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Abstract

Calcium carbonate precipitates are prepared from a solution of CaCl, and K,COs in the presence of polyacrilic acid. The effect of
polyacrilic acid incorporation in the [25-80°C] temperature range on crystal morphologies and CaCO; precipitated polymorph
concentrations are investigated using scanning electron microscopy and X-ray diffraction quantitative microstructural and phase
analysis. Large changes in morphology and phase proportions are observed in the presence of polyacrylic acid, which strongly depend on
the solution temperature. While crystallization of vaterite is favoured in the presence of polyacrilic acid up to 50 °C, it is largely
destabilized at higher temperatures. Our process also enables the elaboration of particles in the range 10-20 nm.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

It is well known that biomineralization is an elaborated
process that produces biominerals with complex morphol-
ogies as well as superior mechanical properties [1-4]. The
complete understanding of biomineral development pro-
cesses is still a subject of debates and is strongly motivated
by their potential utility in industrial and biomedical
applications [5]. Calcium carbonate polymorphs are some
of the most abundant mineral phases incorporating
biomineralized tissues, e.g. in mollusk shells where calcite
and aragonite often coexist in adjacent shell layers [6-8].
Aragonitic biominerals like nacre layers from Pinctada
magaritiferra are also seen as ideal biomedical implants or,
thanks to their high aspect ratio, aragonite crystals can be
used as reinforcements in composite materials [9]. CaCOj3
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has three anhydrous crystalline polymorphs: calcite,
aragonite and vaterite. Calcite is thermodynamically the
most stable phase, whereas vaterite is the least stable one
and transforms into one of the other two forms. Vaterite
particles do not show well-defined morphologies, and
usually aggregate into spherical particles [10]. In the recent
years, inspired by the effect of additives, vaterite appeared
in various morphologies [10-13]. Among the possible
additives, surfactants, with charged head groups, can
combine with some ions or absorb on some faces of
crystals. They turned out to be very effective in controlling
the morphology of inorganic materials [14].

Numerous studies have been carried out to understand
the influence of organic molecules on the CaCOj; particle
growth. Many studies showed a correlation between the
calcium carbonate growth modifications and the structure
of the additive organic molecules [15-19]. However,
difficulties in understanding their respective roles arise
from the complexity of the study of such mechanisms in the
solid-liquid system [20] and the large ability of the CO3~
anions to form different supramolecule structures.
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Recently some studies [21-23] showed that surfactants
can influence the CaCO; nucleation, crystal growth and
grain shapes, and, consequently, control the formation of
crystal phases that are not usually stabilized under natural
environments. Such surfactants have been used as micro-
reactors for the preparation of specific morphologies, sizes,
or crystal structures of organic materials [24,25].

Aragonite is metastable at room temperature and
transforms to calcite in a natural environment. Many
attempts have been made to mimic the biological synthesis
of aragonite using different organic substrates and
additives; for example, aragonite thin films formed on
polyvinyl alcohol (PVA) matrices in the presence of
polyacrilic acid (PAA) [26], aragonite whiskers using
cetyltrimethylammonium bromide (CTAB) [26] and pure
aragonite prepared in the presence of sodium benesulfonate
(SDBS) [27].

In this work, we study the crystallization of CaCO;
particles from aqueous solutions in the presence of PAA.
The PAA’s effects on the crystals’ morphology, crystals’
mean sizes and polymorphs’ volume contents at tempera-
tures varying from 25 to 80 °C are examined using scanning
electron microscopy (SEM) and X-ray quantitative phase
analysis.

2. Experimental procedure
2.1. Materials

PAA ([-CH,CH(CO,H)-]n) from Acros Organics chemi-
cal company (USA) with an average molecular weight of
ca. 240,000, calcium chloride (CaCl,) and potassium
carbonate (K>COs) from Prolabo were used as reactants.
All chemicals were of analytical grade and used without
further purification. Doubly deionized water was used to
prepare 0.1 M CaCl, and 0.1 M K,CO; aqueous solutions.
The solution of CaCl, is divided into two parts, one of
them is mixed to PAA. The proportion is 0.5 mg of PAA in
Sml of CaCl,. The two solutions are mixed at different
temperatures: 20, 50, and 80°C. The solid precipitates,
obtained immediately after mixing the two solutions, were
collected using filtration through a cellulose membrane
filter, and rinsed three times with doubly dionized water.
Finally, the CaCOj; precipitates were dried under vacuum
at 100 °C for 1 h, resulting in finely grained powders.

