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ABSTRACT: The dissolution of porous spherulitic, vaterite particles in aqueous solution is investigated via
microscopic monitoring of their size as a function of time. The latter is shown to provide a clear, generic
distinction between dissolution controlled either by the rate of a surface-controlled reaction or via dissolution
under conditions where the concentration of calcium and carbonate ions is pinned locally by the solubility
product of vaterite followed by diffusion away from the dissolving interface into the bulk solution. Dissolution
under “thermodynamic control” is shown to be the case for vaterite particles, allowing a value of the solubility
product to be determined in the light of the known solution phase equilibria, including the ion pairs CaCO3,
CaOH+, and CaHCO3

+.

■ INTRODUCTION
Calcium carbonate plays a pivotal role in various natural
biological and geological systems, with increasing attention
given to its role in these systems arising from ecological and
environmental considerations.1 Notably, studying the involve-
ment of calcium carbonate in the carbon cycle can offer
valuable insights into atmospheric CO2 levels.2 In a biological
context, certain marine phytoplankton have evolved to grow
calcium carbonate shells which are durable and protective, with
rising CO2 levels and lower pH levels in seawater
demonstrated to affect the shell growth of various
phytoplankton differently.3−5

Crystalline calcium carbonate has three polymorphs:
hexagonal vaterite, orthorhombic aragonite, and rhombohedral
calcite. These have increasing thermodynamic stability and
hence different solubility, with reported solubility products,
Ksp, of 3.6 × 10−9 (calcite), 5.1 × 10−9 (aragonite), and 1.4 ×
10−8 (vaterite) at 291 K, defined in terms of activities (with M
as the standard state).6 The value for vaterite is discussed later
in this paper. While calcite is the most prevalent in nature due
to its thermodynamic stability, all three occur, notably in the
case of unstable forms in certain mollusc types.7,8 Vaterite is
particularly rare but, besides molluscs, has also been found in
various sediments and rocks, is present in some bird eggs, and
has been demonstrated to precipitate from the supra-glacial
sulfur-containing conditions of a mineral spring in the
Canadian High Arctic.9−11 Despite the traditional applications
of CaCO3 in industries such as plastics, building materials, and
cosmetics, a recent surge in controlled synthesis has expanded
its applications to include biomaterials, drug delivery (notably
from vaterite), environmental remediation, and energy
production and storage.12−16 Specifically, an increasing under-
standing of the nucleation and growth of CaCO3 has allowed

for synthesis conditions that can carefully control the
dimensions, polymorphs, and morphology of synthetic
CaCO3 micronanoparticles (MNPs).7,17,18 In combination
with this, surface functionalization methods have been
developed to tune properties such as surface hydrophobicity
and reactivity.19−21

CaCO3 MNPs of the vaterite polymorph have garnered
particular attention, especially in the field of biomedicine and
drug delivery. The controllable porous morphology of vaterite
particles enables the incorporation of bioactive substances,
ranging from small molecules to proteins and other macro-
molecules.22,23 This can occur either through coprecipitation
during synthesis or adsorption after particle synthesis.16

Besides the proven biocompatibility of vaterite particles, their
higher rates of dissolution in acidic environments have paved
the way for applications in targeted drug delivery.24

Specifically, the acidic environment of cancer cells can be
exploited for the targeted release of drugs in the vicinity of
such cells.25,26

To enable effective application in these areas, highly specific
synthesis methods have been developed to carefully control
vaterite particle properties and ensure high vaterite yield
despite being the least thermodynamically stable polymorph of
CaCO3.

27 Vaterite can take various morphologies such as
plates, lamellar aggregates, and microtablets based on synthesis
conditions; however, spherulitic vaterite is preferred for most
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applications, and discussion has focused on this particular form
so far.28−30 Discussion of the mechanism of growth and
strategies for different syntheses is given in the Supporting
Information.

The recent surge in attention to the study of CaCO3
dissolution, hitherto primarily focusing on calcite, stems from
its relevance in carbonate geochemistry and the acknowledg-
ment that the ocean absorbs approximately 30% of
anthropogenic CO2.

