
Chapter 5
ACC and Vaterite as Intermediates
in the Solution-Based Crystallization of CaCO3

Juan Diego Rodriguez-Blanco, Karina K. Sand, and Liane G. Benning

5.1 Introduction

Calcium carbonate minerals are ubiquitous on Earth where they play a key role in
many marine and terrestrial biomineralization processes (e.g., see also Chap. 9 by
Falini and Fermani in this book). Their ubiquitous nature makes them key players
in controlling a large part of the global carbon cycle. At ambient temperatures, they
very often crystallize from solution via two intermediate phases: amorphous calcium
carbonate (ACC) and vaterite.

ACC is a poorly ordered material (50–500 nm) (Rodriguez-Blanco et al. 2008)
that in its pure form (no other cations but Ca2C present at formation) consist of
a Ca-rich framework with 1-nm diameter interconnected pores that contain water
and carbonate ions (Goodwin et al. 2010). In recent years, ACC has been shown to
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exhibit a complex chemical make up with variable hydration states linked to its
“structure” at the short-range scale (Radha et al. 2010). Laboratory-synthesized
ACC is often highly hydrated (<1.6 mols of water per mole of CaCO3) and
thermodynamically unstable. In the absence of additives, and when equilibrated
with the solution, ACC transforms extremely fast (<2 min at 25ı C; Rodriguez-
Blanco et al. 2011) to crystalline CaCO3 polymorphs. This transformation can take
multiple, and sometimes complex, pathways that are dependent on the physico-
chemical environment. Conversely, biogenic ACC is often initially hydrated, but
during aging of ACC-rich biominerals (e.g., spine spicules; Gong et al. 2012),
it slowly dehydrates concomitantly increasing its short-range order. In contrast to
synthetic ACC, biogenic ACC can persist for days in the animal (Gong et al. 2012)
and months when extracted and stored in dry conditions (Politi et al. 2008; Gong
et al. 2012). Similarly carbonate concretions that are released by certain earthworm
species (e.g., Brinza et al. 2014; Hodson et al. 2015) contain ACC stabilized for
very long time periods, yet the reason of this stabilization is still unknown.

The main problem is the fact that the degree of ordering, hydration, particle size,
and crystallization of ACC are largely controlled by its origin and conditions of for-
mation. These include a number of factors like temperature, pH, and concentration
of foreign ions in solution (e.g., Mg2C, SO4

2�, PO4
3�, organics, etc.). For example,

pure ACC usually transforms to calcite via a vaterite intermediate at low tempera-
tures (<30 ıC) and via aragonite at higher temperatures (>60 ıC). However, small
variations in initial pH of the aqueous solution (Tobler et al. 2016) or the presence of
divalent ions (e.g., Mg2C, Sr2C) or organics (e.g., aspartic acid, glutamic acid, citric
acid, etc.) can dramatically affect the crystallization rates and pathways of ACC,
also resulting in the incorporation of variable amounts of these ions in the ACC
structure (e.g., Wang et al. 2009; Rodriguez-Blanco et al. 2014; Tobler et al. 2015).

So far most studies focused on the formation and crystallization of ACC in
abiotic systems (e.g., Ogino et al. 1987; Faatz et al. 2004; Radha et al. 2010;
Rodriguez-Blanco et al. 2011). However, many biomineralization processes that
ultimately lead to calcite or aragonite as the prime calcium carbonate phase occur
within a biological membrane where (1) the activity of water is lower compared
to a “pure” aqueous solution and (2) there is a high concentration of organic
macromolecules, which fulfill a wide variety of functions (e.g., energy storage,
structural protection, insulation). It is well known that the two most abundant
CaCO3 biominerals (i.e., calcite and aragonite) have remarkable morphologies,
defined crystallographic orientations, and extraordinary functional properties (Dove
et al. 2003). However, many biomineralizing organisms use the ACC to crystalline
calcium carbonate pathway to control particle shape, crystallographic orientation,
and crystalline polymorph during the formation of their shells, spines, etc. One of
the best-known examples of ACC produced in biomineralization processes is found
in sea urchins, which produce elongated single crystals of calcite with the c-axis
aligned parallel to the length of the spicules. However, important for this chapter is
the fact that they do this by controlling the deposition and crystallization of ACC
within a biological membrane (Beniash et al. 1997). Similarly, ACC has also been
found in the intestinal lumen of gilt-head sea bream Sparus aurata (Foran et al.
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Fig. 5.1 CaCO3 biomineralization produced by earthworms. (a) spherulitic deposit showing an
ACC region with some minor contributions of crystalline phases in the form of small clusters (inset
circle: selected area electron diffraction diagram of a vaterite single crystal represented along the
[�2 0 1] zone axis). (b) Area of the spherulite showing vaterite nanocrystals partially transformed
to calcite (calcite domains tend to be oriented with lattice planes parallel to the spherulite’s edge
and the regions between vaterite domains are separated by amorphous areas). The selected area
electron diffraction diagram shown in the inset at the bottom of this figure corresponds to a single
crystal of vaterite viewed along [0�1 0] showing these features. The top inset shows the fast
Fourier transform analysis of the whole micrograph revealing a powderlike pattern (See more
details in Gago-Duport et al. 2008)