2.2. Characterization

All the samples were examined using SEM (Zeiss
electron microscope) with an accelerating voltage of
15kV. X-ray diffraction (XRD) patterns were collected
on a Phillips X’PERT powder diffractometer using
the CuK, radiation using a scan step of 0.017° 20. The
volumic ratios of calcite (space group: R3c), vaterite (S.G:
P65;/mmc) and aragonite (S.G: Pmcn) phases of the samples
were calculated using the quantitative phase analysis
based on the Rietveld method [28,29], implemented in the

MAUD software [30]. The crystallite mean sizes were
refined using an isotropic model without microstrain,
deconvoluted from the instrument calibration curve. All
the three phases were declared in the diagrams and the
phase content parameters released for two of them,
constraining the sum to 100% volume. During the Rietveld
refinement, cell parameters were also released to get the
best reliability factors. No preferred orientation was
detected in the diagrams. In the diffraction diagrams no
signal from the organic PAA matrix is expected due to its
relatively weak contrast compared to mineral phases, and
its strongly amorphous character.

3. Results and discussion
3.1. Effect of PAA on CaCOj3; polymorphs at 25°C

Fig. 1 shows SEM micrographs of CaCOj; particles
obtained at 25°C without PAA. A mixture of interpene-
trated rhombic- (Fig. la) and spherical-like particles is
observed. The average edge and diameter of the inter-
penetrated rhombic (calcite) and spherical (vaterite)
particles are 3 and 4um, respectively. The refinement
converges to a reasonably good solution with Ilow
reliability factors (Table 1) and a pretty flat difference
curve (Fig. 8a). These results coincide with the observed
crystallite shapes corresponding to regular crystallization
for such temperatures, with spherical vaterite and calcite
rhomboids. The Rietveld quantitative phase analysis shows
that the volume fraction of calcite is 71(1)% and hence
29(1)% of vaterite with no aragonite (Table 1). The average
size of the crystallites is 870(5)A for calcite and 161(3);\
for vaterite. The relatively low size of the vaterite coherent
domains explains the peak broadening of this phase visible
in the respective diagram. The observed vaterite spherical
particles, of typically several micrometers in diameter,
exhibit a very porous substructure using a larger magni-
fication (Fig. 1b). This original substructure accommodates
a quite perfect sphere with acicular crystallites disposed
radially, and having typically a mean diameter of 50-100 A
and a total length around 500 A. This explains a mean
coherent size around 161 A determined from the XRD
patterns, and consequently points out that these acicular
crystals are composed of only one coherent domain on an
average. Such vaterite particles would probably exhibit
very high specific surfaces. The calcite crystals exhibit step-
like edges due to the interpenetration of the constituting
rhombs (Fig. 1c). The XRD mean size is also observed to
be smaller than the calcite crystals seen by SEM, and
accounts for crystal imperfections visible as straight lines
on such images.

In the presence of PAA at 25°C (Fig. 2a), one can
observe that the previous calcite and vaterite mixture has
been modified. On one hand, the calcite rhombs, although
exhibiting less interpenetration, show less regular faces
with more steps and porosities. On the other hand, the
vaterite particles agglomerate in overall raspberry shapes
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Fig. 1. SEM backscattered images of CaCOj; particles synthesized at 25 °C without PAA incorporation. (a) Low-magnification image, and zoom on

(b) vaterite spheres and (c) calcite interpenetrated rhombs.

of about 15um in widths, each initially individual vaterite
sphere being deformed (Fig. 2b). The calcite particles have
grown to around 10-pm edged rhombs (Fig. 2c¢). The
difference in particle shape is clearly due to the presence of
PAA in the solution. On PAA addition at this temperature,
calcite is destabilized in volume but results in 10 times
larger rhombs on an average with less acute edges and
faces, and correlatively vaterite growth is favoured up to
50% in volume, but with deformed spheres that glue
together in raspberry-like conglomerates. The refinement
converges to a reasonably good solution with low
reliability factor, and a flat difference curve has been
obtained (Fig. 8b). The refinement provides crystallite sizes
of 2960(99) and 203(3)A for calcite and vaterite, respec-
tively. This indicates clearly that the presence of PAA in
soft enough conditions (at low enough temperatures) helps
both calcite and vaterite growing, with an overall volumic
balance in favour of vaterite. This change in crystal habits

is accompanied by a reduction of cell parameters for calcite
(with a 0.075% volume decrease, Table 1) as a result of the
PA A-—calcite interaction, while vaterite unit cell increases in
volume in 0.23%.

