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a b s t r a c t

Calcium carbonate is an extremely attractive material in a plethora of biomedical applications. Intensive
efforts have recently been made to achieve the control over its nucleation and subsequent aggregation,
growth and crystallization; focusing on bringing insight into the role of precursors, solvents and tem-
plates. Having analyzed the recently acquired knowledge, we addressed this challenge using CO2 seques-
tration synthesis, using an unusual reactant, a solution of calcium ethoxide, Ca(OC2H5)2, as precursor. By
tailoring the reaction conditions, it was possible to produce extremely small and rather size-uniform
single-phase calcite CaCO3 nanoparticles, forming sols and subsequently gels in the applied medium.
According to DLS and nanoparticle tracking analysis the particles are only to a minor extent aggregated
in the mother liquor and can form transparent gels on concentration in less polar media, but produce
large aggregates 400–800 nm in size when dried and subsequently transferred to aqueous media.
Complete drying of solutions renders xerogel type materials with only moderate active surface area, as
identified by nitrogen adsorption, due to aggregation with development of densified surface layers.
Such behaviour is typical for the sol-gel synthesis of particles possessing enhanced surface reactivity.
The aggregation on drying was used to produce hybrid nanocomposites, with the hydrophobic model
component, b-carotene, introduced in solution in a non-polar co-solvent and model medicine – ibupro-
fen. The obtained nanocomposite particles, characterized by SEM, TEM, XRD, AFM and FTIR studies, are
hierarchically structured spheroidal aggregates about 200 nm in size with uniform distribution of the
organic components present in the amorphous state. The composite particles are stable in neutral aque-
ous environments but are readily dissolved in acidic medium or even in PBS at pH = 7.40, releasing the
hydrophobic organic component in the form of a relatively stable colloid solution. Efficient release of
ibuprofen as model drug was achieved in both acidic and PBS medium and could be slowed down by
the addition of b-carotene as hydrophobic component.

Statement of Significance

The proposed sol-gel synthesis of CaCO3 proved to create unprecedented size of CaCO3 nanoparticles with
striking size uniformity. The obtained results clearly demonstrate their ability to incorporate hydropho-
bic components in a nanocomposite matrix converting them into amorphous nano sized particles, build-
ing stable colloids via release in acidic medium. Transfer of a sol produced in organic medium into water
in the presence of albumen surfactant results in relatively uniform micro particles about 1 lm size. The
obtained materials show characteristics attractive for use in drug delivery and potentially also a variety of
other industrial applications.

� 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Calcium carbonate, CaCO3, is today one of the absolutely most
addressed nano materials in the view of its extensive applications
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for drug delivery [1–15] and even tissue engineering applications
[16]. The attractive feature of this material is that it remains poorly
soluble in neutral or basic media but rapidly dissolves in acidic
ones, including cytosol (pH = 5.5) opening for specific release on
uptake into the cells. Very intensive focus in these studies is set
on bringing understanding into the mechanisms of nucleation as
the step determining further reactivity towards aggregation, crys-
tallization and growth as it is the size of the particles and their
crystallinity and surface energy that define their further solubility.
Direct high resolution microscopic observations are very much in
favour of classic ion clustering mechanisms [17], supported by the-
oretical modelling [18–20]. It has been noticed, however, that non-
classical nucleation mechanisms influenced by the nature of pre-
cursor species can in fact be a parallel track [17,21]. The aim in
these recent studies was in the first hand to understand how the
process can be directed towards smaller primary particles, which,
even if not being crystalline, are displaying a well-developed short
order structure [18], and how they in turn transform into nano and
bulk materials [17,20].