2013), in some plants as the main component of cystoliths (Gal et al. 2012) and in
earthworms’ calciferous glands (Gago-Duport et al. 2008; Hodson et al. 2015). On
the other hand, vaterite formed from ACC is often unstable. Nevertheless, although
vaterite is rarely preserved in geologic settings (compared to calcite and aragonite),
it is more common as a product of biomineralization. For example, vaterite has
been found in earthworms calciferous glands (e.g., Fig. 5.1; Gago-Duport et al.
2008; Brinza et al. 2014), otoliths (Wehrmeister et al. 2011), lackluster pearls (Qiao
et al. 2007), or spicules of tropical ascidian (Lowenstam and Abbott 1975; Kabalah-
Amitai et al. 2013) or in aberrant growth of mollusk shells repaired after an injury
(Isaure et al. 2010).

In recent years, these unusual biomineralization processes have attracted con-
siderable interest because of their potential to be replicated, and controlled, in
the laboratory. By using different methods (e.g., molecular templates, tailored
self-assembly mechanisms), it could be possible to manufacture industrial CaCO3

nanoparticles with specific sizes and shapes that would result in many applications
for material sciences, biomedical research, food, agriculture, etc. For example, the
crystallization processes of carbonates have great potential for incorporation of
proteins or pharmaceutical compounds (e.g., insulin; Fujiwara et al. 2010), opening
the door to simple and cost-effective methods for storage and targeted drug-delivery
applications (e.g., vaterite nanocapsules; Parakhonskiy et al. 2012). All these
applications require an understanding of the fundamental factors controlling the
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structures and crystallization pathways of calcium carbonates during the ear-
liest stages of crystallization, i.e., during the formation of metastable phases
like ACC and vaterite. However, the instability and rapid transformation ten-
dency of ACC (e.g., in the pure system, seconds–minutes) can make an in depth
characterization very difficult. Furthermore, to follow the rapid transformation
reactions to crystalline carbonate, especially when they proceed via short-lived inter-
mediate phases (e.g., vaterite, aragonite) is also not trivial. However, over the last
few years, new experimental and characterization approaches have been developed,
combining classical characterization techniques with methods that allow in situ and
real-time monitoring of the reactions (e.g., time-resolved synchrotron-based scat-
tering and diffraction, in situ liquid cell high-resolution microscopy, time-resolved
spectrophotometry, in situ titrations, and ultracentrifugation; Rodriguez-Blanco
et al. 2011; Nielsen et al. 2014; see also Chap. 18 by Nielsen and De Yoreo in this
book; Burke et al. 2015; Tobler et al. 2015). These techniques have provided very
useful data to attain the mechanisms and quantify the kinetics of ACC crystallization
in abiotic systems. In addition, they provided a detailed understanding of how
calcium carbonate phases form during biomineralization processes when the system
moves from ACC toward thermodynamic equilibrium with calcite.

5.2 Mechanisms of Crystallization of Vaterite and Calcite
from ACC

Since the 1970s, vaterite was assumed to be a possible precursor phase during the
formation of CaCO3 in sediments (Rowlands and Webster 1971). This assertion
was confirmed by experimental observations showing that vaterite forms prior to
calcite, at moderate or high supersaturations (Ogino et al. 1987). In addition, now it
is well known that natural ACC crystallizes to vaterite in solution. Yet, the debate
about the mechanisms of crystallization of vaterite from ACC, also linked to the
complexity of determining its precise mineral structure (Kabalah-Amitai et al. 2013)
and understanding its thermodynamic stability (Wang and Becker 2012), is in part
still ongoing.

