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A B S T R A C T

It is reported the synthesis of CaCO3 vaterite as stable nanoparticles and submicron-sized by a simple and
relatively rapid procedure. XRD, SEM and FTIR techniques have been used to characterize the precipitated
products. The synthesis is based on chemical precipitation of inorganic salt precursors, calcium nitrate tetra-
hydrate and sodium bicarbonate, and using the disaccharide sucrose as an additive in aqueous medium. The role
of the disaccharide sucrose is to control the vaterite precipitation after nucleation and growth. It has been found
that an increase in sugar concentration promotes the crystal precipitation of vaterite with spherulitic mor-
phology, as revealed by SEM, and changed the surface of the precipitated particles. There is a significant dif-
ference between CaCO3 precipitation in the absence and presence of sucrose. Addition of 0% of sucrose leads to
83% of calcite as identified by XRD methods. In contrast, addition of 67% of sucrose in aqueous medium pro-
duces 100% vaterite. The present results may be useful to provide a quick, simple, inexpensive and novel method
for the controlled synthesis of new advanced biomaterials based on vaterite particles without hazardous che-
micals and inert atmosphere, with great possibilities for industrial scale production.

1. Introduction

Calcium carbonate (CaCO3) exists in six different polymorphs:
amorphous calcium carbonate, calcium carbonate hexahydrate, calcium
carbonate monohydrate, vaterite, aragonite and calcite, where the
thermodynamic stability increases in this sequence [1–7]. Amorphous
calcium carbonate usually contains 15% water, being considered the
precursor of more thermodynamically stable CaCO3, and aragonite and
calcite the most commonly found polymorphs in natural systems
[1,4–9]. At normal temperature and pressure conditions (ambient
conditions at the surface of earth), the unstable vaterite quickly turns
into calcite, which makes their rarity in nature [9]. However, vaterite
exists in some sediments, mineral springs and some biological tissues
[10]. For instance, vaterite is found in otoliths, freshwater pearls,
healed scars of some mollusc shells, gallstones and urinary calculi

[6,10,11]. Some impurities, such as metal ions and organic molecules,
may stabilize less stable vaterite polymorph and prevent its transfor-
mation into calcite or aragonite [6].

Vaterite has a higher solubility than calcite and aragonite and
transforms to calcite or aragonite once it is exposed to water [9,12]. It
should be noted that Cole and Krone [13] found vaterite in mortars and
in calcium silicate hydrate on their carbonation (reaction with CO2)
formed in the hydration-carbonation steps. This polymorph may de-
velop in bonding mortars of marble inlays and high lime hydrogel with
time in a hot climate enhanced by the presence of combustion gases
[14] and Portland cements [15]. Vaterite has spherical shape and
porous inner structure, with diameter of particles ranging from 0.05 µm
to 5 µm [6]. A series of SEM images of artificial carbonate nanos-
tructures, showing highly monodisperse vaterite CaCO3 microspheres
and the shape variations (using water or DMF in solution) has been
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reported by Yao et al. [16]. Vaterite has interesting properties such as
biodegradability, relative low cost, high surface area, low density and
singular physical and chemical properties [6,16–19]. These features
make this CaCO3 polymorph a relevant material in biomedicine for
various biomedical applications, especially as a new system for en-
capsulation, transportation and controlled release of molecules of
therapeutic interest (drug delivery), personal care applications, pre-
paration of biomaterials and bone implants, as well as some industrial
applications like filler in the plastic and paper industries, abrasives,
cleaners and adsorbents [6,19–22]. Boyjoo et al. [19] have reported a
review paper on synthesis of micro and nano-sized calcium carbonate
particles and their applications. In particular, Trushina et al. [6] per-
formed a review paper on vaterite microparticles for biomedical and
personal care applications. Consequently, efficient methods to synthe-
size and stabilize the crystal polymorph of vaterite in pure form and by
simple synthetic ways are highly wanted. Several papers report on
methods, reaction parameters and synthesis conditions favouring va-
terite precipitation including precipitation in aqueous phase
[16–19,23,24], and the use of emulsions or techniques of sonication
[25–27]. Several factors, such as the presence of organic or inorganic
additives, the solvent, temperature, influence of stirring, pH of the
medium and ionic concentration have considerable influence on the
process of crystal formation (nucleation and growth), affecting the
shape and size of the vaterite particles [6,16,19,28–33]. According to a
recent review [19], the main synthesis methods of CaCO3 particles are
biomimetic synthesis and CO2 bubbling methods. The third one use
organic compounds which act “as templates or growth modifiers as well
as other physiological parameters” [19], being the main method for
industrial scale production. These authors [19] concluded that the
synthesis of CaCO3 (micro and nanoparticles) is a field that continues to
grow with the aim to provide simple and efficient methods for the
controlled production of different sizes, polymorphs and morphologies
at the industrial scale. Biomimetic synthesis is divided into two ap-
proaches (Table 1). In relation with this method, nacre (also known as
mother of pearl) is an organic-inorganic composite material [16,29]. It
is composed of a large fraction of inorganic minerals, typically CaCO3,
and a small fraction of organic biopolymers and inspired by nacre, the
synthesis, fabrication and applications of artificial carbonate nano-
crystals and layered structural nanocomposites have been reviewed
[16]. Thus, the rigid biological systems are increasingly becoming a
source of inspiration for the fabrication of next generation of advanced
functional materials.