Different polymorphs of CaCO3 usually crystallize into fine
powders consisting of micrometre sized particles, and calcite, arag-
onite and vaterite phases can be produced by changing the ratio
and mixing rate of the precursor salts, pH and reaction tempera-
ture [22]. Numerous investigations of production of small particles
through nucleation show that in aqueous media, where CaCO3 is
relatively soluble, the major obstacle is presented by the Ostwald
ripening [17,21]. This process is associated with dissolution of
the smallest particles with highest surface energy and the mass
transfer to the bigger ones, resulting in polydispersity and increase
in particle size [23]. It is thus, a process that needs to be prevented
in order to keep particle size as small and uniform as possible. For
this purpose, it is important to reduce the solubility of the nucleat-
ing salt or mobility of its constituent ions. This can be achieved in a
plethora of ways from cooling the solution medium, adding specta-
tor ions, adding a surfactant or biomolecular template (which have
received special attention in case of CaCO3) [24], evaporating sol-
vent or changing solvent [25–28]. Also physical chemical
approaches with thorough control of stirring, addition and mixing
of reactants have been evaluated [29–38]. However these methods
usually lead to quite poly-disperse particles and to the best of our
knowledge never with particle size below 20 nm. Most promising
for further diminution of the particle size have recently been pro-
posed to be, on one hand, the addition of smaller and higher
charged ions [39], causing enhanced surface charge of the particles,
and, on the other hand, the uptake of carbon dioxide gas by solu-
tion of calcium organic derivatives in less polar medium [40]. For
the latter approach, we considered the precursor calcium ethoxide
most promising, since it immediately transforms on contact with
humid atmosphere into large oligo-nuclear oxo-ethoxide species,
like Ca6O2(OC2H5)8(C2H5OH)14 [41], and is potentially capable of
facilitating the nucleation process, according to theoretical predic-
tions [7]. This state-of-the-art method produces unprecedented
sizes of calcite nano crystals and will be of interest for develop-
ment of drug delivery matrices, composite materials and paper
products.
2. Materials and methods

2.1. Synthesis

2.1.1. Standard precipitation method
Under stirring at 1600 rpm with Selecta agimatic-N, 200 ml of

calcium bromide (CaBr2 from Sigma Aldrich Ref. 71626-99-8)
0.01 M solution was added dropwise into 100 ml of ammonium
carbonate (NH4)2CO3 from Janssen Chemicals Ref. 506-87-6)
0.02 M solution. Two additional versions of the precipitation
method were investigated by adding the dopants, magnesium or
iron (III) cations or both these cations together with albumen as
surfactant (Whole egg whites from Svenska Lantägg) into the
CaBr2-solution. Magnesium chloride tetra hydrate (MgCl2(H2O)4
from Merck Ref. 5833) was added in 2:1 ratio with respect to Ca
and iron trichloride (FeCl3 from Merck Ref. 231-729-4) was added
1:1 with respect to Ca. One volume percent of albumen, in respect
to the final volume of 300 ml, was added to the (NH4)2CO3 solution.
The resulting aqueous dispersions were analysed by Nanoparticle
Tracking Analysis (NTA) and dried samples also by scanning trans-
mission microscopy (SEM) and X-ray diffraction (XRD).

2.1.2. Gas-solid precipitation method
The gas-solid approach was a method modified from Baroum

et al. [35]. Calcium oxide (CaO from Mallinckrodt Ref. 4243) was
first calcined at 800 degrees to remove any possible carbonates.
While still hot the CaO was transferred to an e-flask with milli-Q
water and the suspension was heated to the boiling point before
filtering it through Munktell grade 5 filter paper. Later the super
saturated solution of calcium hydroxide (Ca(OH)2) was injected
with carbon dioxide (CO2) gas under vigorous, at a flow speed of
200 ml min�1 at 50 Bar. A pH-meter was used to monitor the reac-
tion and the addition of CO2 was stopped after pH stabilized
between six and seven, after approximately ten to fifteen minutes.