Just recently, cryo-TEM studies revealed that the transformation from ACC to
vaterite can occur through a direct solid-state transformation. Crystalline domains
have been observed after the aggregation of ACC nanoparticles into larger particles,
and this was coupled with dehydration of the precursor phase. This combined
aggregation and crystallization of ACC is considered to result in the development of
randomly oriented crystalline domains that forms the typically observed spherical
aggregates (Pouget et al. 2009; Pouget et al. 2010).

However, most studies consider that the ACC–vaterite transformation is a
solution-mediated transformation mechanism that consists of ACC dissolution
coupled to vaterite crystallization (e.g., Shen et al. 2006). Over the last decade, a
number of nucleation and growth studies have taken advantage of the developments
in synchrotron-based scattering and diffraction technologies that allow quantifying

http://dx.doi.org/10.1007/978-3-319-45669-0_18
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such reactions in situ, and real time, for more realistic conditions. Such methods
have been previously tested on other minerals systems like amorphous silica
(Tobler et al 2009; Tobler and Benning 2011), iron compounds (e.g., sulfides:
Cahill et al. 2000; oxides: Davidson et al. 2008; Vu et al. 2010; Brinza et al. 2015)
and sulfates (Ahmed et al. 2010). All these studies followed the formation and
transformation of phases in situ and in real time based on changes in diffraction
or scattering properties of the solids that were reacting in the aqueous solutions.
Recently, this approach was also applied to the crystallization of ACC (Fig. 5.2),
and this was possible at very high temporal resolutions (1 s/scan), over realistic
time spans (secs-10’s of secs), and for a wide range of supersaturation, temperature,
pH, and additive concentrations. These studies provided new data on the nucleation
and growth of CaCO3 phases, i.e., the evolution of their particle sizes and shapes
as well as the changes in short- or long-range order (crystallinity) of solids that are
in continual contact with the reacting solutions. We crystallized (Bots et al. 2012;
Rodriguez-Blanco et al. 2012) vaterite and calcite from solution via ACC from
mixtures of highly concentrated (1 M) Na2CO3 and CaCl2 solutions. They followed
the reactions at 1–30 s time frames using small- and wide-angle X-ray scattering
(SAXS/WAXS) and showed that the polymorph selection during the crystallization
of ACC was highly pH-dependent but that other additives also changed the reactions
dramatically. While a neutral (<7) starting pH during mixing promoted the direct
transformation of ACC into calcite, when ACC formed from a solution with a basic
initial pH (<11.5), the transformation to calcite occurred via metastable vaterite
(Fig. 5.2). The early stages of crystallization of vaterite from ACC at basic initial pH
(<11.5) and starting saturation index of SI D 4.2 started with the rapid breakdown
of ACC and was followed by an equally rapid nucleation and spherulitic growth of
vaterite (<2 min).

Spherulitic growth is a fast growth process that proceeds via the continuous
nucleation of new nanoparticles on the surface of an already existing particle (core)
via non-crystallographic branching. This nucleation-controlled growth process is
usually termed “growth front nucleation” or “secondary nucleation” (Gránásy et al.
2005; Shtukenberg et al. 2012). In this process, there is no structural relationship
between the newly nucleated particles and the already existing ones. This results in
the formation of micrometer-sized spherulites that consist of aggregates of monodis-
perse nanoparticulate crystallites. Spherulitic morphologies have been categorized
in two types: spheres (category 1) and dumbbells (category 2). This morphological
variability is related to an orientation-dependent grain boundary energy change.
Andreassen et al. (2010) experimentally demonstrated that spherulitic growth of
vaterite directly from solution (i.e., not via an ACC precursor) requires a high
crystallization driving force (i.e., SI > 2–3) to promote fast crystallization rates,
leading to the formation of spherical nanocrystal aggregates. Spherical aggregates of
vaterite crystallized via ACC have often been observed (Fig. 5.2), yet morphological
evidence on its own is not satisfactory to provide definitive confirmation for
spherulitic growth. Such evidence was derived from the change in saturation
index of vaterite in the aqueous solutions at equilibrium with respect to ACC
which was SI D 1.4 (Bots et al. 2012). However, SAXS/WAXS data revealed a