Precipitation of vaterite was successfully achieved in ethylene
glycol (EG) affording hollow microspheres of 800 nm±100 nm dia-
meter after the reaction of calcium acetate with NaHCO3 [30]. Nano-
spheres of vaterite ranging in size between 20 nm and 430 nm were also
synthesized [31,32]. The role of EG in these methods was the reduction
of both the solubility and the rate of crystal growth of calcium carbo-
nate particles. Non-agglomerated vaterite as nanoparticles (20–60 nm
size) can be synthesized by short-term ultrasonic heating of calcium
bicarbonate [31]. On the other hand, Yao et al. [33] have studied the

influence of different concentrations of disaccharide sucrose and bovine
serum albumin on the biomimetic crystallization of CaCO3. They found
that incubation with 20% sucrose for seven days promotes the preferred
formation of vaterite with respect to calcite. However, the effect of
additives on the CaCO3 crystallization mechanism remains yet un-
known. In a previous work [34] early attempts at vaterite synthesis
were successful.

The purpose of this work was to synthesize and stabilize pure sub-
micrometer-size and nanoparticles of vaterite, examining the morpho-
logical changes of the crystals formed by precipitation of inorganic salt
precursors in water solution. The disaccharide sucrose was used, as an
additive, to control the vaterite precipitation (after nucleation and
growth). It is considered a novel method to synthesize stable vaterite
particles with spherulitic morphology. The new method presented here
is relatively easy, inexpensive, and no hazardous chemicals or inert
atmosphere are required, with great possibilities for industrial scale
production of vaterite polymorph. The effect of sucrose on the plausible
mechanism of CaCO3 formation was mainly focused on the behaviour of
hydroxyl groups of the sugar that prevent the dissolution of preformed
nuclei and stabilize the nanocrystals of vaterite with spherical shape.

2. Materials and methods

Two inorganic salts were used as received: calcium nitrate tetra-
hydrate [Ca(NO3)24H2O] and sodium bicarbonate (NaHCO3), both
chemical reagents of analytical grade (Panreac, Barcelona, Spain). As
source of sucrose (C12H22O11), an industrial product was used. The
molecule of sucrose, a disaccharide, is formed by 1 molecule of Glucose
and 1 molecule of Fructose. Chemically is O-α-D-glucopyranosyl-(1-2)-
β-D-Fructofuranoside, a compound which is very soluble in water. The
industrial product is presented in liquid form, composed of purified
water obtained by reverse osmosis and pure sucrose, showing a density
of 1.32–1.34 g/mL. The concentration of sucrose in solution was de-
termined and the value was 67 wt%. This product was obtained by a
proprietary procedure using sugar beet at the company Cevital
(Algeria).