31,32 Traditionally, methods employed to
study the dissolution of micrometer-sized particles have
concentrated on monitoring the release of material from a
suspension over time.33 This approach provides better than
order of magnitude estimates of rate but suffers from the lack
of control of mass transport, as highlighted by Sjoberg and
Rickard in their pioneering work on calcite dissolution,
especially under acidic conditions.34 It also suffers from the
fact that the interfacial rates, which are intrinsically local to the
dissolving solid/solution boundary, are inferred from concen-
tration measurements made in the bulk solution. The use of
atomic force microscopes has facilitated the examination of the
recession/growth of features, notably kinks and steps on calcite
surfaces, providing mechanistic insights into particle dissolu-
tion/crystallization at the nanoscale.35 However, this method
intrinsically focuses on specific features and is not applicable
for studying the global dissolution rate of micron-sized crystals
as complete entities.36 Recent work has employed an optical
microscopy setup to study the dissolution reaction at a single-
particle scale, providing a well-defined mass transport regime
and enabling a detailed study of reaction kinetics.36−39 In the
case of vaterite, the interest in particle dissolution is potentially
driven by its application in drug delivery, particularly focusing
on the associated release kinetics of encapsulated substances.
Classical methods for studying release kinetics often
concentrate on macroscopic volumes and provide no
continuous output.40 Consequently, mechanistic insight into
the dissolution of vaterite particles themselves has often been
overlooked, with little work beyond simple thermodynamic
solubility considerations.6

In this work, robust optical microscopy experiments are
applied to investigate the dissolution of individual micrometer-
sized spherulitic vaterite particles as single entities in aqueous
solution at near neutral pH. The aim is to rigorously ascertain
whether the process is controlled by the thermodynamics or
surface kinetics of dissolution, as discussed in the following
section, and to derive various kinetic and thermodynamic
parameters.

■ THEORY
In this study, we extend the method developed by Fan et al. for
investigating calcite dissolution to apply to vaterite dissolu-
tion.38 The inverted microscopy setup, on which this is based,
enables the continuous monitoring of the top-down projection
area of spherical vaterite particles supported on a flat surface
over time. Specifically, the previously established model, which
correlates the reduction in the area of cubic calcite particles
with either thermodynamic or kinetic control, has been
modified for spherical vaterite particles.

When considering the dissolution of a particle resting on a
planar surface, it must first be recognized that the kinetics of
dissolution are based on an interplay between the rates of
interfacial kinetics and mass transport of material to and from
the particle surface.36 “Kinetic control” describes the limiting
case of a fast, nonrate limiting, rate of mass-transport so that

the overall rate of dissolution reflects the interfacial kinetics at
the particle/solution boundary. “Thermodynamic control”
describes the alternative limiting case of slow, rate-determin-
ing, mass transport so that the concentration of solutes
resulting from the dissolved particle and local to the particle is
controlled by the solubility product of the material comprising
the solid. By applying the optical microscopy method selected,
the diffusional flux of material away from the particle surface
can be related to the decreasing projection area and used to
extract kinetic information, as outlined below.

As explained by Yang et al.,36 to formalize the two limiting
cases described above, we first consider a simplified reaction
scheme for the particle surface

A A(s) (aq) bulk
k

k k

b

f mt
F

(1)

where the rate constant kf (mol m−2 s−1) is for dissolution and
kb (m s−1) is for the precipitation reaction, and kmt (m s−1) is
the mass transport rate constant. By applying the steady state
approximation, the overall rate of reaction, flux J, is given as
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In the case of surface kinetic limitation, kmt ≫ kf and kb can
be applied as a condition to obtain

J kflux f (3)

from eq 2. Similarly, considering thermodynamic control, we
can apply the condition that kmt ≪ kf and kb, so that eq 2
becomes

J
k k

k
K kflux f mt

b
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(4)

Now, to consider the specific case of vaterite dissolution, we
consider the reaction established at the interface

CaCO (s) Ca (aq) CO (aq)3
2

3
2++F (5)

Vaterite particles are closely spherical when appropriate
synthesis conditions are employed, as demonstrated below by
SEM imaging for our synthesized particles.27 Hence, the
number of moles of vaterite (n) in a spherical particle is given
by

n
M

r4
3w

3
=

(6)

where ρ (g m−3) is the density of the particle, Mw = 100.1 g
mol−1 is the molecular weight and r (m) is the radius of the
sphere.41 Differentiating eq 6 with respect to time gives an
expression in terms of the total flux of Ca2+ and CO3

