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GRAPHICAL ABSTRACT

® We showed that the Ca(OH), solution
is a natural stabilized for the newly
synthesized nano-CaCOs; particles.

e A new methodlogy was introduced
to produce stable hollow nano-CaCO3;
particles.

® This methodlogy can be modified for
drug loading within inorganic CaCOs
particles.
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A new methodology was introduced to produce hollow nano calcite particles in homogenous size dis-
tribution without aggregation. The design consisted of a jet flow system in which the crystallization
region was separated from the stabilization region. The newly produced nano CaCOs3 particles of about
140 nm were removed from the crystallization region as quickly as possible into the stabilization region

before aggregation or crystal growth. In the stages of crystallization, the particles started to dissolve from

Keywords:
Hollow

Nano

CaCOs3
Ca(OH),
Stability

Zeta potential

their edges which opened-up the pores inside the particles. At the late stages of crystallization, the open
pores closed. These particles were stable in Ca(OH), solution and no aggregation was detected. Different
particles with different morphologies can be produced by adjusting the stages in the crystallization.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Calcium carbonate (CaCO3) is one of the most abundant miner-
alsin nature and widely used as filling material in various industries
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in order to decrease the product costs and to improve some of
the mechanical properties of the composite materials [1-3]. The
enhancement in the physical and mechanical properties of the
polymeric composite materials is more pronounced when the par-
ticles are in nano sizes [4]. Obtaining CaCOs3 particles in nano sizes
with homogeneous size distribution and different morphologies is
difficult and rare in the literature due to agglomeration of newly
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synthesized clusters [5-8], which is related to the surface potential
of the colloidal CaCOj3 particles [9-12].

The early mechanism for the CaCO3 formation was specified as
a sudden nucleation burst in a supersaturated solution followed
by diffusional growth of the nuclei to form identical particles [13].
Recent CaCOs crystallization mechanisms identified intermediate
precursors before formation of vaterite and calcite morphologies
as in the chemical method [1,8,13-17]. For instance, Gebauer
et al. [5] identified the stable prenucleation ion clusters even
in under-saturated CaCOs solution. Pouget et al. [8] showed the
template-directed crystal formation from prenucleation clusters.
These clusters are charged particles in equilibrium with their ions
and they can grow or collide to produce CaCO3 nuclei. Therefore,
certain additives were introduced into the crystal growing medium
to alter the surface charge of the growing nuclei and to inhibit the
CaCO3 growth [18-20]. Although the classical definition of crystal-
lization explains the crystallization mechanisms in the macroscopic
scales, it is still not helpful to develop processes to control the
particle size and crystal morphologies.

Nano CaCO; particles can be produced when the newly pro-
duced particles are stabilized by adjusting the surface potential
of the particles. Particles with zeta potentials more positive than
+30mV or more negative than —30 mV are considered stable [21].
There is an uncertainty on the zeta potential values for the CaCOs in
the literature; sometimes positive, sometimes negative, and some-
times variable zeta potential values were measured [11]. The zeta
potential for CaCO3 was reported to be about —10 mV [22] indicat-
ing that the newly produced CaCOs clusters are naturally unstable.
It is the reason why newly formed particles were aggregated and
formed micron sized particles [7,23-28]. It was understood that the
surface potential for CaCOs is affected by various parameters such
as aging [22], temperature [29], additives [30,31], surface modifiers
[9], and ions [10,12]. For instance, the zeta potential for CaCO3 was
positive when Ca** ions were in excess in the solution, and it was
negative when CO3~ ions were in excess in the solution [10,12,22].
Therefore, the presence of other ions, called the potential deter-
miningions (PDI) [11] such as crystal lattice ions, surface hydrolysis
ions, and adsorbing ions in solution, are highly important for the
production of stable nano CaCOs particles.

We have recently reported that the Ca(OH), solution is a natural
stabilizer for the newly produced CaCOj3 particles [32,33]. Here, we
report that when the newly produced nano clusters were removed
as quickly as possible from the crystallization medium into the
Ca(OH), solution as the stabilization medium, stable nano CaCO3
particles can be produced with homogenous size distribution.

