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The aim of this study was to investigate the preparation of 
CaCO3/polymer composites as hollow capsules by crystal 
growth from supersaturated solutions controlled/induced by pH 
sensitive synthetic and natural  polyions. Thus, an anionic 
polymer with strong acid groups, poly(2–acrylamido–2–
methylpropanesulfonic acid), and a series of its statistic 
copolymers with nonionic monomers (t-butylacrylamide and 
methyl methacrylate) or ionic monomers (acrylic acid) were 
used. As for natural polymers, chondroitin sulphate A, dextran 
and hyaluronic acid were investigated. Scanning electron 
microscopy was used to evidence the influence of polymers 
chemical structure on composites hollow capsules.  

 
 

INTRODUCTION* 

Microcapsules are a class of materials with 
core-shell structure and presenting a high 
surface/volume ratio. The capsules interior can be 
filled with different materials or can act as a 
reaction space (chemical reactors) whilst diverse 
functional groups can be attached to the 
semipermeable exterior wall. These materials are 
of high interest due to properties such as low 
density, high specific surface and increased ability 
for micro-encapsulation of drugs, inks or 
pigments.1-6 Composite capsules, that combine the 
properties of organic and inorganic capsules, can 
be obtained through different types of interactions 
                                                            
* Correspondence: bcsimion@icmpp.ro 

(hydrogen bonds, electrostatic interactions, etc.), 
can integrate different functionalities and can form 
hierarchically organized supra-structures. A wide 
variety of methods, including molecular self-
assembling,7 layer-by-layer assembling,8 
biomimetic mineralization,9 and assembling in 
emulsion10 were previously developed starting 
from different organic and inorganic compounds. 
Composite capsules are usually obtained using 
sacrificial materials such as “hard templates” 
(silica spheres, resins, polystyrene particles) or 
“soft templates” (emulsion drops, surfactant 
vesicles, surfactant/block-copolymer micelles). 
However, the template based methods present 
some disadvantages: most of the processes use 
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heavy or noble metals that are expensive, require 
calcination at high temperatures for template 
removing, some processes use chemical etching to 
extract the core, which increases the use of 
dangerous chemicals. As an alternative, the 
formation of hollow capsules has been tested 
without using a template, by Ostwald localized 
maturation or by differential diffusion from a 
metastable solid precursor (Kirkendall effect).11-13  

Calcium carbonate is a common mineral that 
exists as three anhydrous crystalline polymorphs 
(calcite, aragonite, vaterite), two hydrated metastable 
forms (monohydrocalcite and calcium carbonate 
hexahydrate), and an unstable amorphous phase.14 
Co-precipitation with divalent cations, organic 
solvents and macromolecules (natural or synthetic) 
has a strong effect on the morphology of the formed 
CaCO3 materials15,16 by modification of the size and 
shape of the primary nanoparticles and also by the 
number of produced particles. CaCO3 crystal growth 
and morphology also depend on a number of 
parameters that include pH, temperature, reaction 
duration, stoichiometry of reactants, concentration of 
additives and polymer functional groups. A large 
variety of macromolecular additives17-19 have been 
shown to exhibit a strong influence on CaCO3 
crystallization. In previous studies, the synthesis of 
hollow CaCO3 structures controlled through various 
organic compounds has been investigated.20,21 As an 
example, the ionic liquid mediated auto-templating 
assembling of CaCO3 and chitosan to produce well-
defined hollow inorganic-organic nanoboxes and 
nanoframes has been recently proposed.20  

In this context, the aim of this study was to 
obtain CaCO3/polymer composites as hollow 
capsules through crystal growth from 
supersaturated solutions controlled/induced by pH 
sensitive synthetic and natural polyions, without 
using a template, by Ostwald localized maturation. 
An anionic polymer with strong acid groups, 
poly(2–acrylamido–2–methylpropanesulfonic acid) 
(PAMPS), and a series of its statistic copolymers 
with nonionic monomers (t-butylacrylamide, 
P(AMPS-co-TBA) and methyl methacrylate, 
P(AMPS-co-MM)) or ionic monomers (acrylic 
acid, P(AMPS-co-AA)) were used. Furthermore, a 
series of natural polymers were used: chondroitin 
sulfate A (CSA), dextran and hyaluronic acid. 
Scanning electron microscopy (SEM) technique 
was used to provide particles morphology, to 
evidence their mean size and the hollow structure. 

RESULTS AND DISCUSSION 

Recent studies proved that the polymers 
containing acidic groups can crosslink in the 

presence of calcium ions, forming micro/nano gels 
able to later act as nucleation centers for CaCO3 
crystallization.22,23 For example, the presence of 
poly(2-acrylamido-2-methylpropanesulphonic 
acid-co-acrylic acid) induces the formation of 
particles with almost spherical shape, with a 
diameter of 8 µm after a crystallization duration of 
one minute.24 On the other hand, the same 
copolymer led to calcium carbonate microcapsules 
by controlling the nucleation and crystal growth in 
certain crystallization conditions: unequal content 
of calcium and carbonate ions in the initial 
solutions, prolonged reaction duration, increased 
pH, different concentrations of polyanion.25  

In this study we investigated the synthesis of 
some CaCO3/polymer composites by crystal growth 
from supersaturated solutions controlled/induced by a 
variety of pH sensitive polyions, shown in Table 1. 