2.1.3. Sol-gel method
Solid calcium (Ca from Sigma Aldrich Ref. 1001372965) was left

to react on low heating temperature (about 40 �C) with dry ethanol
for 24 h under dry nitrogen atmosphere. When the Ca metal had
reacted to produce calcium ethoxide the solution was removed,
by decantation, from residual lumps of oxidized calcium. The milky
homogenous solution of approximately 500 mg/100 ml was
brought into contact with ambient atmosphere and carbon dioxide
(CO2 from AGA Ref. 109828) was bubbled through at a flow rate of
200 ml min�1 with 50 bar pressure. The pH was monitored under
the whole process and the flow of CO2 was stopped when the pH
stabilized around neutral to slightly acidic level after approxi-
mately ten to fifteen minutes. A variation of the method was made
to incorporate b-carotene (from Sigma Aldrich Ref. 101644488)
into the CaCO3. Before CO2 was injected, 7.0 ml of b- carotene in
toluene (from VWR Ref. 28676.366) 7.5 mM was added to the cal-
cium ethoxide solution. For preparation of a composite containing
ibuprofen 5.0 ml of ethanol solution containing 100 mg of the
medicine were added to a standard synthesis batch, resulting in
a composite with 0.025 wt.% of the ibuprofen.

2.2. Materials characterization

The CaCO3 hydrodynamic size was studied by nano tracking
analysis on the Malvern NS300. Crystallinity and crystallite size
was investigated with powder X-ray Diffraction (XRD) on a Bruker
smart APEX-II multipurpose diffractometer using MoKa-radiation
with k 0.71073 nm. Crystallite sizes were calculated using Sherrer
equation:

t ¼ Kk=b cos h

With a K of 0,89 on the most intense peak around 2 theta angle
13 degrees. A Zeiss 1550 Schottky field emission scanning electron
microscope (SEM) with silicon drift energy dispersive X-ray detec-
tor was used to image the materials and perform elemental analy-
sis. A table top ESEM Hitachi TM-1000 was used for imaging and
elemental analysis with Oxford l-DeX. High Resolution Transmis-
sion electron microscopy (HRTEM) was carried out on a Philips
CM-20 Super Twin operating at 200 keV and on a FEI Tecnai F30
ST operating at 300 keV both with Gatan Digital Micrograph soft-
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ware. Particles were dispersed in ethanol by sonication for three
minutes before being dropped onto carbon coated 300 mesh cop-
per grids. Particles were measured using Image-J on the acquired
DM3 files or DM4 files. Material composition was investigated with
thermogravimetric analysis (TGA) on a Perkin-Elmer Pyris 1 instru-
ment under oxygen atmosphere. Fast Fourier transform infrared
spectroscopy (FTIR) was performed on a Perkin Elmer Spectrum
100 in potassium bromide pellets. Textural characteristics (specific
surface area, mean pore size, porous volume) were measured using
nitrogen sorption at 77 K on a Quantachrome Autosorb 1 appara-
tus. Dynamic light scattering (DLS) and Zeta potential were mea-
sured on a Malvern Nano S instrument. Surface structure was
characterized using Bruker FastScan Bio Atomic Force Microscopy
(AFM) instrument operating in tapping mode.
Fig. 1. Average size of calcium carbonate nanoparticles synthesized by different
methods as measured by powder diffraction (Sherrer calculations). A: Standard
precipitation. B: MgFe-doped through standard precipitation. C: MgFe-doped and
with albumen surfactant through gas-sol-liquid. D: Mg-Fe doped gas-sol-liquid
precipitation (Mg:Fe:Ca = 2:1:1 for B;C and D). E: Sol-gel synthesis.
2.3. Release tests

To measure the release of b-carotene from the drug loading
matrix the powder was carefully measured with a balance and
placed in glass cylinders with milli-q water as control or
hydrochloric acid (HCl) 0.1 M to simulate stomach conditions.
The powder was mixed into suspension through sonication before
toluene was carefully added on top of the liquid. Separate samples,
kept in a fridge for darkness and cold, were measured at different
time points and two versions of the experiment were performed,
one where the cylinders were vortexed at the time point before
measurements and one where the dissolution and transfer toward
the toluene was allowed to proceed spontaneously. The amount of
carotene dissolved in toluene was measured spectrophotometri-
cally at wavelength 451 nm. Time lapse experiment, showing the
release and aggregation, of the resulting nano b-carotene was also
performed.

