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ABSTRACT: Many organisms use amorphous calcium carbonate (ACC) during
crystalline calcium carbonate biomineralization, as a means to control particle
shape/size and phase stability. Here, we present an in situ small- and wide-angle
X-ray scattering (SAXS/WAXS) study of the mechanisms and kinetics of ACC
crystallization at rapid time scales (seconds). Combined with offline solid and
solution characterization, we show that ACC crystallizes to vaterite via a three-
stage process. First, hydrated and disordered ACC forms, then rapidly transforms
to more ordered and dehydrated ACC; in conjunction with this, vaterite forms
via a spherulitic growth mechanism. Second, when the supersaturation of the
solution with respect to vaterite decreases sufficiently, the mechanism changes to
ACC dissolution and vaterite crystal growth. The third stage is controlled by
Ostwald ripening of the vaterite particles. Combining this information with
previous studies, allowed us to develop a mechanistic understanding of the abiotic
crystallization process from ACC to vaterite and all the way to calcite. We propose this is the underlying abiotic mechanism for
calcium carbonate biomineralization from ACC. This process is then augmented or altered by organisms (e.g., using organic
compounds) to form intricate biominerals. This study also highlights the applicability of in situ time-resolved SAXS/WAXS to
study rapid crystallization reactions.

■ INTRODUCTION
The anhydrous crystalline calcium carbonate (CaCO3)
polymorphs, which form under ambient conditions, are calcite,
aragonite, and vaterite. Their crystallization in both abiotic and
biotic systems is often preceded by the formation and
subsequent transformation of amorphous calcium carbonate
(ACC). Synthetic calcium carbonates with specific particle
sizes, shapes, and structures can be produced using the ACC
formation pathway. Large quantities are manufactured for many
industrial applications (e.g., paper manufacture and pharma-
ceuticals); however, in some cases, their precipitation is highly
undesirable (e.g., scale formation in oil pipes), which leads to
high repair/replacement costs. Calcium carbonates also form in
a wide variety of natural environments (e.g., soils and
sediments) and are ubiquitous at the Earth’s surface. For
example, calcium carbonate is the major component of ancient
limestone deposits or modern marine reefs. Most modern,
natural calcium carbonate phases are formed by organisms as
biominerals, which fulfill a wide variety of functions (e.g.,
stability and protection). The most common and stable
calcareous biominerals are calcite and aragonite.1 However, in
some cases, less stable vaterite is biomineralized1b (e.g., in
spicules of an ascidian2 and various fish otoliths3). Despite their
importance, a clear understanding of the fundamental processes
controlling the crystallization of calcium carbonate is still
lacking.
Many biomineralizing organisms utilize the ACC pathway to

precisely control the particle shape and crystalline polymorph1a

during the formation of their shells or spines etc.4 For example,
sea urchin larvae produce highly elongated single crystals of
calcite by the controlled deposition and transformation of ACC
within a biological membrane.5 Such natural biological
processes have informed biomimetic studies of crystal growth
and design and are now used to manipulate the shape and size
of synthetic calcium carbonate particles.6

The structure and chemistry of ACC is complex with several
forms of ACC classified according to their water content, local
order, and mode of formation (e.g., abiotic vs biogenic).7 A key
variable is the amount of structural water. Hydrated-ACC can
contain up to ∼1.6 mol of water per mole of CaCO3, yet several
less hydrated and even anhydrous forms of ACC have been
described. For example, Radha et al.7b produced both
disordered and less disordered ACC with different degrees of
hydration. Observations by Politi et al.5 during sea urchin
spicule formation showed that initially hydrated ACC forms,
which transformed to anhydrous ACC before crystallizing to
calcite via a secondary nucleation process. The enthalpies of the
ACC phases in relation to the crystalline calcium carbonates
show that energetically the sequence of increasing stability and
possible crystallization pathway8 is as follows: disordered,
hydrated ACC → less disordered, less hydrated ACC →
anhydrous ACC → vaterite → aragonite → calcite.7b This
sequence highlights that all ACC phases have higher formation