Fig. 5.2 Top diagram shows an schematic representation of the proposed multistage
ACC ! vaterite ! calcite crystallization pathway (top) with the underlying combined reaction
progress, ’ACC, ’vaterite, and ’calcite, for the full crystallization reaction in the pure ACC system (the
green triangles and full black squares represent the ACC and vaterite from Bots et al. (2012) and
the open squares and red triangles represent the vaterite and calcite from Rodriguez-Blanco et al.
2011); stages 1, 2, and 3 of the reaction mechanism are labeled on the figure. FEG-SEM images
show the solid phases that form during these stages of the crystallization process. Pictures on the
top correspond to the ACC ! vaterite transformation: amorphous calcium carbonate (ACC) (a),
ACC and vaterite nanoaggregates (b, c), and vaterite nanoaggregates (d, e). Pictures at the bottom
correspond to vaterite ! calcite transformation: vaterite nanoaggregates and first calcite crystals
(f), calcite crystals attached to vaterite spheres with the development of growth steps on the calcite
surface (g), calcite growth steps and vaterite nanoparticulate subunits, (h) and calcite crystals with
vaterite casts (i) (after Rodriguez-Blanco et al. 2011)
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fast breakdown of minor amounts of ACC prior to the crystallization of vaterite,
resulting in a rapid increase in supersaturation, providing the high crystallization
driving force needed for spherulitic growth. In addition, these data showed that the
ACC–vaterite reaction proceeded via a continual dissolution of ACC and growth
of vaterite. ACC that started off as �35 nm particles was present until virtually all
the vaterite had formed, keeping the supersaturation at a sufficiently high level to
allow continuous vaterite nucleation. Furthermore, the SAXS/WAXS data clearly
showed extremely rapid crystallization rates of vaterite, which are typical during
a nucleation-controlled growth mechanism like spherulitic growth. Overall, the
high level of supersaturation due to the breakdown of ACC promoted very rapid
crystallization kinetics. The complete crystallization of vaterite occurred in <2 min
and the average crystallite/particle sizes for the vaterite started off at �10 nm,
consistent with a nucleation dominated particle formation reaction with very little
or no surface growth. At the end of the reaction, the particles reached a maximum
size of �40–60 nm, depending if sulfate was present in the aqueous solution or not.

Although spherulitic growth has been observed in other systems (i.e, polymers
supercooled from a molten state or viscous magmas; Shtukenberg et al. 2012 and
references therein), in carbonates it is promoted when the difference in solubility
between the amorphous precursor phase and any crystalline phase is largest.
Besides vaterite, other carbonates can also grow by a spherulitic mechanism: calcite
(Rodriguez-Blanco et al. 2012), aragonite (Sand et al. 2012), monohydrocalcite
(Rodriguez-Blanco et al. 2014), dolomite (Rodriguez-Blanco et al. 2015), or even
REE-bearing carbonates like tengerite, kozoite, or hydroxylbastnasite (Vallina et al.
2014; Vallina et al. 2015) (Fig. 5.3). Interestingly, spherulitic morphologies are not
just a vagary of experimental systems as they have also been observed in natural
biogenic carbonates like corals that crystallize aragonite (Holcomb et al. 2009) or
in microbial systems that produce proto-dolomite/dolomite (Warthmann et al. 2000;
Sánchez-Román et al. 2011). Again, these reactions proceed when locally very high
supersaturations are reached. The fact that Mg2C and REE3C ions play an important
role in the process is primarily linked to their high dehydration energies (Fedorov
et al. 2002; Di Tommaso and De Leeuw 2010). When they are present within the
porous structure of the precursor phase, they retard its dehydration, thereby reducing
the rate of dissolution and decreasing its overall solubility. As a result, in abiotic
systems, high temperatures are sometimes required to promote the breakdown of
the amorphous precursor phase and the fast increase in supersaturation levels during
the crystallization process.

Above we primarily focused our discussions on how ACC transforms to vaterite.
We also showed that once metastable vaterite has fully formed, it starts transforming
into calcite. This process is temperature-dependent. We (Rodriguez-Blanco et al.
2011) derived the rates and energetics for the vaterite–calcite transformation
reaction from 7.5 to 25ı C, conditions which are relevant for both biomineralization
and industrial calcium carbonate formation reactions. We found that the vaterite–
calcite transformation is a surface-controlled process that occurs at much slower
rates (e.g., 6 h at 25ııC) compared to the formation of vaterite via spherulitic
growth (minutes). We also showed that the surface area of the newly forming calcite
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Fig. 5.3 Spherulitic morphologies of the first crystalline products obtained after the breakdown
of pure or Mg-bearing ACC: (a) calcite, (b) vaterite, (c) Mg-calcite, (d) monohydrocalcite, (e)
dolomite. Hydromagnesite (Mg5(CO3)4(OH)2 � 4H2O) is also a seen in the background of images
(d) and (e) as it is usually a secondary product that forms during the crystallization of monohy-
drocalcite and dolomite. % Mg shown in each picture corresponds to [Mg2C]aq/[Ca2C]aq � 100 in
solution before the formation of ACC

controls the crystallization rate. This reaction proceeds via the slow dissolution
of vaterite, followed by the gradual increase in its porosity and the release of
calcium and carbonate ions into the solution. This leads to a surface-mediated
dissolution–reprecipitation and growth of calcite crystals (Fig. 5.2f–h). This calcite
consists of crystals with rhombohedral morphologies because during the vaterite–
calcite transformation, the aqueous solution is in equilibrium with respect to vaterite,
so the saturation index of calcite (SI D 0.57) is too low to favor spherulitic growth.