During the preparation of calcium carbonate from 
solutions containing calcium and carbonate ions, 
depending on the pH, different ionic species can form 
(HCO3

- or CO3
2-). Previous studies20 show that for a 

pH higher than 10 carbonate ions become the 
dominant species in the reaction mixture. Therefore, 
the formation process of hollow CaCO3 capsules in 
the presence of polyanions is expected to take place 
according to the following steps: (1) interaction of 
acidic groups along the polymeric chain with calcium 
ions to form gel microparticles able to act as a 
template for the crystallization process, (2) calcium 
carbonate crystallization promoted by the calcium 
rich sites on template surface, (3) dissolution of less 
stable CaCO3 fractions (mostly amorphous and 
vaterite), (4) secondary nucleation of the crystalline 
polymorph (mainly calcite) on the external surface, 
and (5) progressive increasing of the thickness of the 
crystalline shell as the core becomes depleted and 
production of intact hollow microspheres. To ensure 
the proper conditions promoting the above described 
mechanism, an excess of Ca2+ ions, a pH higher than 
10.5, and a prolonged reaction time of 8 hours were 
set as experimental conditions (see Experimental 
part). The first studied series involved PAMPS and 
its statistic copolymers with nonionic monomers, 
Figure 1 including SEM images both as overview 
(left side images) and high resolution images (right 
side images). 

The micrographs presented in Figure 1 show that 
the polymer structure has a significant influence on 
the final morphology and size of the composite 
particles. Thus, the use of PAMPS leads to the 
formation of cubic microparticles of an average 
particles size of about 6.54 ± 1.21 µm. The preferred 
formed polymorph is calcite which usually 
crystallizes as mono-crystalline well-faceted 
particles.26 Moreover, the particles are hollow, as 
evident in the high resolution SEM micrographs. 
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Table 1 

Chemical structure of the polymers 

    
PAMPS P(AMPS37-co-TBA63) 

P(AMPS54-co-TBA46) 
 

P(AMPS52-co-MM48) P(AMPS48-co-AA52) 

  
 

Chondroitin sulphate A Dextran Hyaluronic acid 

 
The use of P(AMPS54-co-TBA46) and P(AMPS52-

co-MM48) copolymers, that have about the same 
content in anionic groups, did not lead to significant 
changes as compared to the microparticles obtained 
with PAMPS, although the chemical structure of the 
comonomer is different. However, the decrease in 
ionic content conducts to a decrease in average 
particles size up to 6.14 ± 1.44 µm and 4.55 ± 2.01 
µm for P(AMPS52-co-MM48) and P(AMPS54-co-
TBA46) based composites, respectively.  

Decreasing the content of anionic groups by 
increasing the content of TBA in the P(AMPS37-co-
TBA63) copolymer determines the formation of 
almost spherical composite particles with smoother 
surface and a mean size of 4.43 ± 1.61 µm, close to 
those obtained in the presence of P(AMPS54-co-
TBA46). This can be explained by the formation of 
smaller calcium carbonate crystals in the polymeric 
matrix and also most probably by the formation of 
vaterite polymorph. Vaterite particles are usually 
polycrystalline, of spherical shape, made from 
crystallites of 25 – 35 nm.26 In this case, the anionic 
matrix formed between the ionic groups of the 
polymer and the calcium ions does not act as a gel 
matrix template, but allows the growing of the 
crystals inside the matrix, stabilized as composite 
microspheres. 

To obtain the CaCO3/polymer composite 
microparticles, two polyanions with carboxylic and 
sulfonic ionic groups and different backbone 
chains were also used, i.e. poly(2-acrylamido-2-
methylpropanesulfonic acid-co-acrylic acid), 

P(AMPS-co-AA), a flexible synthetic polymer, 
and chondroitin sulfate A (CSA), a sulfated 
glycosaminoglycan with a semi-rigid 
macromolecular chain. The SEM micrographs of 
the composite microparticles obtained with these 
polymers are given in Figure 2 that includes SEM 
images both as overview (left side images) and 
high resolution images (right side images).  