Received: May 17, 2012
Published: May 21, 2012

Article

pubs.acs.org/crystal

© 2012 American Chemical Society 3806 dx.doi.org/10.1021/cg300676b | Cryst. Growth Des. 2012, 12, 3806−3814

pubs.acs.org/crystal
http://pubs.acs.org/action/showImage?doi=10.1021/cg300676b&iName=master.img-000.jpg&w=170&h=132


enthalpies than the crystalline polymorphs; thus, ACC can act
as a precursor to any of the anhydrous crystalline phases.
However, in inorganic systems, the transformation of ACC to
its crystalline counterparts is often extremely rapid (seconds to
minutes),9 and because of their inherent instability, the ACC
precursors are difficult to characterize using ex situ techniques
(e.g., TEM and FTIR). Therefore the proposed sequence of
polymorph formation has not yet been observed in full or
quantified in detail.
Abiotically synthesized ACC rapidly transforms to vaterite,

calcite, or aragonite, with the polymorph formed dependent on
a number of factors including time, fluid composition, presence
of organic molecules, and temperature.10 In most cases, pure
ACC will transform to calcite via a vaterite intermediate at low
temperatures (<30 °C)9,10c and to aragonite via vaterite at
higher temperatures (>60 °C).10c At low temperatures, the
addition of magnesium tends to favor the direct formation of
calcite from ACC, without a vaterite intermediate.10b In
contrast, sulfate has been shown to increase the stability and
persistence of vaterite significantly at low temperatures and may
be key to understanding the stabilization of vaterite in
biological and environmental systems.11

The mechanisms and kinetics of the later stages of the
crystallization pathways have been shown to be controlled by
the dissolution of vaterite and precipitation of calcite, with the
rate controlled by the surface area of calcite.9,12 However, the
mechanism of the ACC to vaterite transformation is still not
clear, with several possible mechanisms proposed. Many studies
have suggested that ACC dissolves and vaterite spheres formed
via homogeneous nucleation of nanocrystalline vaterite
particles, followed by fast aggregation to form micrometer
sized polycrystalline spheres.13 A solid state mechanism for the
ACC to vaterite crystallization has also been proposed, with the
ACC particles dehydrating and recrystallizing to form
vaterite.9,14 Finally, a recent study, based on imaging of
inorganically precipitated vaterite, suggested that vaterite forms
via ACC dissolution coupled to spherulitic growth.15 Resolving
the mechanisms and kinetics of ACC crystallization in abiotic
systems is key to developing a detailed understanding of how
calcium carbonate phases form in both natural and synthetic
processes. In particular, the mechanism of transformation
between the individual phases forming as the system moves
toward thermodynamic equilibrium from disordered hydrated
ACC to fully crystalline calcite needs to be fully quantified.
However, it should be noted that many biomineralization
processes occur entirely within a biological membrane with
little or no free water and in the presence of organic
macromolecules.1a Therefore, any abiotic mechanism of ACC
crystallization in solution may be altered or manipulated by the
organism during biomineral formation.
In this study, we performed in situ small- and wide-angle X-

ray scattering (SAXS/WAXS) experiments with a time
resolution of 1 s to study the direct transformation of ACC
to vaterite in solution and the effect of sulfate on this reaction.
Combined with offline characterization of the solid phases and
solution composition, we show that the crystallization of ACC
to vaterite occurs in three distinct stages. First, the initial ACC
phase dehydrates and vaterite forms via rapid spherulitic
growth. This is followed by an intermediate stage where vaterite
continues to form from the dissolving ACC, and finally, the
vaterite particle grows via surface-controlled Oswald ripening.
In addition, the presence of sulfate decreased the overall

crystallization rate and reduced the particle growth rate during
Ostwald ripening.

■ MATERIALS AND METHODS
Crystallization Experiments. The crystallization of pure ACC

(without additive) was performed both offline and online, using the
same method and experimental setup, by rapidly mixing equal volumes
of molar solutions of calcium chloride (1 M, CaCl2·2H2O, >99%
purity) and sodium carbonate (1 M, Na2CO3, >99% purity). These
pure ACC experiments were complemented with sets of experiments
performed with either 10 mol % of the Na2CO3 replaced by Na2SO4

(SO4(repl) experiments) as sulfate is thought to replace carbonate in
some calcium carbonate phases18 and with 10 mol % Na2SO4 added to
the Na2CO3 solution (SO4(add) experiments) to determine the effects
of sulfate as a true additive. During mixing and throughout the whole
experimental time, the suspensions were vigorously stirred to ensure
rapid and continual homogenization. The composition, solution
volumes, and saturation indices with respect to vaterite (SI =
log[aCa2+aCO3

2−/Ksp,vaterite], where a denotes the activity of the ion in
the subscript) of the starting solutions used for all experiments are
listed in Table S1 (Supporting Information).