Although calcite is sometimes a product of the recrystallization of vaterite,
the formation of ACC at neutral (�7) starting pH and at high supersaturations
can also result in the primary crystallization of spherulitic calcite (Beck and
Andreassen 2010; Rodriguez-Blanco et al. 2012). Again, this is driven by the large
enough difference between the solubility of ACC and calcite to provide the high
supersaturation (SI > 2–3) needed for spherulitic growth. Spherulitic calcite is not
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so common in nature compared to spherulitic vaterite, but there are examples that
show that these morphologies may originate during biomineralization processes.
Many species of earthworm secrete granules of calcium carbonate that are formed
within the earthworm’s calciferous glands. These granules are mainly made of
calcite but also contain remnant ACC, vaterite, and aragonite (Canti and Piearce
2003; Briones et al. 2008), and their morphologies are similar to calcite crystals that
form in laboratory experiments when ACC precipitates from highly supersaturated
solutions and crystallizes to calcite via spherulitic growth (e.g., Fig. 5.3a).

Two main factors explain the different crystallization pathways of ACC to either
primary vaterite or calcite. The first one relates the structure of ACC and its
formation mechanisms and pathways. Gebauer et al. (2008) suggested that the
binding strength of Ca2C and CO3

2� ions within the ACC precursor clusters is
pH-dependent and controls the structure, stability, and crystallization pathways of
ACC. This way, ACC formed at a basic pH has a vaterite-type local structure and
promotes the crystallization of vaterite over calcite, while ACC formed at a neutral
pH has a calcite-type local structure and crystallizes directly to calcite. The second
factor relates pH, solubility, and the dissolution rate of ACC (Kojima et al. 1993).
The solubility (and dissolution rate) of ACC increase proportionally with formation
pH, and thus, the saturation index for any anhydrous crystalline carbonate when an
aqueous solution is in equilibrium with respect to ACC will be directly proportional
to the pH at which ACC formed. Taking all this together, an ACC precursor formed
at high pH does not only have a vaterite-type local structure but also promotes
the crystallization of vaterite because of its higher solubility and dissolution rate.
Conversely, ACC formed at a starting neutral pH has a calcite-type local structure
and also a lower solubility so it tends to transform directly to calcite (Demichelis
et al. 2011; Raiteri et al. 2012; Gebauer et al. 2014; also see Chap. 6 by Demichelis
et al. 2017 in this book).

It is very important to take into account that ACC formation is extremely fast
(<0.1 s), even at low supersaturation levels. This is critical for most experimental
methods used for calcium carbonate crystallization and in particular when solution
mixing-based methods are used (as opposed to slow diffusion methods). As ACC
is forming during fast mixing, it is experimentally challenging to avoid local
differences in the mixed solution and thus local ACC formation regardless how
rapid or homogeneous mixing can be achieved. For example, when a CaCl2
solution is added to a Na2CO3 solution, the first ACC nanoparticles form in a
higher pH environment compared to those ones forming at the end of the mixing
procedure. This means that during the mixing procedure, we have a changing pH
that affects the short-range structure and chemical composition of any forming ACC
(e.g., hydration, incorporation of OH� ions). As a result, ACC nanoparticles with
different short-range structures (vaterite and calcite type) can coexist in the same
experiment/sample. This naturally downstream during the crystallization process
can also result in a mixture of vaterite and calcite (Zou et al. 2015). There are other
parameters that can also affect strongly the outcome of mixing experiments; these
include temperature, concentrations/supersaturation levels of the starting solutions,
aqueous Ca2C/CO3

2� ratios, pH of the final solution once equilibrium with respect

http://dx.doi.org/10.1007/978-3-319-45669-0_6
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to ACC has been reached, stirring/shaking rate, additives, etc. In addition, the
particle size of ACC is inversely proportional to the initial supersaturation, and this
needs to be taken into account because the solubility of nanoparticles is inversely
proportionally with the particle size (e.g., Hochella et al. 2008). Considering this
large number of variables, it is not surprising to find experimental reproducibility
problems during synthesis of crystalline CaCO3 polymorphs at high supersatu-
rations. In fact, some variables that seem to be negligible or difficult to control,
like mixing procedure, stirring rate or small variations in the concentrations of the
starting solutions, are actually significant enough to affect the short-range structure,
dissolution kinetics, and crystallization pathways of ACC (e.g., Zou et al. 2015;
Ševčík et al. 2015).

