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ABSTRACT: The controlled formation of aragonite by
simple method under ambient condition is a big challenge
for biomaterial scientists. In this article, we took poly
(N-vinyl pyrrolidone) (PVP) as an example to investigate
the influence of water-soluble nonionic polymers on the
polymorphs of CaCO3 via CO2 diffusion method under
ambient pressure and temperature, and found that the ex-
istence of PVP molecules favors the formation of aragonite
with rosette superstructure. A possible mechanism is pro-
posed that nonionic polymers can be doped into amor-
phous calcium carbonate (ACC) particles and further

participate in the transformation process from ACC to
aragonite and then promotes the formation of rosette
superstructure through parallel aggregation by cross-
linking the aragonite nuclei. The experiments of CaCO3

crystallization in presence of poly(ethylene oxide) (PEO)
and poly(vinyl alcohol) (PVA) confirmed the mecha-
nism. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 117:
3308–3314, 2010
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INTRODUCTION

Calcium carbonate (CaCO3), as one of the most im-
portant biominerals, has attracted continuous atten-
tion in the past several decades, not only for its
abundant content as biominerals, but also for vari-
ous industrial applications as filler in paint, plastic,
paper, and so forth.1–3 Calcite, aragonite, and vater-
ite are the anhydrous crystalline phases of CaCO3.
In terms of thermodynamics, aragonite is a metasta-
ble polymorph of CaCO3 and can be easily trans-
formed into the most stable polymorph, calcite.4 The
strength and needle-shaped morphology of aragonite
endue aragonite with the obvious reinforcement in
composite materials.5,6 However, aragonite with nee-
dle shape is not easily obtained in mild precipitation
condition except in organism, or with an excess of
inorganic ions, or controlled by polymer or surfac-
tant with complicated structures.7–9 Therefore, the
controlled formation of aragonite with simple

method under ambient condition is a big challenge
for scientists.10,11

It is well known that organisms can easily control
the process of biomineralization, which leads to well
defined organic–inorganic hybrid materials with
superior material properties, complex morphologies,
and ordered structures.12,13 Illumined by the biomi-
neralization, many templates including langmuir
monolayer,14 self-assembled films,15 bio- or synthetic
macromolecules,16 low molecular weight com-
pounds,17 and others, have been used to control the
morphology and polymorphs of inorganic crystals.18

Although it is widely accepted that the organic addi-
tives/matrixes play significant roles in mineraliza-
tion process, the negative charge is necessary for the
control of the organic additive/matrixes on the poly-
morph of calcium carbonate in the process of biomi-
neralization.19 Traditionally, the nonionic polymeric
additives, such as PVP, were believed to have almost
no effect on polymorphism selection.20,21

In this article, we examined the effect of the
water-soluble nonionic polymers (PVP, PVA, and
PEO) on the polymorph control of CaCO3 by the so-
called ‘‘vapor diffusion’’ method under mild condi-
tion. The results indicated that the weak interaction
between nonionic polymers and Ca2þ/CaCO3 nuclei
can not only significantly influence the morphology
of CaCO3 but also lead to the fabrication of
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aragonite with rosette superstructure under slow
and static condition. The possible effect of nonionic
polymers on CaCO3 precipitation was proposed: (1)
the additives can be doped into synthenic ACC and
participate the transformation process from ACC to
aragonite22,23; (2) the additives crosslink the arago-
nite nuclei and promote the formation of rosette
superstructure through parallel aggregation.24

EXPERIMENTAL SECTION

Calcium chloride, PEO (Mw ¼ 10,000), PVP (Mw

¼ 30,000), PVA (99–100% hydrolyzed, Mw ¼ 86,000),
and (NH4)2CO3 with purity of 99.5% were pur-
chased from Acros company (Geel, Belgium) and
used without further purification.

The CaCO3 crystallization experiments, as
reported by Addadi et al.,24 were carried out at
room temperature (25 6 1�C) in a desiccator (1000
mL). Two flasks (80 mL) were placed into the closed
desiccator. One flask covered by punched Parafilm
(ten holes) contained the mixture solution (50 mL) of
calcium chloride (CaCl2) and nonionic polymer.
Some flash (NH4)2CO3 about 2 g was placed into

other flask. The CaCO3 particles were obtained by
decomposition of (NH4)2CO3 and subsequent vapor
diffusion of CO2 into CaCl2/polymer solution. At
the end of the experiments, CaCO3 particles were
collected, washed, and dried in vacuum at 40�C.
CaCO3 samples were Au-coated prior to examina-

tion by a Hitachi S-4300 scanning electron microscope
(SEM), fitted with a field emission source and operated
at an accelerating voltage of 15 kV. X-ray diffraction
(XRD) measurements were conducted using a Rigaku
D/max-2400 powder X-ray diffractometer with Cu Ka
radiation (40 kV, 120 mA), and 0.02� step and 2 theta
range of 20–60� were selected to analyze the crystal
structure. FT-IR spectroscopic measurements were per-
formed on a IFS-66v/S FTIR spectrometer (Bruker),
with scanning times of 32, and resolution of 4 cm�1.