Offline Data Collection and Analyses. During all offline
experiments, the pH was continuously recorded (5−10 s time
steps), and aliquots of the suspensions and solutions were removed
at regular intervals and filtered using 0.2 μm membrane filters. The
solids were immediately washed with isopropanol and dried.16 The
solution samples were analyzed by ion chromatography (IC) for Ca
and SO4.

11a Together with the pH, the measured concentrations were
used to calculate the aqueous carbonate concentration/speciation and
the saturation index (SI) with respect to vaterite over the whole length
of the experiments using PHREEQC, with the activity coefficients
calculated using the Davis equation.17 The solid powders were imaged
with a Field Emission Gun Scanning Electron Microscope (LEO 1530
Gemini FEG-SEM), and the particle size distributions of ACC and
vaterite were determined by measuring the diameters of ∼100
particles.

Synchrotron SAXS/WAXS Data Collection. The online, in situ
experiments were performed using the simultaneous SAXS/WAXS
data collection capability of beamline I22 at Diamond Light Source,
U.K. Immediately after mixing, the suspensions were continuously
pumped via a peristaltic pump through a capillary in line with the
synchrotron beam. Simultaneous 2D SAXS (collected with a RAPID
detector)18 and 1D WAXS (collected with a HOTWAXS detector)19

patterns (λ = 1Å) were collected at one second time frames for the
total reaction duration of ∼35 min. SAXS patterns were only collected
for the pure ACC and SO4(repl) experiments. Because of practical
beamline operating procedures, data collection started ∼60 s after
mixing.

SAXS/WAXS Data Processing. All SAXS and WAXS patterns
were detector response corrected and background subtracted using a
scattering pattern from the Na2CO3/Na2SO4 solution. Individual
WAXS patterns were fitted using Topas 4.220 to obtain the Rietveld
scale factor (S) for vaterite. The Rietveld scale factor relates the
structure of a crystalline phase to the area under the Bragg peaks to
obtain the amount of the respective phase in the sample.21

Normalizing the Rietveld scale factor from the WAXS patterns
throughout the experiments (S(t)) to the Rietveld scale factor at the
end of the experiment (Sfinal) gives the degree of reaction for vaterite
(αvaterite = S(t)/Sfinal).

9 Similarly, the background intensity (B(t)) from
the WAXS pattern normalized to the background intensity at t = 0
(B0) and the end of the experiment (Bfinal) was used to calculate the
degree of reaction for the ACC breakdown (αACC = (B(t) − Bfinal)/(B0

−Bfinal)).
9 Finally, selected SAXS patterns were analyzed with

GNOM22 to obtain information about the ACC particle size, while
the change in vaterite crystallite size was determined from the
scattering peak position in the SAXS patterns using d = 2π/q, where d
(nm) is particle diameter and q (nm−1) is the scattering vector.23
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■ RESULTS
SAXS/WAXS. In all experiments, upon mixing, a white gel-

like precipitate formed instantaneously. Offline XRD showed
that this initial precipitate was ACC, confirming previous
analysis of material synthesized using the same method.9 At the
start of data collection (∼60 s after mixing), no Bragg peaks
were observed in the WAXS patterns, only a broad hump
caused by scattering from the ACC and aqueous solution
(Figure 1A). With time, the background intensity decreased,

due to the ordering/dehydration of the ACC7b and/or ACC
transformation. Following this, the growth of Bragg peaks was
observed (Figures 1A and S1, Supporting Information). All
Bragg peaks could be assigned to vaterite, and no other
crystalline phases were observed throughout the length of all
experiments (max. 35 min). The time series SAXS patterns
(Figure 1B) showed that simultaneous with the appearance of
the Bragg peaks in the WAXS patterns (at ∼1.5 min, Figure
1A), a peak in the SAXS patterns appeared (Figure 1B). Over
time, this peak migrated to lower q, indicating particle growth.
Reaction Pathway. The degree of reaction (α) for the

crystallization of vaterite from pure ACC was extracted from
the WAXS patterns (Figure 1A) as described above. Combining
αACC and αvaterite with the pH evolution from an equivalent
offline experiment revealed that the transformation occurred in
three distinct stages (Figure 2A). The first stage was
characterized by a rapid decrease in αACC up to ∼80 s, with a
concomitant rapid increase in αvaterite between ∼70 and ∼90 s
(Figure 2A). At the end of this first stage, αvaterite and αACC were
∼0.8 and ∼0.2, respectively (Figure 2A). During the second
stage of the reaction, αACC decreased to zero after ∼4−6 min,
and vaterite continued to form but at a slower rate reaching a
plateau after ∼6 min. Finally, during the third stage, the αvaterite
remained constant, indicating that the crystallization from ACC
was complete. The corresponding pH profile revealed a fast