5.3 The Effect of (In)organics in the Formation of ACC
and Vaterite

A wide range of industrial, medical, and pharmaceutical applications rely on
simple protocols to produce CaCO3 phases in a way that they can have a high
degree of control over the resulting polymorph type and morphology. Organisms
are experts in this field, and it is well known that the formation of calcium
carbonates most often proceeds in the presence of, or through templating on, simple
inorganic/complex organic molecules. This leads to elaborate morphologies and
textures that could have innumerable applications (e.g., Trushina et al. 2014) in
industry if we were able to reproduce them. Over the past decades, researchers
have taken inspiration from biomineralizing organisms and employed a range of
organic and inorganic compounds aiming to mimic their strategies and achieve
control over morphology, textures, composition, and shapes of biomimetic CaCO3

phases (e.g., Kim et al. 2011; Schenk et al. 2014a, b). This is not easy because
the diversity of possible compounds that could be used as additives or templating
agents span from simple ions such as Mg2C, Sr2C, REE3C, SO4

2�, PO4
3�, and

SiO4
2� to a suite of organic molecules including (poly)carboxylates, cationic and

anionic polyelectrolytes, amino acids, (block) copolymers, surfactants, proteins,
polysaccharides, phosphate compounds (e.g., phosphoenolpyruvate), dendrimers,
and alcohols (Meldrum and Cölfen 2008 and references therein).

The effects of (in)organic compounds on the formation of ACC and its crys-
tallization to vaterite are primarily linked to variations in ACC lifetime, vaterite
morphologies, and particle size. As explained above, these are usually coupled
to variations in formation and crystallization mechanisms and pathways. Changes
in vaterite morphology are quite common, both when it crystallizes as a single
crystal (e.g., development of preferred crystal faces; Hu et al. 2012) or when
it forms aggregates of nanoparticles (e.g., variation in angle of branching of
spherulites, formation of hollow spheres; Cai et al. 2008; Beck and Andreassen
2010). The detailed outcome of such reactions varies greatly with the complexity
and concentrations of additive, variations in starting and end solution compositions,
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and the experimental method used. The effects that (in)organic additives have
on ACC to vaterite transformations also depend on density and chemistry of
the functional groups in a polymer molecule but also a range of other factors
such as their structure, chain length, hydrophobicity, or conformation. Provided
a sufficient amount of an (in)organic additive is present, the lifetime of ACC
and/or vaterite is usually prolonged, either by stabilization via a protective organic
coating (Gal et al. 2013), inhibiting the formation of crystalline phases (e.g.,
Mg2C unstabilizes the structure of vaterite; Rodriguez-Blanco et al. 2012) and/or
incorporation of the additives which slow down the dehydration of ACC dur-
ing its transformation (Rodriguez-Blanco et al. 2014; Rodriguez-Blanco et al.
2015).

Inorganic additives are usually incorporated into both ACC and vaterite. How-
ever, the incorporation of inorganic cations or anions into a crystalline CaCO3

polymorph is favored or inhibited depending on its structure. For example, tetra-
hedral anions such as SiO4

2� and PO4
3� do not fit well into the calcite structure,

and their presence results in the stabilization of ACC and vaterite but the inhibition
of their transformation to calcite (Gal et al. 2010). Most of the studies about
inorganic additives on carbonate formation pathways or stability have focused on
the effects of Mg2C and SO4