Previous studies showed that 0.05 wt % of 
P(AMPS48-co-AA52), in equimolecular 
concentration of calcium and carbonate ions and 
after 1 min reaction duration yields spherical 
particles, of about 8 – 10 µm in diameter, with 
vaterite as main polymorph.24 For similar reaction 
condition, cubic and spherical particles are 
observed in CSA-based composites, this 
suggesting the formation of both calcite and 
vaterite polymorphs, irrespective of inorganic 
concentration.27 As can be seen in the micrographs 
showed in Figure 2, the presence of P(AMPS48-co-
AA52) and CSA copolymers and an excess of Ca2+ 
ions, at a pH > 10.5 and for a 8 hours reaction time 
results in almost spherical hollow particles. The 
average size of the P(AMPS48-co-AA52)-based 
capsules is about 2.73 ± 0.69 µm, whereas in the 
presence of CSA the particle size increases up to 
4.77 ± 0.61 µm. This can be assigned to the semi-
rigid conformation of the CSA macromolecular 
chain that leads to the formation of gel type 
particles of larger size acting as templates for the 
capsules. In both cases, according to the shape of 
the crystals observed by SEM, the only present 
polymorph was calcite. 
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CaCO3/PAMPS 

 
CaCO3/P(AMPS52-co-MM48) 

 
CaCO3/P(AMPS54-co-TBA46) 

 
CaCO3/P(AMPS37-co-TBA63) 

Fig. 1 – SEM micrographs of calcium carbonate particles obtained with PAMPS  
and its statistic copolymers with nonionic monomers. 

 
Finally, two natural polymers, dextran and 

hyaluronic acid were used, the SEM micrographs of 
the composite samples being given in Figure 3 that 
includes SEM images both as overview (left side im-
ages) and high resolution images (right side images). 

The micrographs in Figure 3 show that in the 
presence of the used natural polymers rhomboidal 
particles are obtained, with mean sizes of 1.95 ± 0.91 

µm and 4.33 ± 1.47 µm when dextran and hyaluronic 
acid were used, respectively. The high resolution 
micrographs show the presence of empty cavities into 
the formed particles, suggesting the hollow core of 
the rhomboidal shaped composite materials. 
Considering the shape of the crystals observed by 
SEM, the obtained polymorph is calcite.  
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CaCO3/P(AMPS48-co-AA52) 

 
CaCO3/CSA 

Fig. 2 – SEM micrographs of calcium carbonate particles formed in the presence  
of P(AMPS48-co-AA52) copolymer and chondroitin sulfate A (CSA). 

 

 
CaCO3/Dextran 

 
CaCO3/Hyaluronic acid 

Fig. 3 – SEM micrographs of calcium carbonate particles formed in the presence of natural polymers. 
 
 

EXPERIMENTAL 

Materials 

CaCl2
.2H2O and Na2CO3 from Sigma-Aldrich were used 

as received. Poly(2–acrylamido–2–methylpropanesulfonic 

acid) was synthesized and purified,28 its statistic copolymers 
with the nonionic monomers (t-butylacrylamide and methyl 
methacrylate) were synthesized and purified,29 and the 
P(AMPS-co-AA) copolymer was synthesized and purified.30 
CSA from bovine trachea, dextran and hyaluronic acid were 
purchased from Sigma and used as received.  
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Preparation of CaCO3/polymer capsules 

The composite materials were obtained by co-precipitation 
of Na2CO3 and CaCl2 solutions in the presence of the polymers. 
For this purpose, 0.2 wt.% polymer solutions were prepared  
24 hours prior to use. Then, Na2CO3 was dissolved in the 
solutions to obtain a concentration of the inorganic part of  
0.05 M. The CaCO3 particles were formed under continuous 
stirring by adding equal volumes of CaCl2 (0.1 M) over the 
Na2CO3 solutions (0.05 M) containing the polymers listed in 
Table 1. Immediately after mixing, the pH was raised to 10.5 ± 
0.1 by dropwise addition of 1 M NaOH solution (supplied by 
Sigma-Aldrich). The obtained dispersions were stirred for  
8 hours on a magnetic stirrer, at room temperature and then kept 
under static conditions for 60 minutes. The particles were 
separated by filtration, intensively washed with water and finally 
washed with acetone and dried in oven at 40oC, for 1.5 h.  

Methods 

The morphology of the obtained particles with different 
polymeric materials was followed by SEM, using both the FEI 
Phenom Desktop Scanning Electron Microscope (for the 
overview of the samples) and the Scanning Electron 
Microscope type Ultra plus (Carl Zeiss NTS) (for high 
resolution images), in high vacuum mode. To avoid 
electrostatic charging the samples were sputtered with a 3 nm 
platinum layer. The mean size of composite particles was 
determined from the overview SEM images and at least  
25 particles using the ImageJ software.  

CONCLUSIONS 

Calcium carbonate microspheres were obtained as 
hollow capsules by crystal growth from 
supersaturated solutions controlled/induced by pH 
sensitive polyions. As synthetic polymers, poly(2–
acrylamido–2–methylpropanesulfonic acid) and a 
series of its statistic copolymers with nonionic 
monomers (t-butylacrylamide and methyl 
methacrylate) or ionic monomers (acrylic acid) were 
used. Furthermore, a series of natural polymers were 
tested: chondroitin sulphate A, dextran and 
hyaluronic acid. Scanning electron microscopy was 
used to provide particles morphology, to evidence 
their mean size and hollow structure. The results 
attest the possibility to obtain CaCO3/polymer 
microcapsules through the proposed technique, 
where an excess of Ca2+ ions, a pH higher than 10.5, 
and a prolonged reaction duration of 8 hours were 
applied, the morphology, shape and size of 
composites being controlled by the chosen polymer. 
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