decrease from ∼9.6 to ∼8.3 during the first two stages of the
reaction (Figure 2A) and subsequent stabilization during stage
three. Data for the crystallization of vaterite in the presence of
sulfate (Figures 2B and S2, Supporting Information, SO4(add)
and SO4(repl)) followed an equivalent 3-stage reaction, with the
initial formation of vaterite delayed by ∼40% in the SO4(add)
experiment.
The particle diameters for vaterite and ACC, evaluated from

the SAXS data, are plotted in Figure 2C,D. The results reveal
that in the early part of stage one (<70 s), when vaterite was
not yet present, ACC particles with diameters of ∼35−40 nm
formed in both the pure ACC and SO4(repl) experiments (Figure
2D). These values are comparable with the particle sizes
evaluated from the FEG-SEM images (42 ± 14 nm; Figure 3A).
There is a slight increase in ACC particle size with time during
stage 1; however, the majority of ACC formed prior to the start
of the SAXS/WAXS data collection (<60 s). The first vaterite
particles that formed during stage one (∼70 s) had initial
diameters of ∼9 nm (Figure 2C) in both experiments (pure
ACC and SO4(repl)). During stage two (90 s to 6 min), the
vaterite particle size increased rapidly to ∼35 nm in the pure
ACC system and to ∼20 nm in the SO4(repl) system (Figure
2C). Finally, during stage three, although the αvaterite remained
constant (Figure 2A), the particle size continued to increase
reaching a final diameter of ∼60 nm in the pure ACC system
and ∼40 nm in SO4(repl) system (Figure 2C). The appearance
and persistence of scattering peaks in the SAXS patterns
indicate that the vaterite crystallite sizes are relatively
monodisperse throughout the experiments.23,24 FEG-SEM
observation of solids collected during stage two (at 2 min)
showed the vaterite as large (1.3 ± 0.4 μm) polycrystalline
spheres consisting of much smaller individual vaterite
crystallites of ∼34 ± 7 nm in size (Figure 3B), yet some
remnant ACC was still present in the samples. Finally, images
of the sample from the end of stage three (at 35 min) showed
similar large polycrystalline spheres (Figure 3C) but consisting
of crystallites of 58 ± 16 nm (Figure 2C) without any remnant
ACC. Comparing the vaterite particle sizes from the SAXS and
SEM analysis indicates that the SAXS patterns recorded the size
of the individual crystallites rather than the micrometer sized
polycrystalline spheres. Additional analyses of the SAXS
patterns from the pure ACC experiment in terms of the time
evolution of the Porod slope (p, see also Supporting
Information)25 showed a decrease in p during stage one from
∼3.4 to ∼2.5 and a gradual increase during stage three to ∼2.9
(Figure S3, Supporting Information).

Solution Chemistry. The aqueous calcium concentrations
measured immediately after mixing showed that ∼80−95% of
the initial calcium (500 mM, Table S1, Supporting
Information) was removed from solution during the precip-
itation of ACC (<60 s; Figure 4A). During stage two, the
calcium concentrations reached a constant value, which was
maintained for the whole duration of the experiments (Figure
4A). Comparing the three different experiments shows that the
calcium concentrations were significantly higher throughout the
SO4(repl) experiment (∼75−50 mM) compared to the pure
ACC and SO4(add) experiments (∼30−10 mM). This was due
to an excess in calcium relative to carbonate in the starting
solution (Table S1, Supporting Information). The evolution of
the sulfate concentrations was similar in both the SO4(add) and
SO4(repl) experiments (Figure 4B). In stage one, the sulfate
concentrations decreased by 20−30% compared to the initial

Figure 1. (A) Three-dimensional representations of the time-resolved
WAXS patterns from the pure ACC experiment (time is plotted on a
base 2 log scale for clarity); (B) stacked time series of selected SAXS
patterns from the pure ACC experiment, with the legend showing time
in minutes and the arrows illustrating the position of the peaks caused
by the scattering from the growing vaterite crystallites.
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values (50 mM, Table S1, Supporting Information) and
reached relatively constant values through stages two and three.