2− at the
particle solution interface, j:
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The minus sign accounts for the decreasing area with
particle dissolution. If we normalize by the total surface area of
the particle, we get
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where J (mol m−2 s−1) now represents the flux density, and the
dimensionless parameter (Rf = actual area/geometric area) is
introduced as a surface roughness factor. It follows from this
equation that the rate of change of particle radius with time is a
constant under the constraint of kinetic control since J (mol
m−2 s−1) is expected to be a constant overall, fixed by the
dissolution flux. In the experiments reported below, the size
variation of the vaterite particles undergoing dissolution is
tracked using an optical microscope. To determine how the
projection area of particles will vary under the same constraint,
we apply the chain rule to give eq 9

A t
t

r t
r t

t
R M J

r t
d ( )

d
2 ( )

d ( )
d

2
( )f w= =

(9)

Note that area, A, is the projected area of the spherical
particle. This demonstrates that the rate of change in the
projection area is dependent on the size of the particle, which
clearly decreases with time, and so is not constant, as for the
case with the rate of change in particle radius.

To consider the limiting case of thermodynamic control, we
recognize that the concentration of the layer adjacent to the
dissolving particle is at thermodynamic equilibrium, with the
fixed solute concentration determined by the solubility
product. As outlined by Bobbert et al., the steady state flux
from a spherical particle dissolving on a surface is given by eq
10.42

j Dcr(mol s ) 4 ln(2)ss
1 = (10)

The total flux of material across the particle solution
boundary is shown to be dependent on the radius of the
particle r (m), the concentration of the solute at the particle−
solution interface c (mol m−3), and the diffusion coefficient of
the solute D (m2 s−1). Normalizing by the surface area of the
sphere, assuming a point contact with the surface, gives a
steady state flux per unit area

J
Dc

r
(mol m s )

ln(2)
SS

2 1 =
(11)

Next, this is equated to eq 8 to produce an expression, after
rearranging, for the rate of change of particle radius at the
thermodynamic limit

r t
t

DcM
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d
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( )
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where Rf has been neglected since the rate is solely dependent
on geometric size under thermodynamic control. Further, by
applying the chain, we again generate an expression for the rate
of change of the projection area of the particle with time

A t
t

DcMd ( )
d

2 ln(2) W=
(13)

From inspection of eqs 12 and 13, it is evident that the
previous observation for kinetic control has now been inverted.
The rate of change of the particle radius is dependent on the
particles radius, while the rate of change of the projection area
is independent of particle size.

This observation is key to the analysis of the experimental
data reported below which were collected via the optical
microscopy setup.

■ EXPERIMENTAL SECTION
Materials. Ultrapurified, deionized water with a resistivity

of 18.2 MΩ cm (298 K) was used in all experiments (Milli-Q
system). BioXtra grade CaCl2·2H2O (≥99%) was purchased
from Sigma-Aldrich and reagent grade Na2CO3 (99.6%) from
Acros Organics.
Particle Synthesis. CaCO3 particles were synthesized

according to the protocol outlined by Balabushevich et al., with
minor adjustments.43 The synthesis method utilizes careful
control of temperature, supersaturation, stirring speed, and rate
of initial mixing to ensure spherulitic vaterite formation and
control size and porosity, as discussed in Section 1 of the
Supporting Information.

Briefly, 3 mL of a 1 M Na2CO3 solution was swiftly
combined with 9 mL of H2O and 3 mL of a 1 M CaCl2·2H2O
solution, then thoroughly mixed on a magnetic stirrer (650
rpm) for 45 s. Subsequently, the reaction mixture remained
unstirred for 15 min in a water bath at 25 °C. Particles were
separated through centrifugation at 2500 × g for 1 min, then
resuspended in 15 mL of H2O and centrifuged/separated again
to eliminate any residual reactant salts. Lastly, the particles
were suspended in 1−2 mL of methanol and air-dried at room
temperature (see Supporting Information). The 15 min period
prior to separation was informed by SEM images taken after 0,
15, and 90 min periods after the reaction.
Particle Characterization. X-ray diffraction patterns were

obtained using a Bruker D8 Advance X-ray powder
diffractometer, utilizing Cu-Kα radiation (λ = 1.5406 Å).