2. Materials and methods
2.1. Materials and methods

Calcium hydroxide was purchased from Merck with a purity of
96% of which 3% was CaCOs, and 1% was other impurities (mainly
0.05% of Na, K, Fe, Sr; 0.5% of Mg; 0.01% of SO4~, and 0.005% of
Cl7). CO, gas was purchased from Carbogas, Turkey with a purity of
99.99%. Ultrapure water was obtained with a MilliQ (Millipore- Elix
UV5/Milli-Q) water purification system with a purity of 18.2 n<Q2 at
25°C.

2.2. Nano CaCO3 synthesis

An experimental set up was designed to quickly remove newly
synthesized CaCOs3 particles from the crystallization region into the
Ca(OH); solution as shown in Fig. 1. The new set up consisted of a
Ca(OH), solution tank, a coil pipe with holes for CO, injection, a
mechanical stirrer, a pump for liquid circulation, and a data acqui-
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Fig. 1. Experimental set up.

sion system to monitor the pH and conductivity of the solution in
the tank. The coil was placed at the upper corner of the tank so that
a “crystallization region” and a “stabilization region” were created.
A Ca(OH), solution of 12 liters was prepared with a concentration
of 15mM and used in the CaCOs crystallization. The stirring rate
of the solution was 800 RPM. The CO, flow rate through the bub-
bling coils was 420 ml/min. When the CO, bubbles were formed
at the crystallization region in the solution, they were travelled to
the surface of the solution in the tank and escaped to the atmo-
sphere under the influence of buoyancy. The pump withdrawn the
Ca(OH); solution from the bottom of the tank and injected onto the
coil pipe through a nozzle to create a jet on the CO, bubbling coil.
Therefore, the newly produced tiny nano particles were removed
from the crystallization region into the stabilization region before
any aggregation or crystal growth. pH and conductivity values were
monitored through the crystallization. When pH reached to about
7.0, the crystallization was terminated.

2.3. Sample preparation and characterization

About 1 ml of sample was withdrawn from the solution into a UV
cuvette and size and size distribution were measured by dynamic
light scattering (DLS) method using particle size analyzer (Malvern
nano ZS model). A 1 ml of sample was also withdrawn from the
solution into a zeta cell and zeta potential values were measured
by the Malvern Zeta Sizer.

At certain time interval, precipitates were separated from
sampled solutions by centrifugation (Universal 320-Hettich Zen-
trifugen) at 9000 RPM for 20 min. The particles were washed with
acetone and dried at 103 °Cin an oven (Niive FN 500) overnight. The
morphologies of the CaCO3 crystals were analyzed using a scan-
ning electron microscope (SEM) fitted with a field emission source
(Philips XL 30 S FEG), operating at an accelerating voltage of 15kV.
The CaCOj3 crystals were mounted on copper sample stubs with
conducting carbon tape for SEM viewing.

The X-ray powder diffraction (XRD) measurements were car-
ried out using a modified computer-controlled Philips X'Pert Pro
X-ray diffractometer. The crystal structure was determined using
Cu Karadiation (45 kV and 40 mA) equipped with a diffracted beam
monochromator accelerating detector. The fine powder was packed
into a zero background sample holder. The packed powder was
introduced to detector as received. The diffraction pattern was
recorded for 26 from 10° to 80° and a 28 step scan of 0.033° was
used.
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Fig. 2. pH and conductivity values during crystallization of CaCO5 in a jet flow
system. Samples were taken at the specified time intervals.