■ DISCUSSION

Stage One: ACC Formation and Vaterite Spherulitic
Growth. Immediately upon mixing of the initial solutions,
ACC precipitated with particles sizes (35−40 nm; Figure 2D)
consistent with a previous study where ACC was synthesized
using the same synthesis protocol (20−45 nm).9 This is in
contrast to other studies that have reported ACC with larger
particle diameters, e.g., 90−110 nm,26 ∼270 nm,27 and ∼125
nm.16 However, in these previous studies, ACC was
precipitated from solutions of significantly lower supersatura-
tion (SI = 1.7−2.3; [Ca] and [CO3] = 3.5−10 mM after

mixing) compared to the initial supersaturation in this study (SI
= 4.2; Table S1, Supporting Information). As the number of
nuclei increases with supersaturation28 and the amount of
reactant in the system is finite, the final particles size of ACC
will decrease with increasing supersaturation.29

The rapid decrease in WAXS background intensity before the
formation of vaterite (<70 s, Figures 1A and S1, Supporting
Information) in conjunction with a decrease in the concen-
tration of dissolved calcium (Figure 4A) suggests that the
structure and/or composition of the ACC phase in our
experiments changes during this first stage of the reaction. The
decrease in the WAXS background cannot be due to dissolution
of the ACC, as this would lead to an increase in [Ca2+] and pH,
both of which are not observed. Recent thermodynamic7b and

Figure 2. (A) αvaterite (αvaterite = (S(t)/Sfinal), αACC (αACC = (B(t) − Bfinal)/(B0 −Bfinal)), and pH vs time (base 2 log scale) plot for the ACC to vaterite
transformation in the pure ACC experiment. (B) αvaterite vs time plots for the 1st stage of the crystallization of vaterite for all experiments with the
best fit lines (see below) in green. Pure ACC refers to the system with no sulfate; SO4(repl) refers to the systems with sulfate replacing 10% of the
carbonate; and SO4(add) refers to the system where 10% sulfate was added to the carbonate solution. (C) ACC nanoparticle and vaterite crystallite
sizes derived from the SAXS data vs time (on a t1/2 scale) for the pure ACC and SO4(repl) experiments. (D) ACC nanoparticle size vs time
corresponding to the inset in panel C; vertical lines and numbers at the bottom of panels A and C represent the three stages of the reaction.

Figure 3. FEG-SEM images of solids quenched throughout the pure ACC experiment; (A) 1 min, (B) 2 min, and (C) 35 min. The scale bar is 1 μm
in the main images; the insets are enlargements of the dominant phase ((A) ACC and (B,C) vaterite) in their respective main images, and the scale
bar in the insets is 100 nm.
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spectroscopic studies5,30 of the crystallization of ACC in abiotic
and biotic systems have shown that freshly precipitated,
hydrated ACC transforms to a more stable (lower enthalpy)
dehydrated ACC prior to crystallization. This more thermody-
namically stable form of ACC is also somewhat more
structurally ordered compared to the less stable and more
hydrated initial ACC phase.7b The observed decrease in WAXS
background intensity in the current study is also indicative of an
increase in local order and dehydration of the initial ACC.9 We
suggest that the dehydration/ordering process was driven by
lowering the enthalpy of the ACC.7b This is also supported by
the decrease in pH and Ca2+ concentration (Figures 2A and
4A), during the early stages of the reaction (prior to vaterite
formation), which could be caused by the formation of the
lower solubility dehydrated/ordered ACC, leading to a
lowering of the overall carbonate concentration in solution
and reduced pH. Therefore, the first step in the transformation
of ACC to vaterite was the dehydration and ordering of ACC,
which occurred before significant crystallization of vaterite was
observed.7b,31

The transformation of ACC to vaterite as observed here
must allow for a very rapid crystallization rate. In the pure ACC
system, it only took ∼20−30 s to reach αvaterite ≈ 0.8 at the end
of stage one (Figure 2A). Primarily on the basis of electron
microscopic observations, three possible mechanisms for the
ACC to vaterite crystallization have so far been proposed: (i)
homogeneous vaterite nucleation followed by fast aggrega-
tion,13 (ii) solid-state transformation to vaterite,9,14 and (iii)
fast spherulitic growth of vaterite polycrystalline spheres.15