The initial 1 M solutions of calcium and sodium inorganic salts were
prepared in two separate glass beakers. Then, a series of liquid sugar
volumes (0, 10, 20, 30, 40 and 50 mL) was added successively to the
two solutions and the final volume was adjusted in all cases to 50 mL
with pure distilled water. The two solutions were mixed directly in a
larger glass beaker, used as chemical reactor in air atmosphere, at
30 °C± 0.1 °C using a thermostatic bath. The resultant solution was
then stirred at 800 rpm for 15 min. The solid product of the reaction
was filtered, washed with distilled water and finally dried at
103 °C±1 °C.

For the characterization of the crystalline solid phases, vaterite and
calcite, X-ray powder diffraction (XRD) of ground powdered samples
was performed using a Philips X'Pert PRO Panalytical with Ni-filtered
CuKα radiation (λ = 1.5418 Å) and graphite monochromator.
Quantitative analysis of vaterite and calcite was performed by a pre-
vious method of calcium carbonate phase analysis using XRD. Thus, the
percentage of each polymorph (vaterite or calcite) of CaCO3 chemical
composition was calculated by a formula proposed in the literature of
phase analysis using XRD [35].

Fourier transform infra-red (FTIR) spectra obtained using a
Shimadzu Corporation IRAffinity-1 equipment were applied using
samples pressed with KBr discs to confirm the characteristic vibration
bands of the polymorphs of calcium carbonate. Scanning Electron
Microscopy (SEM) was used to study the morphology and textural
characteristics of the particles and the images obtained with a Philips
ESEM XL-30-TMP-W equipment.

3. Results and discussion

The experimental conditions and summary results for precipitation

Table 1
Summary of synthesis methods of CaCO3 particles, based on a previous review.[23].

(A) Biomimetic synthesis (B) Carbon dioxide
bubbling methods

Amorphous calcium carbonate, vaterite, aragonite
and calcite, or a mixture can be synthesized

Calcite is the main
synthesized polymorph

(1) Precipitation methods: Main method for
industrial scale
production

(a) the spontaneous precipitation reaction
(b) the slow carbonation reaction

(2) The reverse emulsion method
Applications: a wide range of applications, including

bone grafting, protein immobilisation, catalysis,
biosensors, CO2 capture, drug delivery vehicles

Applications: filler for
paper, coatings an
polymers
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of polymorph crystalline phases of chemical composition CaCO3 at
30 °C are presented in Table 2. The XRD of the precipitated solids
showed the presence of two polymorphs, calcite and vaterite, in varying
relative proportions (Fig. 1). Aragonite was not identified and the for-
mation of amorphous calcium carbonate [6,16], if produced, was not
observed under the present experimental conditions. Quantitative
analysis by XRD (Table 2) indicated that in the absence of sucrose
(experiment A), the predominant phase was calcite, with a percentage
of 83% against 17% of vaterite. The ratio calcite/vaterite abruptly re-
versed by adding only 13.4% of sucrose in the solution (or 20 mL of the
water solution of sucrose) in favour of the vaterite precipitation, at a
percentage of 83% against 17% of calcite (Fig. 1, A and B, and Table 2).
In the presence of increasing concentration of sucrose (26.80%,
40.20%, 53.60% and 67%) and inorganic salts (0.20 M, 0.25 M, 0.32 M
and 0.45 M), the characterized crystals revealed the highest relative
proportions of the vaterite phase (92%, 96%, 98% and 100%) and the
lowest in the calcite phase (8%, 4%, 2% and 0%), respectively
(Fig. 1C–E). In the case of the solution containing 67% of sucrose, XRD
revealed only peaks corresponding to 100 wt% vaterite phase, in-
dicating that vaterite was the only polymorph precipitated under these
experimental conditions (Fig. 1F).