3.2. Effect of PAA on CaCOj3; polymorphs at 50 °C

Fig. 3a shows the morphology of CaCO; particles
produced at 50 °C without PAA. At this temperature, a
mixture of three types of particle shapes is observed: calcite
rhombs exhibiting an average edge size of nearly 5um
(Fig. 3b), raspberry agglomerates of vaterite with an
average diameter of 10 um (Fig. 3c) and cauliflower-shaped
particles of aragonite with an average diameter around
20 um (Fig. 3d). The rhombic calcite particles exhibit more
regular shapes than at 25°C without PAA, and in
particular interpenetration of rhombs is no longer visible.
However, calcite crystals show starting erosion from the
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Refined parameters obtained by Rietveld refinement and quantitative phase analysis using MAUD

Phase a(A) b (A) cA) Vol. fraction Crystallite mean Rb (%), RW (%), Rexp
isotropic size (A) (%), X*

25°C, without PAA.25°C, without PAA.
Calcite 4.9948(2) 17.0814(8) 0.71(1) 870(5) 6.53, 8.18, 5.34, 1.53
Vaterite 4.1236(9) 8.476(4) 0.29(1) 161(3)

25°C, with PAA.
Calcite 4.9934(1) 17.0780(7) 0.495(6) 2960(99) 9.79, 12.34, 4.85, 6.60
Vaterite 4.1280(4) 8.478(2) 0.505(6) 203(3)

50 °C, without PAA.
Calcite 4.9962(2) 17.086(1) 0.47(3) 999(18) 6.81, 8.40, 5.33, 2.46
Vaterite 4.1232(5) 8.484(2) 0.46(3) 216(5)
Aragonite 4.963(2) 7.953(4) 5.758(2) 0.07(6) 433(55)

50 °C, with PAA.
Calcite 4.9909(2) 17.067(1) 0.102(2) 3900(350) 9.84, 12.24, 4.55, 7.18
Vaterite 4.1281(2) 8.474(1) 0.79(1) 438(6)
Aragonite 4.963(1) 7.953(3) 5.758(2) 0.108(3) 626(27)

80 °C, without PAA.
Calcite 4.9898(3) 17.062(1) 0.069(1) 1975(269) 5.05, 6.86, 4.74, 2.28
Vaterite 4.1273(3) 8.4653(6) 0.127(6) 581(56)
Aragonite 4.9601(1) 7.9721(2) 5.7496(2) 0.80(7) 443(4)

80 °C, with PAA.
Calcite 4.9876(3) 17.048(1) 0.087(4) 1569(91) 7.25,9.17, 4.84, 3.57
Vaterite 4.132(2) 8.46(2) 0.015(3) 477(97)
Aragonite 4.9589(1) 7.9705(2) 5.7446(1) 0.89(1) 472(2)

Parentheses indicate the estimated standard deviation on the last digit(s) of the parameters.

rhombs’ face centres inward, acting as small slabs removal.
This face centred erosion (FCE) could come from a larger
solubility due to temperature, eventually helped by the
presence of specific crystalline defects in the centres of the
rhomb faces. X-ray quantitative phase analysis (Fig. 8c)
indicates 47(3)% of calcite, 46(3)% of vaterite and 7(3)%
of aragonite, which is coherent with the visual proportions
of SEM images, pointing out that calcite transformation is
operated for % and } approximately into vaterite and
aragonite at this temperature. The crystallite sizes are
999(18) A for calcite, 216(5) A for vaterite and 433(55) A
for aragonite. The increase in mean crystallite sizes of
calcite and vaterite (around 15% and 34%, respectively) is
neatly in favour of vaterite formation compared to the
sample elaborated at 25 °C without PAA. This is linked to
the progressive equilibrium shift towards vaterite forma-
tion at a larger temperature.