Pouget et al. observed the solid-state transformation of ACC to
vaterite in the presence of a template and of dissolved
ammonium,14 which stabilized the (001) planes of vaterite and
leads to large hexagonal plate-like vaterite particles, unlike the

polycrystalline spheres in this study. Therefore, this solid-state
mechanism is not directly comparable to results in the current
study. In contrast, spherulitic growth has been shown to occur
via growth front nucleation (GFN),32 where new particles grow
via the continuous nucleation of misaligned equivalent
structural units (crystallites) on the surface of a growing
spherulite.33 Such a growth mechanism tends to result in
polycrystalline spheres consisting of crystallites of approx-
imately equal sizes. This is consistent with the vaterite
morphology observed in the FEG-SEM images (Figure 3B),
with micrometer sized spheres consisting of nanometer sized
crystallites (Figure 2C). Additionally, the diameter of the
vaterite crystallites that formed at the end of stage one (∼9 nm)
was similar to the ∼10 nm Ø for the crystallites in
spherulitically grown vaterite as reported by Andreassen.15 In
order for continuous nucleation to be the dominant growth
process during spherulitic growth, the solution has to be
continuously highly supersaturated with respect to the
crystallizing phase. Andreassen15 suggested that the sponta-
neous nucleation of vaterite, and therefore spherulitic growth,
will always occur in the presence of ACC due to the large
difference in solubility between these two phases (i.e., Ksp,ACC =
10−6.3 and Ksp,vaterite = 10−7.74).34 Nucleation of vaterite in the
presence of ACC forces the highly soluble ACC to dissolve and
maintain a high supersaturation (SI = 1.6, which is equivalent to
a saturation ratio σ = 5 where σ = (aCa2+aCO3

2−/Ksp,vaterite)
1/2 −

115) with respect to vaterite. The saturation index of the
solution with respect to vaterite is high during stage one (SI >
1.4/σ = 5; Figure 5 and Table S2, Supporting Information) but

reduces to approximately 1 at the end of this stage. We suggest
that the high supersaturation during stage one allows vaterite to
form via spherulitic growth supporting the growth mechanism
of Andreassen.15 Grańaśy et al.32 used theoretical calculations
to determine that, during spherulitic growth, the extent of
crystallization follows a Johnson−Mehl−Avarami−Kolmogorov
(JMAK) kinetic model of the form:

α = − −t k t t( ) exp[1 ( ) ]n
0

where k is the kinetic constant (min−n), t is the time (min), t0 is
the induction time (min), and n is the Avrami exponent. The
Avrami exponent can be expressed as n = d + 1,32 where d is the
dimensionality during spherulitic growth. The images in Figure
3 show that the vaterite spherulites have grown in three

Figure 4. Evolution of the solution composition with time (base 2 log
scale); (A) calcium and (B) sulfate; the black vertical lines and
numbers in both figures indicate the different reaction stages, and the
errors bars represent the standard deviation of three measurements.

Figure 5. Evolution of the saturation indices vs time (base 2 log scale)
for the pure ACC system (based on PHREEQC calculations, further
summarized in Table S2, Supporting Information); the vertical lines
separate the three stages of the transformation reaction; the SI for the
initial solution (prior to ACC precipitation) is not plotted, which was
∼4.2 (Table S1, Supporting Information). The horizontal line shows
the supersaturation ratio (σ) of 5.15.
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dimensions; therefore, an Avrami exponent of 4 would be
expected (Figure 2B and Table S3, Supporting Information).
This model fits very well to the growth of vaterite during stage
one (R2 > 0.98; Table S3, Supporting Information), which
further strengthens our hypothesis that vaterite formed via a
spherulitic growth mechanism. This growth mechanism
contradicts the solid-state mechanism proposed in our previous
study.9 Our current opinion is that the solid-state trans-
formation does not occur and that vaterite forms by the
spherulitic mechanism described above.
In addition, the Porod slope from the SAXS plots from the

pure ACC experiments (p, Supporting Information) is ∼3.4
after 1 min (Figure S3, Supporting Information), indicating the
presence of particles with rough surfaces (i.e., surface
fractal).24,25b After 2 min, p decreased to ∼2.5 (Figure S3,
Supporting Information), which corresponds to mass fractal
particles.35 This change in p corresponds with the trans-
formation from ACC particles (Ø ∼35 nm, Figure 2D) with
rough surfaces to the polycrystalline aggregates of vaterite
particles with mass fractal characteristics (i.e., micrometer sized
polycrystalline spheres consisting of ∼9 nm crystallites, Figure
3B).
Effect of Sulfate on Vaterite Spherulitic Growth. A

significant decrease in the crystallization rate constant during
stage two in both sulfate systems compared to the pure ACC
system was calculated using the JMAK model (pure ACC, k =
48.7 ± 8.8 min−4; SO4(repl), k = 11.7 ± 2.5 min−4; SO4(add), k =
9.2 ± 2.3 min−4; Table S3, Supporting Information). This could
either be caused by sulfate decreasing vaterite nucleation by
surface interactions or by sulfate changing the bulk stability
(i.e., enthalpy/lattice energy) of vaterite. Recent studies showed
that sulfate stabilizes vaterite (i.e., decrease lattice energy)11 and
that it has no significant influence on the stability of ACC,36

thus potentially increasing the reaction enthalpy for the ACC−
vaterite transformation. This suggests that the observed
decrease in rate constant (Table S3, Supporting Information)
was not a result of bulk thermodynamic changes caused by the
presence of sulfate. It is more likely that this decrease was due
to adsorption of sulfate, which poisoned nucleation sites on the
growing vaterite spherulites and thus decreased the rate of
GFN. A similar effect has been observed during calcite growth,
with sulfate poisoning calcite growth sites.37