Figure 1. Schematic of the optical microscopy experimental setup.
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For SEM analysis, the dried CaCO3 particles were spread
onto carbon tape mounted on aluminum stubs. The sample
was then sputtered with gold/palladium, and SEM analysis was
conducted using a Zeiss Sigma 300 FEG-SEM instrument at an
operating voltage of 2 kV.

To measure the surface area of the prepared crystal, N2
adsorption−desorption analyses were conducted using a
Microactive Tristar II plus instrument at 77.3 K. Before
measurement, the samples underwent degassing under vacuum
at room temperature for 72 h, with a low temperature chosen
to minimize transformation into calcite. Surface area analysis
calculations were based on the Brunauer−Emmett−Teller
(BET) isotherm, as provided in Supporting Information
Figures S7 and S8.44,45

Dissolution Experiments. The experimental methodology
was based on that reported by Fan et al. and is shown
schematically in Figure 1, utilizing optical microscopy to
capture the top-down projection area of the dissolving calcite
particle over time. For these measurements, a 20× objective
(Olympus UPLXAPO 20×, Olympus Corporation, Tokyo,
Japan) was employed. The illumination was provided by an
LED illuminator (Aura Pro Phase Contrast Illuminator, Cairn
Research, Kent, U.K.), and an ORCA-Flash 4.0 digital camera
(C13440-20CU, Hamamatsu Photonics, Japan) captured the
images. A custom-machined aluminum observation chamber
was employed to provide an adequate volume of DI H2O
above the plane of focus to ensure the bulk ion concentration
is not significantly affected by particle dissolution. The
required particle concentrations are discussed below. Further
in the context of dissolution on a surface, where the process is
primarily driven by diffusion within a stagnant layer without
convection, it is important that this layer is not constrained by
the liquid surface.46 For this reason, a depth of at least 200 μm
of liquid above the particle is maintained. Experiments were
carried out under ambient conditions of 20 ± 2 °C.

To maintain consistent average particle spacing, a specific
mass of prepared particles was suspended in 10 mL of DI H2O.
This was promptly introduced into the observation chamber to
minimize the extent of dissolution before initiating image
capture. The focus under light-field illumination was
optimized, and images were captured at regular time intervals
based on the dissolution time scale.
Data Analysis. Images were analyzed using ImageJ

freeware (Fiji). The projected area of each particle in pixels
was determined using the autothresholding functions and
converted to the actual projected area by multiplying the
number of pixels in the image by the pixel resolution. ImageJ
was also utilized for the analysis of SEM images, extracting
particle and crystalline subunit size data.

PHREEQC software was used to calculate relevant
equilibrium constants from CaCO3 speciation when not
available in the literature.

OriginPro 2023 was utilized for graph plotting and
additional data analysis, including linear fitting.

■ RESULTS AND DISCUSSION
In the following, we first discuss the synthesis and character-
ization of the vaterite particles. We then report experiments on
the dissolution of the vaterite quasi-spherical particles in an
aqueous solution, followed by their analysis to give a clear
mechanistic conclusion that the process occurs under
thermodynamic control with the interfacial calcium and
carbonate ions pinned by the solubility product of vaterite

coupled with the diffusion of the ions away from the interface.
Lastly, we discuss the inferred solubility product for vaterite in
the context of prior reports.
Particle Characterization. Particle synthesis was realized

by mixing solutions of CaCl2·2H2O and Na2CO3 (see the
Experimental Section), followed by a 45 s stirring period and a
further 15 min without stirring. The selection of the 15 min
quiescent period was based on experiments, in which the 15
min period was changed to 0 and 90 min, employing SEM to
investigate the impact on particle size and polymorphic
outcomes. An SEM image of a single vaterite particle, as
later analyzed in the dissolution study, is shown in Figure 2.