At this temperature of 50 °C, PAA incorporation trans-
forms the cauliflower-shaped particles of aragonite into
dendritic particles with an average length of 10 um (Fig. 4a)
and the raspberry-like vaterite opens into flower-like
conglomerates (Fig. 4b) with an average diameter of
Sum. Such flower-like configuration has already been
observed [31] on an eggshell membrane. A small amount of
rhombic calcite is observed (Fig. 4c), on which we see again
the porosity observed at 25°C in the presence of PAA,
together with the FCE effect. This means that FCE is not
influenced by PAA but temperature, the former influencing
more the internal crystallization of the polymorphs.
Quantitative phase analysis (Fig. 8d) shows a strong

decrease of the volume fraction of calcite in favour of
vaterite, and to a lesser extent of aragonite. We can also see
a significant increase of the crystallites size of calcite
(3900(350) A) and vaterite (438(6) A) which confirms the
beneficial effect of PAA incorporation for crystal growing,
as already observed at 25 °C. A decrease in calcite unit-cell
volume of 0.32%, while a 0.1% increase of the unit-cell
volume of vaterite are observed, and aragonite unit-cell
remains unaffected in our resolution limit. The effect of
PAA inclusion on vaterite growth and calcite destabiliza-
tion is then observed among the selected CaCO; poly-
morphs. Furthermore, PAA inclusion in vaterite is
anisotropic, operating a tensile effect on the cell parameter,
while a compression on c¢. This is coherent with carbonate
groups parallel to the c-axis in vaterite [32], and PAA
bounding to oxygen planes of the C-O groups along the a-
axis. Similar unit-cells distortion has already been observed
in biogenic aragonite crystals, but to a lesser extent [33],
using high-resolution diffraction. They have been attrib-
uted to aplanarity of the carbonate groups, resulting from
interaction between organic macromolecules and growing
crystallites during biomineralization. In our case such an
interaction is also revealed between PAA and the inorganic
phases, and is visible for the vaterite allotropic form of
calcium carbonate.

3.3. Effect of PAA on CaCOj; polymorphs at 80°C

Fig. 5 shows the morphology of CaCOj particles at 80 °C
without PAA. Aragonite cauliflowers continued to grow
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Fig. 2. SEM backscattered images of CaCOj; particles synthesized at 25 °C in the presence of PAA. (a) Low-magnification image, and zoom on (b) vaterite

raspberries and (c) calcite regular but porous rhombs.

into acicular crystals at this temperature (Fig. 5a), with
an average length of typically 5-10 um, and a smaller mean
dimension less than 1pm. A small amount of calcite
particles with a perfect 2—4 pm-edge rhombohedral shape
and a small amount of vaterite exhibiting a sponge-like
shape (Fig. 5b) are also observed. The volume fractions are
(Fig. 8e) 6.9(1)%, 12.7(6)%, and 80(7)% for calcite,
vaterite, and aragonite, respectively. As usual at larger
temperatures, aragonite formation is favoured at the
expense of the two other phases, linked to the increase in
calcium coordination at larger temperatures. The cell
parameters of the aragonite are the closest to the bulk

parameter values, as expected for its better crystallization
at this temperature.

With PAA (Fig. 6), aragonite needles are cut into smaller
pieces of around 4um in length and small amounts of
calcite and vaterite are observed, with a global further
increase of aragonite content to 89(1)% in volume. The
crystallite sizes are lowered with PAA incorporation for
calcite and vaterite, correlatively, with their destabilization
at this temperature (this size decreasing is already observed
without PAA compared to the 50°C sample). This
destabilization is also underlined by the unit-cell decrease
of calcite, whereas the unit cell volume of the remaining
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Fig. 3. SEM backscattered images of CaCOj; particles synthesized at 50 °C without PAA incorporation. (a) Low-magnification image and zoom on
(b) calcite regular rhombs with FCE, (c) vaterite raspberries, and (d) aragonite cauliflowers.

vaterite still increases in the presence of PAA, anisotropi-
cally like at 50 °C.

3.4. Effect of PAA on crystallization behaviours and
morphologies of CaCOyj crystals

Full mechanisms of how PAA controls CaCOj; crystal
growth for the three polymorphs are still matter of
conjectures. From the work of Pan et al. [34] we chose to
use low concentrations of PAA in the solution in order to
ascertain its complete dissociation, and liberate H
protons in the solution following the reaction:

PAA < PAA(COO) + H* (1)

In the resulting acidic conditions, CaCl, solubility is
increased, giving rise to more Ca®" ions in the solution that
serve the formation of PAA-Ca™ polyelectrolyte com-
plexes in the solution via the following reaction:

PAA(COO™) + Ca** < PAA(COO)Ca* )

It is well known that aragonite needle-like crystals
predominately grow in the direction of their c-axes upon
crystallization from supersaturated solution [32,35]. The
complexes resulting from reaction (2) are rapidly formed,
and it seems reasonable to hypothesize that this reaction
takes place wherever highly energetic sites are present. In the
case of aragonite such sites are found preferentially on faces
parallel to the c-axes, i.e. where oxygen atoms from
carbonate groups are most located. Resultantly, complexes’
adsorption on these faces block further growth perpendicu-
larly to the needle axes and prevent aragonite transforma-
tion into calcite, giving rise to an increase in aragonite
content. Under temperature conditions for which aragonite
acicular crystals nucleate, i.e. from around 40 °C on, crystal
shapes are kept as needle-like [36], either as isolated needles
(Fig. 6) or as dendrite-like aggregates (Fig. 4a), depending
on the temperature of the solution, with larger affinity to
grow as single needles for larger temperatures.