In our experiments, the start of vaterite spherulitic growth
was only delayed in the SO4(add) system (Figures 2B and S2,
Supporting Information). However, the start of vaterite
spherulitic growth in the SO4(repl) system was not significantly
delayed despite sulfate being present. This indicates that the
differences in induction time cannot be explained solely by the
presence of sulfate. The calcium (Figure 4A) and calculated
total inorganic carbon and bicarbonate concentrations (Table
S2, Supporting Information) were larger in the SO4(repl)
compared to the SO4(add) system during stage one. In addition,
there is no significant difference in the SI with respect to
vaterite between the SO4(repl) and SO4(add) systems (Table S2,
Supporting Information). We suggest that bicarbonate had a
destabilizing effect on ACC, as previously suggested by Nebel
at al.;38 therefore, the inhibiting effect of sulfate on vaterite
formation was counteracted by the presence of high
bicarbonate concentrations accelerating ACC breakdown.
Also, it has previously been observed for calcite growth that
the growth rate depends on the concentration of bicarbonate
rather than carbonate.39 Therefore, the reduction in the
induction time (Table S3, Supporting Information) in the

SO4(repl) may also be due to the higher bicarbonate
concentration.

Stages Two and Three: Vaterite Growth and Ripening.
The vaterite crystallized during stage two (∼20% of total;
Figures 2A and S2, Supporting Information) formed under near
equilibrium saturation conditions (Figure 5). During this stage,
virtually no increase in the vaterite spherulite size was observed
(Figure 3B,C), thus excluding further spherulitic growth.
Furthermore, the calcium concentration in solution (Figure
4A) decreased only slightly, indicating that little additional
calcium carbonate precipitated from solution. At the end of
stage one, αACC ≈ 0.2 (Figure 2A) and αvaterite ≈ 0.8; therefore,
we suggest that the final 20% of vaterite formed by the
dissolution of the remaining ACC and reprecipitation on the
pre-existing vaterite crystallites that nucleated during stage one.
The lowered vaterite SI during stage two (<1.2; Figure 5 and
Table S2, Supporting Information) also suggests that the
solubility of the remaining ACC was significantly reduced. We
argue that this was caused by the ordering/dehydration of
ACC, which would lower the ACC enthalpy and solubility.7b

In stage two, the crystallite size of the vaterite particles
making up the large spherulites increased from ∼9 nm to ∼37
nm (Figure 2C). Assuming that this increase was only caused
by 3D spherical growth via ACC dissolution, this would
indicate a 70 times increase in the total mass of vaterite.
However, because the WAXS analyses showed that only ∼20%
of the total vaterite formed during stage two, we conclude that
an alternative mechanism must be responsible for the majority
of the increase in vaterite crystallite size. We suggest that this
process is Ostwald ripening.40 Ostwald ripening can either
occur by a diffusion or surface controlled mechanism. When
Ostwald ripening is diffusion controlled, r(t) ∝ t1/3 (where r(t)
is particle radius (nm) and t is time (seconds)); and when
Ostwald ripening is surface/reaction controlled, r(t) ∝ t1/2. As
the solutions were stirred continuously during the experiments
(i.e., the suspensions were kept homogeneous), control of the
reaction via diffusion through the fluid can be eliminated, and
the Ostwald ripening process was likely to be surface
controlled. This was also confirmed by the linearity of the
plot of d versus t1/2 (Figure 2C).
Finally, the vaterite particle growth in stage three was purely

controlled by Ostwald ripening as no additional vaterite formed
after stage two. Again, the linearity of the plot of d versus t1/2

(Figure 2C) suggests a continued surface controlled ripening
reaction. During stage three, the Porod slope (p) also increased
from 2.5 to 2.9 (Figure S3, Supporting Information). This was
caused by a decrease in fractal appearance of the vaterite
spherulites35 as the crystallites increase in size due to Ostwald
ripening (see also Supporting Information).