Ibuprofen release was investigated both from pure CaCO3 and
from the composite containing 2 wt% of b-carotene with molar
mass 536.89 g/mol. In a typical experiment 0.79 g of the composite
were set under continuous stirring in contact with 40 ml of solu-
tion of either HCl, deionized water or PBS. The released concentra-
tion was determined spectrophotometrically at 264 nm (corrected
for release of carotene and background absorption via subtraction
of the absorbance at 280 nm. The dissolution of ibuprofen from
commercial Ipren tablet was investigated as control in the same
media.
3. Results and discussion

Preparation of calcium carbonate in the form of nanoparticles is
a broadly recognized challenge. In our study, we initially
attempted to decrease the size and improve uniformity of the par-
ticles via modification of the conditions of co-precipitation reac-
tions in aqueous media. Standard precipitation, on stirring with a
magnetic stirrer (1600 rpm), even with rather diluted solutions
of the reactant salts provided particles with sub-micrometer size
and rather broad size distribution. Using high-speed mechanical
stirrer and gas flow induced precipitation decreased the particles
size, especially on addition of dopants and less polar alcohols, etha-
nol or n-propanol, as co-solvents (as revealed by XRD and NTA, see
Figs. 1 and 2).

The aggregation in solution results in striking variation in
hydrodynamic sizes as seen in Fig. 2A (some concentration of the
primary particles and minor aggregates are present, but the dom-
inating size is over 300 nm).

Addition of dopant cations, Mg2+ and Fe3+ does not lead to a
decrease in the size of the primary particles (80 nm in average,
see Fig. 1), but evidently decreases the hydrodynamic size of the
aggregates in solution to between 100 and 200 nm. Applying the
solution of calcium hydroxide following the modified methodology
proposed by Baroum et al. [35] resulted in the particles averaging
about 75 nm in size (Fig. 1) and broad variation in hydrodynamic
sizes spread between 75 nm (the primary particle size) and ca.
400 nm (Fig. 2C).

When the reaction was carried out between calcium hydroxide
and carbon dioxide gas in 1% protein albumen solution, well
known to adsorb onto calcium carbonate [42], it resulted in ca.
70 nm crystallite size (Fig. 1C), however with relatively monodis-
perse hydrodynamic size in suspension with a maxima around
200 nm in water (Fig. 2C). The same reaction in absence of the pro-
tein surfactant produced smaller particles with about 25 nm crys-
tallite size but polydispersed hydrodynamic size in water with
several maxima between 40 and 500 nm (Fig. 2D).

Carrying out the reaction in a polar medium containing water
did not deliver small size nanoparticles, i.e. below ten nm in size.
That is generally known to be produced as a result of nucleation
of inorganic salts in organic media, the sol-gel process for metal-
derived materials [43]. We have therefore carried out precipitation
of CaCO3 from an ethanol solution of calcium ethoxide (Ca(OEt)2)
in dry ethanol with carbon dioxide gas in ambient atmosphere
(see Scheme 1).

The size of the nuclei of ionic solids, formed in anhydrous
organic solvents, is commonly limited to a few nm, and the Ost-
wald ripening phenomena are suppressed (as a consequence of
extremely low solubility of these solid materials in organic sol-
vents). The reaction products form as colloid solutions (sols) and
undergo gelation over time. This phenomenon was clearly
observed during the formation of CaCO3 in the present case. The
size of the primary particles from TEM measurements (Fig. 3)
was a couple to twelve nm with a clearly dominating fraction of
five nm in size. Even the size of the particles in the initial sol deter-
mined by NTA was distinctly uniform (Fig. 2E) with the maximum
under ten nm, actually below the detection limit of the instrument.