The findings indicated that the 15 min period allows for more
particle growth; while extending the duration above 15 min
leads to a greater and unacceptably large degree of trans-
formation into calcite particles. Specifically, extending this
period from 0 to 15 min resulted in an increase in the average
diameter of nonagglomerated spherical particles from 2.2 ± 0.5
to 2.8 ± 0.8 μm. Particles allowed to grow for 90 min, while
predominantly vaterite, displayed other content that was either
entirely calcite character (3%) (Figure 3a), or particles that
simultaneously exhibited vaterite and calcite characteristics
(10%), as shown in Figure 3b. This contrasts with 4% pure
calcite particles and 2% vaterite/calcite particles in the 15 min
growth synthesis. This can be understood by 15−90 min
increments providing time for a significant degree of Ostwald
ripening of vaterite particles to calcite through a dissolution
and recrystallization process.47,48 The images used for the
analyses are given in the Supporting Information. Air drying
the particles after resuspension in methanol was used to obtain
dry particles for storage. This process minimizes conversion
into calcite, which can occur when evaporating a water-based
suspension, a method often employed.23,43,49 This is discussed
in more detail in the Supporting Information.

XRD (see SI, Figure S6) was used to confirm that particles
produced under the main synthesis conditions, featuring a 15
min growth period, were a mixture of calcite and vaterite
polymorphs. A surface area of 6.9 ± 0.02 m2 g−1 was identified
through nitrogen adsorption−desorption using the BET
approach (see SI, Figures S7 and S8). The nanocrystallite
particle subunits were approximately spherical, see SI for high

Figure 2. 30 K magnification SEM image of a single particle
displaying vaterite characteristics, synthesized with a 15 min growth
period.
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magnification SEM, with an average diameter of 34 ± 2 nm.
The isotherm employed for BET fitting is provided in the
Supporting Information and illustrates key features of an
isotherm as classified by IUPAC as a type II isotherm,
indicative of macro-porous materials with pores in excess of 50
nm in width.50

Dissolution Experiments. The dissolution kinetics of the
synthesized vaterite particles were studied using specific masses
added to 10 mL of deionized water to give concentrations in
the range 40 μg mL−1 to 450 μg mL−1, and the reduction in
the size of individual particles monitored over time via the
inverted optical microscopy setup. This was done following the
addition of the suspension to the observation chamber (see
Figure 1) and allowing a small number of particles to settle on
the bottom surface of the observation chamber. This allowed
focus to be optimized and a set of images at regular time
intervals to be recorded. For data analysis, nonagglomerated
spherical particles with few, if any neighboring particles were
chosen so as to avoid overlap of the diffusion fields of the
different particles, which would lead to an apparent reduction
of dissolution rate, and the decreasing projection area with
time was extracted as outlined in the Experimental Section.

Typical data for a concentration of 40 μg mL−1 are shown in
Figure 4, where both the diameter of the particle and the
projection area are shown as a function of time. It is evident
that the rate of decrease in area with time is nearly constant, in
contrast with the variation of the diameter, suggesting that the
dissolution is under thermodynamic control.

Typical particle diameter and projection area as a function of
time plots for the maximum particle concentration studied, 450
μg mL−1, are shown in Figure 5. Again, the variation of area
with time shows significantly better linearity than that of the
diameter, while greater variation between particles is seen as
compared to the lower concentration discussed above. The
plots for all concentrations studied are given in the Supporting
Information, Section 4, and in all cases, the particle area, but
not the diameter, changed linearly with time.

To quantify the average dissolution rate, dA/dt, over the
initial part of the transient corresponding to a decrease in area
to 50% of its original value, was calculated from the raw data
via linear fitting. Five particles were typically studied for each
concentration, and an average value over all the particles was
obtained. This was repeated for different particle concen-
trations. The plots of area and diameter against time for all
concentrations are shown in the SI. Note that data late in the

transient are susceptible to more error (pixelation), and as the
particle shrinks, the transition from purely thermodynamic to
mixed thermodynamic/kinetic control is expected at some
diameter, with both factors encouraging analysis of the earlier
part of the transient.