RESULTS AND DISCUSSION

In this article, we first take PVP as an example to
investigate the influence of water-soluble nonionic
polymers on the crystallization behavior of CaCO3

via CO2 diffusion method by decomposition of
(NH4)2CO3. Figure 1 displays the SEM images of

Figure 1 SEM images of CaCO3 precipitate obtained by gas diffusion reaction after 18 h in 50 mL solution with different
concentration of Ca2þ and PVP. (a) [Ca2þ] ¼ 50 mM, [PVP] ¼ 100 ppm; (b) [Ca2þ] ¼ 50 mM, [PVP] ¼ 500 ppm; (c) [Ca2þ]
¼ 50 mM, [PVP] ¼ 1000 ppm; (d) [Ca2þ] ¼ 100 mM, [PVP] ¼ 1000 ppm.
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CaCO3 particles obtained from PVP/CaCl2 mixed
solution. It is obvious that the variation of CaCO3

crystal morphology depends on the concentrations
of both PVP and CaCl2. In the presence of 100 ppm
PVP and 50 mM CaCl2, most of the CaCO3 particles
showed well hexagonal symmetry, similarly to the
morphology of CaCO3 obtained in the absence of
PVP. Cölfen proved that this morphology was
formed by the aggregation of nanoparticles via an
oriented attachment mechanism.25 This oriented
attachment toward larger crystalline is currently
identified to ‘mesocrystal’ formation.26 However, at
higher PVP concentration of 500 ppm, the classical
spherical particles appear as shown in Figure
1(b).27,28 XRD and IR results (Fig. 2), indicate that
both hexagonal and spherical crystals are vaterite.

Interestingly, further increasing PVP concentration
to 1000 ppm leads to a great deal of particles with
rosette superstructure which is formed by the radial
growth of needle crystal from the central section,
and the central part is very compact in one dimen-
sion. The structure of the resulting CaCO3 was ana-
lyzed by XRD (Fig. 2). The corresponding pattern of
the sample displays the diffraction peaks of both
vaterite and aragonite [Fig. 2(c)]. The diffraction
peaks (2y) of aragonite at 26.17�, 27.40�, 32.74�,
36.10�, 37.24�, 37.86�, and 38.46�, correspond to the
(hkl) indices of (111), (021), (121), (200), (031), (112),
and (113), respectively. As for the hexagonal par-
ticles observed with SEM, the diffraction peaks of
vaterite appear at 20.92� (004), 24.84� (110), 27.04�

(112), and 32.72� (114) [Fig. 2(a,b)]. The identification
of the phase of these particles was also confirmed by
FTIR spectroscopy (Fig. 3), showing characteristic
vibrational bands at 699, 712, 856, and 1083 cm�1 for

aragonite, 745 and 848 cm�1 for vaterite. To explore
the influence of concentration of Ca2þ on the selec-
tivity of the crystal morphology, the experiment of
CaCO3 crystallization via increasing [Ca2þ] to 100
mM with fixing PVP concentration at 1000 ppm was
carried out. The SEM observations [Fig. 1(d)], IR
spectra (Fig. 3), and XRD analysis (Fig. 2) all suggest
that the particles with rosette superstructure are
mixtures of vaterite and aragonite. This fact indi-
cates that PVP will favor the formation of aragonite,
which is generally formed at high temperature or at
room temperature with the addition of Mg2þ.7,8

However, in a long run, the water-soluble non-
ionic polymers are believed to have seldom influ-
ence on the polymorph control of CaCO3. Our previ-
ous work20 also confirmed that PVP has no effect on
the polymorph control of CaCO3 under stirring con-
dition. So we wonder what results in the formation
of aragonite via CO2 diffusion method? Based on a
generally accepted fact that the polymorph control
of inorganic minerals in presence of organic addi-
tives is attributed to the interaction between organic

Figure 2 XRD results of CaCO3 precipitate obtained by
gas diffusion reaction after 18 h in 50 mL solution with
different concentration of Ca2þ and PVP. (a) [Ca2þ] ¼ 50
mM, [PVP] ¼ 100 ppm; (b) [Ca2þ] ¼ 50 mM, [PVP] ¼ 500
ppm; (c) [Ca2þ] ¼ 50 mM, [PVP] ¼ 1000 ppm; (d) [Ca2þ]
¼ 100 mM, [PVP] ¼ 1000 ppm.