When transferred into aqueous medium, even just via dilution
of the initial sol by water, the particles aggregate rather strongly,
which results in a broad spectrum of sizes with several pronounced
maxima from below 100 to over 500 nm (Fig. 2 F). The drying of the
gels results in even stronger aggregation, as seen in SEM images
(Fig. 4). The primary particles gather into hierarchical structures
with ovoid assemblies of approximately 20–50 nm in size
(Fig. 4D-E) aggregated into micron sized particles (Fig. 4B-C). This
hierarchy is commonly observed in metal oxide sol-gel materials



Fig. 2. Hydrodynamic size as measured by nano tracking analysis. Panel A and B are particles produced with standard precipitation method, A without dopants and B with Mg
ions and Fe(III) ions. C and D are particles produced with gas-liquid precipitation, C demonstrating the effect of adding surfactant in this case albumen. E and F are particles
produced with sol-gel method, E as produced in ethanol and F after centrifugation substituting the ethanol with water. The error is shown around the line, n = 4.

Scheme 1. Sol-gel synthesis of calcium carbonate.
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[25]. The hydrodynamic size of particles as measured by DLS
showed a similar pattern as NTA, namely a major growth in size
following centrifugation and transfer to aqueous suspension
(Fig. S1y). The nitrogen adsorption was only measured on cen-
trifuged gel material washed with ethanol, hence the rather small
Brauner-Emmet-Teller (BET) surface of 22 m2/g (Table S1y) is not
surprising. The aggregates were rather large, 3600 ± 2200 nm as
measured when re-dispersed into water, and they developed dense
constructions on the surface of the aggregates; a common feature
of xerogels obtained in sol-gel synthesis of inorganic salts, for
example, metal oxides [44]. The zeta potential of the sol-gel syn-
thesized CaCO3 nanoparticles was measured to 282 mv in ethanol
and 274 mv in water, however the apparent zeta potentials
showed a difference in that it was higher and exclusively positive
in ethanol while in water the zeta potential showed a wider distri-
bution from plus 50 to minus 80 which explains aggregation
(Fig. S2y) In the XRD pattern of the sol-gel CaCO3 (Fig. S3y), it can
be seen that the diffraction of the small particles result in extre-
mely broad peaks and that the pattern is consistent with calcite.

The purpose of developing very small and monodisperse CaCO3

particles, was to obtain a matrix for encapsulation and release of
hydrophobic and poorly water soluble components, such as, for
example, anti-cancer drugs or pesticides. The aim of such applica-



Fig. 3. Transmission electron micrograph of calcium carbonate particles, produced
by sol-gel method, on carbon film. Individual particles that have the crystal lattice
aligned with electron beam are marked by red circles. These are examples from a
total of 46 particles that have been selected and measured with Gatan Digital
Micrograph software. The inserted distribution plot shows the measured size of 46
individual particles from several images.

Fig. 4. SEM images of CaCO3 nanoparticles. (A) Gel formed by drying the mother
liquor directly on to carbon tape and imaged at low magnification, scale bar
2000 nm, (B-E) the same material centrifuge washed with ethanol and conse-
quently dried and imaged at higher magnification, showing a hierarchical structure,
scale bars are 2000, 200, 100, and 20 respectively, (F) microparticles produced by
precipitation in aqueous medium on addition of 1% albumen surfactant.

Fig. 5. HRTEM images of b-carotene loaded nanoparticles with increasing magni-
fication from A-C. In panel B a small rectangle annotates the area where the image
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tion would be to incorporate the content in the form of preferen-
tially amorphous nanoparticles within a composite and offer an
opportunity for their release into a (colloid) solution upon dissolu-
tion in aqueous medium. Calcium carbonate has already been pro-
posed as a drug carrier for its biocompatibility and pH-sensitivity,
especially for cancer treatment [8–11].

The inter-cellular environment of a cancer tumour becomes
acidic, mostly due to excretion of lactic acid [45,46]. Lactic acid
has a pKa of 3.86 so a tumour can become quite acidic in biological
terms. There are hopes of development of clinical methods for
measuring tumour pH to verify efficacy of the targeting and the
drug before administration [47,48]. Although, it is known that can-
cer tumours do acidify and this can be utilised for targeted deliv-
ery. Any insoluble drugs delivered orally will benefit from having
ultra-fine CaCO3-particles as drug delivery matrix.