Figure 6a shows the average rate, dA/dt plotted against
concentration for the different suspensions studied. A clear
trend is observed, with the gradient decreasing as the particle
concentration increases. Note that as the concentration of
particles changes from 40 to 450 mg mL−1, the average particle
separation in the solution varies approximately from 10 to 4
μm so that the imaged particles are progressively closer to
other vaterite particles. The variation likely results from the
overlapping of the diffusion fields of surrounding particles with
those of the imaged vaterite sphere, resulting in a reduction in
the apparent dissolution rate since the dissolution takes place
in solutions containing already dissolved material originating
from the surrounding particles. To permit consideration under
conditions of infinite dilution, the data were plotted in the
form of the inverse gradient against particle concentration,
allowing easier extrapolation to zero concentration, as shown

Figure 3. (a) 10 K magnification SEM image of particles synthesized with a 90 min growth period. Note the mixture of rhombohedral calcite and
quasi-spherical vaterite. (b) 20 K magnification SEM image of single particle simultaneously displaying vaterite and calcite characteristics,
synthesized with a 90 min growth period.

Figure 4. Measured projected area of the vaterite particles in DI
water, at a concentration of 40 μg mL−1, as a function of time. On the
right-hand side (b), a series of optical images depict the dissolution of
a vaterite particle over time. The initial particle area is 11.2 μm2. The
output after applying autothresholding are also included. On the left-
hand side (a), a plot illustrates the changes in both area and diameter
(assuming spherical particles throughout the entire dissolution time
scale) over time. Black markers represent the area, while red markers
denote the diameter. Square markers correspond to a particle with an
initial area of 10.6 μm2. Circular markers represent a different particle
with an initial area of 11.2 μm2.
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in Figure 6b. Fitting with a quadratic allowed the sought
extrapolation, giving a rate of 1 ± 0.3 × 10−13 m2 s−1 at infinite
dilution.

The measurements of particle area versus time clearly show
dissolution under thermodynamic control, where the interfacial
concentration of calcite remains constant in steady-state
conditions. In such cases, the rate of dissolution and the
value of dA/dt are controlled by the solubility product and the
rate of diffusion of the dissolved ions into the bulk solution.
We therefore next consider the speciation of dissolved calcium
carbonate in an aqueous solution so as to allow the inference of
the solubility product of vaterite from the extrapolated rate
data.

We first infer the concentration of calcium ions formed at
the particle-solution interface using eq 13. The value of MW is
100.1 g mol−1, while the diffusion coefficient, D, was
approximated as the average of the calcium and carbonate
diffusion coefficients in aqueous solution at infinite dilution
(7.25 × 10−10 m2 s−1 at 291 K, as discussed in our previous
work where the close similarity of the diffusion coefficients of
the calcium and carbonate ions was noted).38,51 The literature
reports the density of vaterite as 2.6 g cm−3.52 This value,
however, relates to vaterite crystals and does not account for

the porosity of the synthesized spherulitic vaterite particles
used here. Therefore, a density of 1.6 g cm−3, as used, was
related to particles synthesized using a similar procedure as
adopted in this paper.41

Next, we assume that Ca2+ ions and the ion pair CaCO3 are
fully equilibrated so that “c” in eq 13 represents the total Ca
concentration defined by

c Ca

Ca CaCO CaHCO CaOH

2
0

2
0 3

0
0 3 0 0

= [ ]

= [ ] + [ ] + [ ] + [ ]

+

+ + +

(14)

where the subscript 0 implies the solution phase immediately
adjacent to the dissolving solid vaterite surface.

We then consider the full set of chemical equilibria that are
relevant from the chemical speciation of CaCO3 dissolving in
water, eqs 15−21, as used in our previous model for the
dissolution of calcite.36

CO (aq) H O(l) H (aq) HCO (aq)2 2 3+ ++F (15)

HCO (aq) H (aq) CO (aq)3 3
2++F (16)

H O(l) H (aq) OH (aq)2 ++F (17)

Ca (aq) CO (aq) CaCO (s)2
3
2

3++ F (18)

Ca (aq) CO (aq) CaCO (aq)2
3
2

3
0++ F (19)

Ca (aq) HCO (aq) CaHCO (aq)2
3 3++ +F (20)

Ca (aq) OH (aq) CaOH (aq)2 ++ +F (21)

To solve these equations, we set conditions for conservation
of mass, eq 22, and charge neutrality, as in eq 23. Note that
[Carb] represents the total inorganic carbon present in the
system resulting from the equilibration of water with the
atmosphere.