These results were further confirmed by the corresponding FTIR
spectra and analysis of the two polymorphs. Fig. 2 shows the FTIR
spectra of the experiment series A-F, being A the experiment without
sucrose (0%) and F the experiment using the maximum percentage of
sucrose (67%) in water solution, following Table 2. Thus, the absorp-
tion bands corresponding to calcite at 713 cm−1, 848 cm−1 and
1080 cm−1 are absent in the spectrum of the sample obtained in the
presence of 67% sucrose. Instead, the typical bands of vaterite, located
at 744 cm−1, 877 cm−1 and 1087 cm−1, attributed to the ν4, ν2 and ν1
vibrations of CO3

2-, respectively, are observed [17,35–38]. Other bands
at 3420 cm−1 corresponding to the O-H stretching of water and

sucrose, and at 2511 cm−1 and 2924 cm−1, attributed to the C-H
stretching of the disaccharide are also present in the spectra
[17,35–38]. According to Trushina et al. [6] and other authors, [38] the
shifts of peak positions in FTIR spectra indicate interactions between
Ca2+ and chemical groups of additional molecules (additives and/or
impurities) in the reaction medium. Zhao et al. [30] obtained hollow
vaterite microspheres in the H2O/EG system and reported IR bands at
745 cm−1, 877 cm−1 and 1084 cm−1 in well agreement with the pre-
sent results. In the same sense, Fan and Wang [39] investigated the
formation of submicrometer-sized vaterite tubes and cups (unusual
morphologies) through nanobubble-templated crystal growth of water-
electrolysis-induced mineralization of CaCO3 and reported IR bands of
vaterite at 742 cm−1, 877 cm−1 and 1080 cm−1.

The changes in the size and morphology studied by SEM of the
precipitated solid phases as a function of sucrose concentration are
presented in Fig. 3. In absence of the sugar, calcite was clearly observed
in rhombohedral form and midsize of 6 µm, with a low relative pro-
portion of vaterite in spherical (microspheres or spherulitic vaterite)
[40] and smooth form with diameter of ~ 6 µm. In the presence of
sucrose at various concentrations (13.4%, 26.80%, 40.20%, 53.60%
and 67%), the size of the microspheres was reduced. At high sucrose
concentration, the proportion of vaterite crystals considerably in-
creased. Many of these crystals become smaller (1–0.5 µm) and irre-
gularly shaped with roughness. It is deduced that growth of rhombo-
hedral calcite crystals in co-existence with spherulitic vaterite was
gradually inhibited under these experimental conditions and dis-
appeared completely at 67 wt% sucrose in favour of vaterite. At this
proportion of sucrose, vaterite is> 98 wt%. It can be noted that sucrose

Table 2
Experimental conditions and quantitative XRD results of crystalline phases obtained in
the experiment series A–F.

Experiment A B C D E F

Disaccharide sucrose (%) 00.00 13.4 26.80 40.20 53.60 67
NaHCO3 (1 M) and Ca(NO3)2 4H2O

(1 M)
0.15 0.17 0.20 0.25 0.32 0.45

Vaterite (%)a 17 83 92 96 98 100
Calcite (%)a 83 17 8 4 2 0

a Determined by quantitative XRD according to a previous procedure [35].

Fig. 1. XRD patterns of precipitated solids in the experiment series A–F in absence and
presence of organic additive (sucrose) at different concentrations.