2� ions, as they are most abundant divalent ions
in our oceans and because they are considered to control the primary inorganic
marine calcium carbonate mineralogy throughout the Phanerozoic (Bots et al.
2011). On the other hand, sulfate slows down the rate of vaterite formation and
particle growth (transformation of ACC to vaterite is �10 % slower than in the pure
system), but most importantly, the presence of sulfate stabilizes vaterite (Bots et al.
2012). The effect of Mg2C on the mechanism of ACC and vaterite formation is
remarkable: Mg2C gets incorporated in ACC and calcite, but the vaterite structure
becomes unstable at higher Mg2C concentrations (Bots et al. 2012). Mg2C ions
have a higher dehydration energy compared to Ca2C (Di Tommaso and de Leeuw
2010), and hence, the presence of Mg2C in ACC affects its dehydration prior
to crystallization and reduces its dissolution rate. A slower rate of dissolution
is translated into a slower increase of the solution supersaturation, influencing
the crystallization pathways. In contrast to pure ACC, which directly crystallizes
to vaterite or calcite (Rodriguez-Blanco et al. 2011), an increasing content of
Mg2C in ACC increases its stability and promotes the crystallization of Mg-
calcite (10 % Mg2C; Rodriguez-Blanco et al. 2012), monohydrocalcite (30 % Mg2C;
Rodriguez-Blanco et al. 2014), and dolomite (50 % Mg2C; Rodriguez-Blanco et al.
2015). In particular, the crystallization of dolomite from Mg-bearing ACC requires
high temperatures (> 60ı C) because of the larger energy needed to dehydrate ACC
with a high Mg content (Ca0.606Mg0.394CO3 � 1.37H2O; Rodriguez-Blanco et al.
2015). After a temperature-dependent induction time, Mg-ACC partially dehydrates
and orders prior to its rapid (<5 min) crystallization to nonstoichiometric proto-
dolomite via spherulitic growth. Proto-dolomite has no ordering of Mg2C and
Ca2C within its structure and transforms to highly crystalline and stoichiometric
dolomite on a much longer timescale (hours to days), via an Ostwald-ripening
mechanism (Malone et al. 1996). This crystallization route is completely different
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to the well-known dolomitization of calcite (secondary replacement of Mg2C into
previously precipitated calcite; e.g., Sibley et al. 1994) and is an excellent example
of how inorganic ions can affect the crystallization pathways of carbonates and the
stability and solubility of ACC.

In the case of organic additives, anionic groups have been proved important for
ACC and vaterite stabilization in solution (Naka et al. 2006; Olderoy et al. 2009;
Gal et al. 2010; Boyjoo et al. 2014; Tobler et al. 2014; Tobler et al. 2015). Some
organics have given particularly interesting results, like polyacrylic acid (PAA; Xu
et al. 2008) and polymerized dopamine (Wang and Xu 2013), stabilizing ACC up
to half a month in solution and more than a year in dry conditions, respectively.
In the case of vaterite, peptide block copolymers are able to inhibit the vaterite–
calcite transformation at least a year (Kašparová et al. 2004). In most cases, the
majority of the organic additives are adsorbed on the surface of the nanoparticles,
so their lifetimes are proportional to the concentration of additive. This coating is
thought to prevent particle aggregation and recrystallization by limiting diffusion
(Gal et al. 2013) or by making them less soluble (Gal et al. 2014). Incorporation,
and an associated change in the short-range structure of ACC particles, has been
reported for citrate (Tobler et al. 2015). However, for amino acids such as glycine
and aspartic acid, ACC was also stabilized, but incorporation was not observed at
comparable concentrations (Tobler et al. 2014). Organic compounds have also been
reported to change the crystallization mechanism of vaterite. The resulting change in
solution chemistry with additive addition plays a large role for the fate of ACC and
vaterite. Polymers with anionic groups can complex free calcium ions in solution,
serving as nucleation points with decreased barriers for nucleation and also resulting
into a change in supersaturation and promoting a change in particle size. A lower
supersaturation results in lower nucleation density compared to a system with a
higher supersaturation. Naka et al. (2006) studied cross sections of vaterite formed
in the presence of PAA finding out that at high concentrations, the formation of
vaterite occurred via an aggregation process. However, at low initial concentration,
or when PAA was added later to the reaction, radial growth characteristic for
spherulitic growth was observed. Olderoy et al. (2009) performed experiments at
the same initial supersaturation and pH of �7 and found that alginate enhanced
nucleation but inhibited growth and aggregation, resulting in a large number of small
vaterite nanoparticles with no other significant change in morphology.