A similar interpretation can be carried out for vaterite,
though the crystal shapes differ. In vaterite, oxygen sites
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Fig. 4. SEM backscattered images of CaCOj; particles synthesized at 50 °C in the presence of PAA. Zoom on (a) aragonite dendrites, (b) vaterite flowers,
and (c) calcite porous rhombs with FCE.

Fig. 5. SEM backscattered images of CaCOj; particles synthesized at 80 °C without PAA incorporation: (a) acicular aragonite particles with some calcite
rhombs, and (b) vaterite sponges.
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Fig. 6. SEM backscattered images of CaCOj; particles synthesized at 80 °C in the presence of PAA. Only aragonite needles are observed.
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Fig. 7. Volume fraction of CaCO; polymorphs in the presence or not of PAA versus temperature.

also occur along faces parallel to the c-axes, and this
phase is by far the less thermodynamically stable over the
three polymorphs. It is then coherent in the energetic
considerations of the previous paragraph that PAA
complexes adsorb preferentially on vaterite as far as it is
nucleated for a given temperature. At low temperatures
(25°C), the porosities of the sphere-like vaterite particles
(Fig. 1b) are filled by further vaterite growing under PAA
complexes, giving rise to the raspberry shapes by aggrega-
tion of several spheres. At intermediate temperatures
(50°C) for which vaterite is favored, the initial rounded
conglomerates (without PAA, Fig. 3c) develop further
under PAA influence. At larger temperatures vaterite is
destabilized.

When PAA is used, the roughness of the calcite faces
increases. This can be explained by the fact that the
formation of the polyelectrolyte complexes decreases the
Ca ™ >-free ions in the solution. Pan et al. [37] observed a
similar erosion behaviour of calcite rhombs when only
PAA is used, giving rise to rough rhombs with uneven
surfaces due to strong interactions between PAA carboxyl
acid groups and CaCOj;. Their experiments resulted in
similar mean diameters of the calcite grains, even if
the latter were transformed into hollow spheres with
addition of surfactants. In our conditions, calcite dissolves
under acidic conditions, at the benefit of the complex and
aragonite and vaterite formations, depending on the
temperature.
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3.5. Volume fractions variation in the presence or not of decreases linearly with temperature, varying from 71% at
PAA 25°C to practically less than 10% at 80 °C. The presence of
PAA decreases even more the volume fraction of this most

The volume fraction of the different polymorphs versus stable phase from less than 50% at 25 °C to 10% at 50 °C.
temperature, in the presence or not of PAA, is shown in ~ Concerning vaterite, one can observe a strong increase of
Fig. 7. Without PAA, the volume fraction of calcite  this phase fraction from 25 to 50°C, but an even more
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abrupt decrease from 50 to 80 °C than for calcite, a decrease
amplified by the presence of PAA. Vaterite is then favoured
by PAA incorporation at middle temperatures, but this
PAA effect is reverse at temperatures larger than typically
70°C. The aragonite phase also benefits from PAA
incorporation, as soon as the phase can form in large
enough volumes to be detected (50 °C), and the effect of
PAA accentuates at the largest temperatures probed (Fig. 8).

4. Conclusion

The PAA and the temperature have been used as
templates to induce CaCOj; crystal growth. Various
morphologies of CaCO; particles, such as rhombohedral,
spherical, cauliffower, needles- and sponge-like, have been
elaborated in the 25-80 °C temperature range by a simple
method, which provides an easy route to the monitoring of
CaCO; morphologies. Our results indicate that PAA can
shift the chemical equilibrium between the allotropic forms
of CaCO;, thereby increasing vaterite and aragonite
fractions depending on the temperature used. This result
could be used in places where calcite is undesired. PAA can
also control crystal sizes, quality, and shapes, via processes
that modify unit-cell parameters of the respective phases.
There is then a strong interaction of PAA with CaCO; that
could help understanding the growth of natural biominerals.
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