In order to obtain a model nanocomposite, to investigate matrix
properties, we introduced b-carotene dissolved in toluene, into the
initial calcium ethoxide solution in the synthesis of sol-gel CaCO3.
The toluene solution is diluted in the reaction medium without
precipitation of highly hydrophobic b-carotene that becomes uni-
formly incorporated into the forming inorganic colloid. The drying
of the composite gel produced spherical aggregates with average
size about 200 nm (varying in the range 50–300 nm). They have
a complex hierarchical structure, consisting of smaller spheres as
seen from TEM (Fig. 5).

The size of the primary CaCO3 particles in the composite is the
same as in the pure xerogel of the salt. It is important to mention
that formation of a nanocomposites, results in a minor decrease in
crystallinity for the CaCO3 matrix and in complete disappearance
of the diffraction peaks of the carotene itself, thus indicating that
in the panel C is taken.



Fig. 7. Atomic force microscope images of the CaCO3–carotene nanocomposite
surface: 3D-morphology (A) and phase characteristics related to mechanical
strength and adhesion (B).
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the aim in producing small and amorphous particles of the
hydrophobic constituent was successfully achieved (Fig. 6). The
peaks of the CaCO3 diffraction pattern are extremely broad, but
can be attributed to the calcite phase (Fig. S3). The HRTEM analysis
is in agreement with calcite presence, as at least majority of the
crystals has observed distances between fringes of 0.3 nm.

It is important to note that the HRTEM study has a pronounced
intrusive character on the crystal structure during investigations as
the crystallinity increased under the electron beam during the time
of the observation and became fully visible when carotene was
destroyed under the electron beam.

The morphology and structure of the surface for the obtained
nanocomposite were investigated by AFM technique. The hierar-
chical structure could clearly be traced in the surface features,
showing protruding spherical aggregates of the primary particles
(see Fig. 7). In the phase image, sensitive to the mechanical aspects
of the cantilever interaction with the sample, it is easy to notice
both the brighter spots probably originating from crystalline hard
CaCO3 nanocrystals as well as the dark spots of softer material,
indicating the surface carotene particles. Both features have sizes
between 3 and 8 nm. The general appearance of the material
resembles that observed for, recently reported, CaCO3 polymer
composite but the sizes of the grains are much smaller in our case
[49].

The amount of incorporated b-carotene was possible to follow
by TGA. It confirmed again that the produced material was CaCO3,
thermally decomposing above 650 �C into CaO; a process com-
pleted in this case at about 730 �C, which is a strikingly low tem-
perature for this process. Commonly the thermal decomposition
of CaCO3 starts around 800 and finishes at 900 �C for micro pow-
ders [50]. This property indicates that there are quantum confine-
ment effects that affects the stability of the nano calcite particles. It
was also shown that the amount of b-carotene loaded onto the
CaCO3 matrix could be quantified by TGA as it occurred in the
well-defined lower temperature interval 110–380 �C (Fig. S4y).

Infrared spectroscopy revealed that the CaCO3 with calcite
structure with absorbance peak maxima at 875 and 1483 cm�1

was produced, although an absorbance peak at 3645 cm�1 indi-
cated the presence of coordinated OH-groups, belonging either to
adsorbed ethanol or to residual hydroxide impurity. Only a little
change in the FTIR spectra of the CaCO3 particles occurs when they
are loaded with b-carotene. When compared to a mechanical mix-
ture of bulk calcite and b-carotene there is very little change except
that a vibration around 1078 cm�1 is not present in the bulk. This
could be explained by the nano size of calcite that could allow for
umbrella mode vibration of the carbonate (see Fig. 8) [51].
Fig. 6. X-ray powder diffraction patterns of sol gel CaCO3 and its composites with
carotene and carotene alone.
The release of carotene from the matrix was investigated in
acidic environment. It was strongly dependent on both the pH of
the medium and the content of incorporated carotene apparently
influencing the hydrophobicity of the material. We found that
maximum amount of b-carotene loading into the CaCO3 matrix
to be about 20 weight per cent, above that, the resulting powder
becomes too hydrophobic to be easily dispersed in aqueous solu-
tion. The dissolution seemed to be instantaneous in acid environ-
ment at pH = 1.0 but in water with pH 5.5 a rather slow release
of carotene was observed. The product obtained after release of
carotene at lower pH was an almost clear colloid (Fig. 9, Fig. S5y
and ESI 1y) with a bright red colour. Coagulation became visible
as aggregation and precipitation of the hydrophobic phase
between 5 and 8 h after the release indicating that the produced
nanocomposite was capable of releasing non-aggregated particles
of the hydrophobic load into the aqueous phase. The released col-
loid was easily extracted by a non-polar solvent and over time car-
otene was lost in acid environment, probably due to oxidation even
though the samples were kept in darkness at seven degrees Celsius
(Fig. S6y). When the samples were vortexed the red colour in the
aqueous phase disappeared; also the aqueous solution became
much clearer when pH was low (Fig. S7y).