Ca Carb CaCO CaHCO CaOH

HCO CO CO (aq) CaHCO

CaCO

2
3

0
3

3 3
2

2 3

3
0

[ ] + [ ] + [ ] + [ ] + [ ]

= [ ] + [ ] + [ ] + [ ]

+ [ ]

+ + +

+

(22)

2 Ca CaHCO CaOH H

HCO 2 CO OH

2
3

3 3
2

[ ] + [ ] + [ ] + [ ]

= [ ] + [ ] + [ ]

+ + + +

(23)

Figure 5. Measured projected area of the vaterite particles in DI
water, at a concentration of 450 μg mL−1, as a function of time. On
the right-hand side (b), a series of optical images depict the evolution
of a particle measuring 10.7 μm2 over time. The output after applying
autothresholding are also included. On the left-hand side (a), a plot
illustrates the changes in both area and diameter (assuming spherical
particles throughout the entire dissolution time scale) over time. Black
markers represent the area, while red markers denote the diameter.
Square markers correspond to a particle with an initial area of 11.2
μm2. Circular markers represent a different particle with an initial area
of 10.7 μm2.

Figure 6. (a) Average rate as a function of particle concentration. The average rate was calculated from the area against time plots for five different
particles at each concentration. The gradient for each plot was extracted from the region corresponding to a decrease in area to 50% of its original
value. (b) Inverse average rate as a function of particle concentration. The data are fitted with a polynomial.
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The equilibrium constants used for eqs 15−17 are well-
documented in the literature.53 However, those pertaining to
eqs 19−21 lack sufficient reporting, necessitating their
calculation using the PHREEQC software, in which activity
coefficients are estimated using the Davies equation. Equations
15−23 can be solved to extract the concentrations of all free
ions and ion pairs considered as a function of the solubility
product (eq 18), and the value of the latter inferred such that
the total calcium ion concentration (eq 14) matched the
experimentally measured value of c. Note that the model
contains no other adjustable parameters. The stoichiometric
solubility product of vaterite, K Ca COsp

0 2
3

2= [ ][ ]+ , was thus
deduced. From the inferred rate of change in the projection
area with time of 1 ± 0.3 × 10−13 m2 s−1 at infinite dilution, a
Ksp

0 of 8 ± 4 × 10−8 at 291 K was inferred. This value relates
to vaterite in the spherulitic form as characterized above and,
as can be expected, is higher than the values reported by
Plummer, which are inferred to relate to crystalline vaterite.6

Note that physiological conditions will alter vaterite solubility
in a drug delivery context. Specifically, based on previous
studies of calcite and crystalline vaterite, increased temperature
and ionic strength are expected to have contrasting effects,
with temperature decreasing solubility but ionic strength
increasing it.6,36 For example, the solubility of crystalline
vaterite decreases by ca. 30% if the temperature is increased
from 291 to 310 K.6 In the case of calcite, a nearly 6-fold
increase in solubility was observed on going from zero ionic
strength to 160 mM.36

■ CONCLUSIONS
We have used microscopy measurements to monitor the size of
spherulitic vaterite particles as they dissolve in aqueous
solution. The variation of the projected area and the particle
diameter clearly shows that the particles dissolve under
thermodynamic control with the concentrations of calcium
and carbonate ions pinned at the dissolving interface by the
solubility product of the vaterite. We demonstrated the
importance of considering particle concentration, concluding
that higher concentrations lead to an apparent reduction in the
rate of the reaction due to the presence of enhanced solution
phase ions. Therefore, data must be considered in the limit of
infinite dilution of the particulate sample. From this analysis, a
value for the solubility product of spherulitic vaterite was
inferred and reported. The importance of accurately modeling
the solution phase composition, including that of the ion pairs
CaCO3, CaOH+, and CaHCO3

+, is noted so as to infer a
correct value of the latter. Importantly and distinct from most
other methods, the loss of the solid is measured directly rather
than inferred from measurements made in the bulk solution
remote from the dissolving interface. The kinetic and
mechanistic conclusions have important implications since
porous, spherulitic vaterite is used to host pharmaceuticals,
with delivery achieved in vivo via dissolution of the calcium
carbonate host.
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