The vaterite morphology is particularly sensitive to changes in solution chem-
istry, and a wide range of shapes have been reported in the presence of additives.
These shapes include dumbbells, disks, spheres, flowers, and flakes. A comprehen-
sive overview is presented in Boyjoo et al. (2014) along with solution pH, method,
additive, and concentration. They found that solution pH has a drastic effect on
vaterite morphology but not on polymorphism. Addition of organic molecules can
also cause a change in pH, which affects speciation, the degree of protonation
of the added molecule, and the supersaturation levels. Decreased water activity
also has a significant impact on stability, morphology, and polymorph selection of
CaCO3. By adding 10 and 50 % of short alcohol molecules, we (Sand et al. 2012)
(Fig. 5.4) stabilized amorphous and crystalline phases and were able to change the



Fig. 5.4 Top diagram shows the morphological evolution of calcite, vaterite, and aragonite over
time for various experimental regimes in ethanol-rich solutions (10 and 50 % ethanol; GS and
VS refer to gentle shaking and vigorous shaking conditions, respectively). SEM images below
represent the morphology for vaterite obtained from experiments with 10 and 50 % ethanol. With
10 % alcohol, the morphologies are independent of shaking speed (a–d): (a, b) cauliflower and
layer cake (inset in b) crystals form in the GS regime after 1 h. Calcite crystals are often attached
to the vaterite clusters, as seen in a and b; (c) VS regime after 1 h showing more porous vaterite
cauliflower structures; (d) during the vaterite to calcite transformation, the cauliflower spheres
become corroded (the scale bar in inset is 1 �m); (e, f) dendritic vaterite precipitated in the VS
experiments with 50 % alcohol and sampled after 5 h; aragonite needles are present in both images
(Adapted after Sand et al. 2012)
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crystallization pathway by varying the shaking speed. These effects became more
pronounced with a higher alcohol/water ratio: at 50 % alcohol, vaterite only formed
at high shaking speeds, and it was still stable after a day in contrast to the 5–6 h of
lifetime in the pure system at ambient temperature. We explained this stabilizing
effect by the lower water activity due to decreased reaction kinetics and by the
adsorption of the alcohol molecules. The latter creates a hydrophobic adsorption
layer toward the bulk liquid decreasing the ion transport between solid and solution
(Sand et al. 2010).

Despite the fact that organic additives can influence the final morphology by
adsorbing to active growth sites or by changing the local ion transport pathway, it
is also necessary to highlight that organic additives have a great influence on the
kinetics of ACC dissolution. Because of the relatively similar solubility products
of vaterite, aragonite, and calcite, the kinetics of dissolution of ACC can result in
different supersaturation levels, promoting the formation of one or other CaCO3

polymorphs.

5.4 Outlook

In the chapter above, we summarized the state of knowledge about how the
transformation of amorphous calcium carbonate to crystalline CaCO3 polymorphs
proceeds in the presence, or absence, of important inorganic and organic additives in
nature and in biomimetic systems. Although, as described, much research has been
done to address these issues, there are still several open questions that we want to
highlight as future research goals:

• Can aragonite crystallize directly from ACC with no other intermediate CaCO3

polymorph affecting the reaction? Data about the pathways that lead to the
formation of several other aragonite-like minerals (e.g., strontianite (SrCO3) or
whiterite (BaCO3)) have suggested that a direct crystallization from solution of
these carbonate phases may be feasible. However, the available data are still
sketchy, and it is still unclear if in these systems, an amorphous precursor was not
present or if there was an amorphous precursor present which was too short-lived
to be detected.

• Why are there seemingly multiple “vaterite” structures and what drives the
observed differences? It may be that the nanocrystalline nature of vaterite and
its propensity to “sequester” some ions more easily than others may be the prime
reason for the observed differences in structure. Yet, the fundamental mechanistic
reasons for these differences are still unclear. The questions related to which
(in)organic molecules affect the formation/aggregation/transformation of vaterite
more than others and if, and how, such molecules become “incorporated” into the
vaterite structure or if they just lead to defects is still debated and requires further
research.
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• Finally the bigger picture question! It is well known that the nature and stability
(or not) of ACC and vaterite as precursors and/or intermediates to crystalline
CaCO3 polymorphs are crucial for many global biogeochemical cycles as well
as many industrial processes. However, the complexity of the CaCO3 system
has so far prevented us from establishing a “unified” crystallization model. In
natural settings, a chemically pure system does not exist, and the presence of
(in)organic compounds, together with variations in physicochemical parameters,
invariably affects the kinetics and mechanisms of crystallization. However, an
elegant and simple model for ACC crystallization would improve, for example,
our ability to design better biomimetic reactions and thus more efficient industrial
processes. Equally, a “unified” model of CaCO3 crystallization would also allow
us to better predict the effects that, for example, changes in ocean chemistry due
to climate change, have on the stability and formation of calcium carbonate shells
in marine biota, which control to a large extent our global carbon cycle. Despite
all the efforts done so far, it is clear that we are still at the beginning of an exciting
research endeavor that will keep several generations of geochemists and chemists
busy.
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