It appeared interesting to investigate the effects of matrix
hydrophobicity introduced by addition of b-carotene and also the
influence of pH on the release of ibuprofen – a well-known pain-
killer drug, possessing rather low solubility at acidic conditions,
hindering its uptake in per-oral ordination [52]. We have studied
the release in hydrochloric acid at pH = 2 modelling the environ-
ment in the stomach, and in PBS solutions – a traditional model
for blood medium.



Fig. 8. FTIR spectrum of calcium carbonate nanoparticles produced by sol-gel
synthesis with and without b-carotene incorporated. Also included are b-carotene
alone and a mechanical mixture of bulk calcium carbonate and b-carotene.

Fig. 9. Coagulation of b-carotene after release from CaCO3 matrix over time by
visual observation.

Fig. 10. Release of ibuprofen with time from pure CaCO3 matrix (A) and from a
matrix containing 2 wt% b-carotene (B), both in comparison with dissolution of
ibuprofen from a commercial painkiller tablet.
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Interestingly, in both cases the release of ibuprofen was
achieved at the same level as in solutions saturated in basic condi-
tions (see Fig. 10). The reaction with PBS was associated with
release of CO2 gas and resulted in precipitation of poorly soluble
CaHPO4 salt. It had shorter induction period, which is quite
expected as the reaction is heterogeneous in this case. Application
of a matrix containing 2 wt% of b-carotene produced distinctly
lower concentrations, which apparently varied in time as can be
seen from Fig. 10B. The variation in ibuprofen concentration in
solution can be explained by transformation of the matrix. This
can supposedly be rationalized in the following scenario: first
some surface adsorbed content was released supposedly quite
quickly, then the exposed hydrophobic component re-adsorbed
some of the released material. The process continued with further
dissolution and partial re-adsorption and finally produced solu-
tions with intermediate concentration of available medicine. This
indicates that the facility and speed of release can be modulated
by modifying the hydrophobicity of the matrix.

As the Sol-Gel method of synthesis successfully generates
rather small particle size, there are other possible areas of applica-
tion to consider. Concretes and composite materials are also inter-
esting prospects to investigate for such small CaCO3 nanoparticles.
Nano calcium carbonate is already used in paper production, since
it is a cheap way of increasing strength, of lower quality cellulose
fibre. Smaller particles will increase the surface to volume ratio,
and hence increase the binding effect of the filler, leading to an
even greater strength [53,54]. Similarly, CaCO3 is used on paper
coatings for its white opaque qualities and a smaller particles size
can lead to improvements, such as increased resolution of prints,
higher strength and more gloss [55].
4. Conclusions

The proposed sol-gel synthesis of CaCO3 proved to create
unprecedented size of CaCO3 nanoparticles with striking size uni-
formity. The obtained results clearly demonstrate their ability to
incorporate hydrophobic components in a nanocomposite matrix
converting them into amorphous nano sized particles, building
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stable colloids via release in acidic medium. Transfer of a sol pro-
duced in organic medium into water in the presence of albumen
surfactant results in relatively uniform micro particles about
1 lm size. The obtained materials show characteristics attractive
for use in drug delivery and potentially also a variety of other
industrial applications.
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