Fig. 2. FTIR spectra of precipitated solid, identified by XRD as a mixture of crystalline
vaterite and calcite obtained in absence and presence of organic additive (disaccharide
sucrose) at different concentrations.
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has been not studied until the present research as an additive in the
synthesis of vaterite by precipitation. It is remarkable that Yao et al.
[16] reported a selection of SEM images of highly monodisperse va-
terite microspheres and the shape variations produced under the in-
fluence of water and DMF. Ahmed and Ganguli [37] under other ex-
perimental conditions, after increasing the concentration of Ca2+ and
CO3

2- at 9.375 mM without sucrose and setting the temperature to
20 °C, found that the temperature and the ion concentration is essential
to obtain pure vaterite phase. These authors [37] observed by SEM
several morphologies of vaterite crystals with controlled growth: na-
nocrystalline rods, hexagonal plates and spherical particles. However,
Zhan et al. [41] synthesized vaterite particles and observed by SEM
hexagonal prism morphology. Han et al. [42] using the bubbling
method (CO2/N2 mixed gas and CaCl2 solution) and studying the in-
fluence of preparation conditions, reported by SEM the formation of
spherical vaterite particles at 25 °C, although rhombic particles of

calcite increase as increasing the initial concentration of CaCl2.
Zhao et al. [30] observed by SEM hollow vaterite microspheres in

the H2O/EG system. They proposed a mechanism based on vaterite
nanograins formed at the beginning of the reaction by nucleation and
growth. These nanograins aggregate to form a shell and finally the
hollow vaterite microspheres are obtained. Their study [39] provides
promising results for the elaboration of a biocompatible material for
therapeutic applications with encapsulation of bioactive molecules
[6,19]. Nanoaggregation is the same mechanism of vaterite formation
proposed by Trushina et al. [6] Nano-sized grains, as mixtures of va-
terite and calcite, have been also reported by Yang et al. [5] However,
Andreassen [23] claimed that spherical and polycrystalline particles of
vaterite precipitated form solution grow by crystal growth of spherulitic
type and not by aggregation of nano-sized precursor crystals. This au-
thor observed by SEM cauliflower-like particles of vaterite at 40 °C and
50 °C formed from spherical vaterite particles initially obtained at

Fig. 3. Representative SEM micrographs of calcium carbonate particles obtained in absence and presence of organic additive disaccharide sucrose at different concentrations (A–F).
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25 °C. Trushina et al. [6] reported by SEM several images of calcium
carbonate vaterite crystals of different shapes: flower-like particles,
rosette-shaped, hexagonal-shaped, lens and plate shape, being the
shape a crucial parameter for practical applications. In a review paper
[19] it has been reported the different shapes that can be exhibited by
vaterite CaCO3: monodispersed spheres, thin pancake, lens, hollow
spheres, platelet like, wool sphere-like and others. Finally, according to
Boyjoo et al. [19] biomolecules, such as polysaccharide, cellulose and
soluble starch favour the formation of porous vaterite but at low ad-
ditive concentrations.

The high relative solubility of vaterite in water accelerates the
phenomenon of their transformation into thermodynamically more
stable and less soluble calcite [9]. This explains in the present case the
prevalence of calcite in the aqueous solution without sucrose (Table 2).
The use of this additive to generate a control over the precipitation of
calcium carbonate by changing the charges of the particles relies on the
capacity of the disaccharide to binding Ca2+ ions. The Calcium sac-
charate initially formed is able to absorb on specific planes of the
crystals, modifying their growth and morphology. In this sense, Kita-
mura [28] reported that this transition may be influenced by the pre-
sence of organic or inorganic macromolecules in solution, caused by
adsorption of these species to the solid-liquid interface and subse-
quently modifying the crystal surface energy.

The probable mechanism at the basis of a sucrose-promoted reversal
of the balance in favour of vaterite precipitation is probably related to
the fact that the high affinity of CO3

2- towards free Ca2+ is someway
decreases when Ca2+ is in form of Calcium saccharate salt, originated
by reaction of sucrose and Ca2+ [43]. Once the first sprouts of CaCO3

are formed in the intermolecular spaces of the disaccharide, the hy-
drophilicity of the disaccharide leads to massive formation of hydrogen
bonds between the sugar OH groups and the H2O molecules [44]. At
high sucrose concentration, these interactions impoverish the en-
vironment of free H2O molecules. Under these conditions, CaCO3

crystals formed initially cannot dissolve and the crystallization of va-
terite continues by aggregation of preformed nanocrystals to lead to
irregular, spherulitic particles of medium size 800 nm according to the
present SEM study (Fig. 3). This morphology can be interpreted as-
suming that the crystallization takes place in the intermolecular spaces
of the organic additive, which prevent the complete growth of the va-
terite in spherical or spherulitic forms and leaves large grooves in the
sites where they are located. Then, the growth is moving towards the
area that is not occupied by the sugar molecules.