Figure 3 IR results of CaCO3 precipitate obtained by gas
diffusion reaction after 18 h in 50 mL solution with differ-
ent concentration of Ca2þ and PVP. (a) [Ca2þ] ¼ 50 mM,
[PVP] ¼ 100 ppm; (b) [Ca2þ] ¼ 50 mM, [PVP] ¼ 500 ppm;
(c) [Ca2þ] ¼ 50 mM, [PVP] ¼ 1000 ppm; (d) [Ca2þ] ¼ 100
mM, [PVP] ¼ 1000 ppm.

Figure 4 FT-IR spectra of pure PVP and mixture of PVP
and CaCl2 in the range of 1800–1550 cm�1.
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Figure 5 SEM images of CaCO3 precipitate obtained by gas diffusion reaction after 18 h in 50 mL solution. (a) [Ca2þ]
¼ 50 mM, [PVP] ¼ 1000 ppm; (b) [Ca2þ] ¼ 50 mM, [PVP] ¼ 1000 ppm, [KI3] ¼ 40 mM.

Figure 6 SEM images clearly demonstrated that the CaCO3 particles with rosette superstructure are developed starting
from small needle-like particle (a) and growing to form shuttles (b), rods(c), and finally assembling into rosette particles
(d) by parallel aggregation.
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additives and the inorganic ion/crystal nuclei,16-18

we presume that there may be the interaction
between PVP and Ca2þ, which leads to the formation
of aragonite. FT-IR spectroscopy was used to confirm
such interaction. In PVP-CaCl2 system, a clear IR
band shift of the carbonyl stretching vibration of PVP
from 1660 to 1653 cm�1 (Fig. 4) indicates interactions
between PVP molecules and Ca2þ ions.29 Moreover,
since I3

� can strongly interact with the carbonyl
groups in PVP molecules,30 we have the reason to
believe that the addition of I3

� ions into PVP–CaCl2
solution will shield or decrease the interaction
between the carbonyl group of PVP and Ca2þ ion,
which may result in the disappearance of aragonite
superstructure. As predicted, when 2 mL of 40 mM
KI3 solution was added, the aragonite superstructure
vanished and only spherical particles appeared (Fig.
5). Thus, a conclusion can be drawn that weak inter-
action between PVP and Ca2þ/CaCO3 nuclei play an
important role in the formation of aragonite.

In an attempt to understand the formation mecha-
nism of aragonite with rosette-like superstructure,
high-magnified SEM images of CaCO3 precipitation
in different growing stages were obtained and
shown in Figure 6, which reflect the formation pro-
cedure of rosette superstructure in presence of non-
ionic polymer PVP. At the initial stage, the small
olive-like particles [Fig. 6(a)] were first formed. It is
found that the particles are composed of needle-like
particles via parallel aggregation.31 With extension
of time, the small olive-like particles gradually grow
bigger [Fig. 6(b)] and the two ends turn up to form
thread bundles [Fig. 6(c)]. Finally, although the nee-
dle-like particles still parallelly aggregate along the
long axis in the influence of PVP, an obvious angle
is formed between the end and middle in the crystal
bundles, resulting in the radial growth at the end of
rosette-like particles [Fig. 6(d)].

According to the above experimental observations,
we propose a possible mechanism for the formation
of aragonite particles with rosette superstructure
(Fig. 7), which displays the role of PVP on nuclea-
tion, growth, and ordered parallel aggregation to a
rosette superstructure. FT-IR result has proved that
in CaCl2/PVP solution, Ca2þ ions spontaneously
interact with carbonyl functional groups on PVP mo-
lecular chains. It is rational that the interaction will
lead to the formation of Ca2þ–PVP complex and the
‘‘locally supersaturated’’ in solution, i.e., relatively
higher concentration of Ca2þ in localized region in
the bulk solution. As a result, the Ksp of CaCO3 is
primarily attained in the localized supersaturated
region in solution, and then nucleation of CaCO3

particles occurs [Fig. 7(a)] as CO2 gas diffuses into
solution. Although it is generally believed that the
nonionic polymer as PVP have little influence on the
morphology and crystalline of calcium carbonate

