to produce
particles of 200-500 nm than in the La-free condition. These

DLS Study of Crystal Growth of CaCOj3

observations show that there is an inhibiting effect of La** on
the initial stage of crystal growth of calcium carbonate.
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Supporting Information

Correlation function at 10min after starting reaction in
La-free condition. This material is available free of charge on
the web at http://www.csj.jp/journals/besj/.
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