The present results strongly suggest that established and stabilized
vaterite cores are confined between sucrose molecules, which limits
their solubilisation due to a drying effect of the sugar. As a consequence,
there is no transformation of vaterite into calcite. At the same time, the
presence of sucrose in the medium at high concentrations creates a
highly viscous and dense medium that limits the available space for
vaterite cores to grow, affording the non-uniform particles and irregular
contourns with large groove. They are the result of steric constrain
imposed by the sugar molecules when present at high concentrations.
This is the same phenomenon observed by Fu et al. [26] in vaterite
particles formed in the presence of EG and cellulose with high energy
hydrogen bonds. Zhan et al. [41] performed an early study on biomi-
metic formation of porous single-crystalline CaCO3 via nanocrystal
aggregation. Hexagonal particles of vaterite with intracrystalline ge-
latin (a denaturated protein with a high molecular weight) were ob-
tained from a hydrothermal reaction (100 °C for 24 h) between calcium
nitrate and urea in the presence of lime-cured gelatin. In the absence of
gelatin, only calcite was obtained. Thus, the additive seems to play an
important role in stabilizing the metastable vaterite, in a similar way as
in this research. Moreover, the high viscosity of the reaction medium
using gelatin, [41] as in the present case using high-concentration of
sucrose, may be a factor for vaterite formation. In fact, Zhan et al. [41]
reported a morphological change, observed by SEM, of the secondary
vaterite particles from hexagonal prisms to microspheres and when

there is an increase in the gelatin to calcium carbonate ratio with a self-
orientation of the nanocrystals.

In the present research, in the absence of sucrose or in low sucrose
concentration (Table 2), the aqueous medium is very rich in water
molecules despite their interactions with this sugar. Under these aqu-
eous conditions, vaterite crystals formed (which has a higher solubility
than calcite and aragonite in water) are easily transformed into more
stable calcite to reach the threshold of 80% of the polymorph and more.
Increasing the proportion of sucrose, the number of molecules of free
water is gradually reduced and, therefore, the effect on the transition
process of vaterite to calcite is diminished, thus promoting the stability
of the crystalline vaterite phase. Future studies will be addressed to the
preparation of promising biomaterials [45] from these synthesized va-
terite particles using sucrose.

4. Conclusions

In summary, this research reported a novel method to synthesize
crystals of pure vaterite as stable nanoparticles and submicron-sized by
a simple and relatively rapid synthesis procedure based on chemical
precipitation of inorganic salt precursors, calcium nitrate tetrahydrate
and sodium bicarbonate, and using sucrose as an additive added in
aqueous medium. The increase in sugar concentration promoted the
crystal precipitation of vaterite and changed the surface of the pre-
cipitated particles of spherical shape. There is a significant difference
between CaCO3 precipitation in the absence and presence of sucrose:
indeed at 0% of sucrose, 83% of calcite was obtained as identified and
determined by XRD methods. In contrast, by addition of 67% of sucrose
in aqueous medium, XRD showed only reflections corresponding to
100% vaterite. A mechanism to rationalize the formation of stable va-
terite nanoparticles in this inorganic system using sucrose was proposed
based on the interaction of OH groups with Ca2+ and water molecules.
Finally, it is emphasized that the present results may be useful to pro-
vide a quick and simple novel method for the controlled synthesis of
new advanced biomaterials based on vaterite particles, being the sub-
ject of future research now in progress.
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