under both dynamic and static conditions,32,21 our
present results indicate that PVP can induce the for-
mation of aragonite nuclei via vapor diffusion
method. With continuous diffusion of CO2 into solu-
tion, the CaCO3 nuclei will connect each other and
grow to needle-like particles [Fig. 7(b)]. Because of
the high surface energy and the connection via PVP,
the fresh nuclei of CaCO3 particles will spontane-
ously aggregate parallel to long axis direction of nee-
dle and form shuttle-shaped particles [Fig. 7(c)].
Moreover, polymer chains should adsorb on crystal
surface to minimize the surface energy. So at the
end part of the shuttle-like particle, PVP chains may
adsorb on it and the crystal exhibits the radial
growth manners. At the same time, new CaCO3

nuclei will form along PVP molecules with the more
CO2 gas diffusing into CaCl2 solution, resulting in
the formation of rosette aragonite particles. Ultra-
sonic treatment to the final aragonite aggregates
destroyed the rosette structure and subsequently

Figure 7 Possible mechanism for the formation of arago-
nite with rosette superstructure by the parallel aggregation
of aragonite crystallites. (a) Nucleation of aragonite in the
complex of PVP and Ca2þ, (b) growth of aragonite in the
complex of PVP and Ca2þ, (c) parallel aggregation of nee-
dle aragonite depending on interaction between PVP, and
(d) radical growth of crystal bundles.
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separated needle-like crystals were obtained, sug-
gesting the parallel stacking of aragonite crystallites
to superstructures through weak interaction between
PVP molecules and CaCO3 nuclei [Fig. 7(d)]. Based
on these discussions, we believe that if there is weak
interaction between water-soluble nonionic polymers
and Ca2þ/ CaCO3 nuclei, the rosette-like supercrys-
tal will form by the CO2 diffusion method.

To further confirm this point, PVA and PEO were
chosen as two kinds of nonionic polymers with dif-
ferent interaction with Ca2þ or CaCO3 nuclei to
control the crystallization of CaCO3. Because PEO
has neither specific interaction nor nonspecific
adsorption ability with Ca2þ,33 we can presume
that PEO should have no influence on the poly-
morph control of CaCO3. The corresponding SEM
results indicated that vaterite particles with well
hexagonal symmetry were produced only in this
case, just the same as in the absence of any organic
additive. Therefore, the interaction between the
polymers and Ca2þ or CaCO3 nuclei is the precon-
dition to control the morphology and polymorph of
inorganic crystals.

Compared with PEO, one pertinent characteristics
of PVA in water is its tendency to adsorb nonspecifi-
cally onto solid surface.34 As revealed by Kato’s
report,35 PVA matrix can favor the formation of
aragonite film because the distance between the
hydroxyl group of crystalline PVA is almost equal to
that between calcium ions in the ab plane of arago-
nite.36 Therefore, the introduction of PVA into the
system of CaCO3 crystallization will probably lead
to the formation of rosette-shape aragonite crystal
similar to PVP system. The corresponding SEM
images (Fig. 8), XRD, and IR (Fig. 9) results support
this point of view. Figure 8(a,b) revealed that the
particles obtained in the presence of PVA display
the rosette morphology, which is similar to the par-
ticles in the presence of PVP. The magnified image
of central part of the rosette supercrystal, shown in
Figure 8(c), also suggests that this structure is
formed by parallel aggregate of small needle-like
particles along the long axis. Furthermore, PVA can
be obviously found on the surface of needle-like par-
ticles from the magnified image [Fig. 8(d)] of the
part marked in Figure 8(b). The corresponding XRD

Figure 8 SEM images of CaCO3 precipitate obtained by gas diffusion reaction after 18 h in 50 mL solution. The concen-
trations of Ca2þ and PVP are 50 mM and 1000 ppm, respectively. (c) The magnified image of the central part of the rosette
supercrystal. (d) The magnified image of the part signed in (b).



and IR analyses confirmed the formation of arago-
nite (Fig. 9).

CONCLUSIONS

We have demonstrated that it is possible to generate
aragonite crystals in the presence of nonionic poly-
mers by gas-diffusion technique under ambient pres-
sure and temperature. In the mineralization process,
nonionic polymer can be doped into ACC particles
and control the nucleation and morphology of CaCO3

via weak interaction between nonionic polymer and
Ca2þ/CaCO3 nuclei, yielding rosette superstructure
by parallel aggregation of CaCO3 crystallites.
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