Effect of Sulfate on Vaterite Growth and Ripening.
The final particle size of the vaterite crystallites was ∼40%
smaller in the SO4(repl) compared to the pure ACC system
(Figure 2C), which suggests that sulfate is reducing the rate of
ripening, probably via adsorption onto the growing particles.
The particle growth rate during Ostwald ripening is controlled
by a number of factors including surface free energy and bulk
solubility.40 The surface free energy of calcium carbonates can
be changed by the adsorption of dissolved ions.41 Such a
decrease in the surface free energy for vaterite was observed in
the presence of silica,42 and we assert that sulfate may have a
similar effect on the surface free energy of the growing vaterite
crystallites. Additionally, incorporation of sulfate into vaterite
decreases its lattice energy11b and increases its stability.11
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Hence, the bulk solubility of vaterite may decrease in the
presence of sulfate, which would also decrease the ripen rate.

■ SUMMARY AND CONCLUSIONS

Combining the mechanisms presented above with previous
results on the transformation of vaterite to calcite9,12 allowed us
to elucidate the full abiotic transformation pathway from ACC
via vaterite to calcite (Figure 6). In the first stage, disordered
hydrated ACC forms from a highly supersaturated solution.
The local order within the ACC then increases concurrent with
dehydration. This transition occurs due to the lower enthalpy
of the more ordered less hydrated phase.7b The large difference
in solubility between ACC and vaterite in stage one keeps the
supersaturation at a sufficiently high level to allow continuous
vaterite nucleation and spherulitic growth.15 Once initiated,
spherulitic growth is maintained as long as highly soluble ACC
is present in the system. The ordering and increase in
thermodynamic stability (lower enthalpy) of the ACC is also
confirmed by a observed transition from spherulitic vaterite
growth to surface particle growth in stage two, which indicates
that the solubility of the ACC decreased. Once all of the ACC
has been consumed, the vaterite crystallite size continues to
increase via Ostwald ripening (stage two and three). Because
Ostwald ripening is a dissolution reprecipitation mechanism,40

the further ripening of the vaterite is easily displaced by a
dissolution−reprecipitation transformation mechanism leading
to the final calcite.9,12 This multistep reaction pathway validates
the relative stability scheme for the various amorphous and
crystalline calcium carbonate phases as described by Radha et
al.7b

The reaction pathway described above provides a compre-
hensive description of the abiotic mechanism of pure ACC
crystallization. This multistage reaction process may represent
the pathway of pure ACC biomineralization. This is supported

by the observation of Killian et al.30 who showed that calcitic
sea urchin spicules form by secondary calcite nucleation within
the ACC. This matches the secondary nucleation of vaterite
then calcite in the abiotic reaction sequence. This shows that, in
both systems, the solubility difference between ACC and
calcite/vaterite is large enough to allow continuous homoge-
neous nucleation of the crystalline phases from a solution in
equilibrium with ACC. We propose that the abiotic mechanism
described above is the underlying fundamental pathway of ACC
crystallization. During biomineralization, organisms may adjust,
tailor, or control this process using organic molecules or
membrane structures to form the exact phase and shape
required. For example, many biomineralized calcium carbonates
contain magnesium, which leads to the direct crystallization of
calcite.
This study also shows that sulfate reduces the rate of vaterite

formation and particle growth but has no large mechanistic
influence on ACC crystallization. However, sulfate has the
capability to stabilize vaterite and may be intrinsic to stabilizing
biomineralized vaterite.1b,2,3,11 Finally, the results presented in
this study demonstrate how fast time-resolved SAXS/WAXS
data can be obtained and evaluated to gain an unprecedented
understanding into fast crystallization reactions when combined
with offline solid and solution characterization.

■ ASSOCIATED CONTENT

*S Supporting Information
Solution chemistry data of the initial solutions from the
experiments; additional WAXS and SAXS analyses; and
modeling results (from the PRHEEQC program and the
JMAK model). This material is available free of charge via the
Internet at http://pubs.acs.org.

Figure 6. Schematic representation of the proposed multistage ACC → vaterite → calcite crystallization pathway (top) with the underlying
combined reaction progress, αACC, αvaterite, and αcalcite for the full crystallization reaction in the pure ACC system (the green triangles and full black
squares represent the ACC and vaterite from this study, and the open squares and red triangles represent the vaterite and calcite from Rodriguez-
Blanco et al.9); stages 1, 2, and 3 of the reaction mechanism are labeled on the figure.
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