3. Results and discussion

We have recently shown that the zeta potential of CaCO3 parti-
cles is more than +30 mV in Ca(OH), solution where they must be
stable so that nano CaCOj particles could be synthesized without
aggregation [32,33]. Much smaller but aggregated CaCO3 parti-
cles were produced when the CO, injection rates were higher. The
present experimental methodology was designed to stabilize the
newly generated nano CaCOs crystalline particles in Ca(OH), solu-
tion at high CO, flow rates. Our new design is based on formation
of a jet flow on the newly synthesized nano clusters to separate
them from the crystallization region into the stabilization region
as quickly as possible before they proceed into aggregation. As
shown in Fig. 1, the CO, gas was supplied through the orifices
on the coil pipe. As soon as the CO, bubbles were released into
the Ca(OH), solution, CaCOs3 clusters were synthesized either on
the CO, bubbles or at the vicinity of these gas bubbles where the
HCO3~ and COs3 ~ concentrations are the highest due to CO, disso-
lution. Because the newly synthesized nano clusters are in charged
form, they are vulnerable to aggregate to form polycrystalline nano
particles. The jet flow therefore removes these tiny nano particles
from the crystallization region and distributes them into the rest of
the Ca(OH), solution where they become stabilized.

Fig. 2 shows pH and conductivity values during the progress
in the CaCOs3 crystallization in jet flow stirred reactor. As shown
in figure, before the CO, injection, the conductivity and pH values
for pure water were constant at 0.90 pws/cm and 5.5, respectively.
When Ca(OH), were added into the pure water, pH was reached to
12.5 and conductivity was reached to 6.6 mS/cm and the solution
was fully stabilized in about 10 min. Further stirring was conducted
in order to fully dissolve the Ca(OH),, if any [34]. As shown in the
figure, the conductivity values decrease almost linearly as the CO,
injection was steady at 420 ml/min. A slight decrease in pH were
observed at the early stage of crystallization. The decrease in con-
ductivity was related to the consumption of Ca** ions in the solution
[32]. It took almost 11 min at which the conductivity value reached
to about zero. Decrease in conductivity to about 0 mS/cm value indi-
cated that almost all of Ca** ions were consumed in the solution.
At this stage, a steep decrease in pH was observed from about 11
to about 7 due to an increase in H* and HCO3~ ion concentrations
in the solution as a result of CO, dissolution. The pH values were
always greater than 11.0 during the early stages of the CaCOs crys-
tallization. At the late stage, the decrease in pH values resulted in
the dissolution of CaCOs5 particles in the solution, which yielded the
conductivity to increase back again in the solution. The crystalliza-
tion was terminated when pH reached to about 7.0. Samples were
taken at the specified time intervals as shown in the figure.
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Fig. 3. (a) Estimated Ca** ion concentrations during crystallization in a jet flow
system. (b) Calculated Ca** consumption rates during CaCOs crystallization.
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Fig. 4. Zeta potential and average particle size of the particles produced in jet flow
stirred reactor.

The [Ca**] ion concentrations can be estimated from the con-
ductivity values. We have shown that the measured conductivity
values are linearly related to the [Ca(OH);] concentration up to its
solubility limit of about 20 mM [32].

Conductivity = 0.4268 [Ca(OH),] (1)

where conductivity is in mS/cm and [Ca(OH),] is in mM, which
is also in very good agreement with Burns et al. [35]. Since 1 mol
of [Ca**] ion was produced from 1 mol of Ca(OH), dissolved, the
[Ca*™] ion concentration could be estimated form the linearity of
[Ca(OH), ] concentrations up to its solubility limit.

The [Ca*™] ion concentrations estimated from Eq. (1) were
shown in Fig. 3a. Theoretically, 15mM [Ca**] ion concentration
would be obtained when a stoichiometric 15 mM of Ca(OH), was
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Fig. 5. SEM images of CaCOj3 particles synthesized in the jet flow system showing the progress in crystallization producing hollow nano CaCOs particles with homogenous

size distribution.

dissolved in ultrapure water. As shown in the figure, the [Ca**]
ion concentration was estimated to be about 15mM and started
to decrease as soon as the CO, bubbles were injected through the
coil into the solution. Because the CO, bubbles were too many and
its injection rate was faster, it took almost 11 min to consume all
Ca*™ ions in the solution. Fig. 3b shows the Ca** ion consumption
rates calculated from the slope of the Ca** ion consumption curve.
As can be seen in the figure, the Ca** ion consumption rate was
estimated to be about 24 + 4 wM/s during crystallization as a result
of CO, injection. The Ca** ion consumption rate can be related
to the Ca(OH), consumption rate, CaCO3 crystallization rate, and
CO, consumption rate according to the overall reaction for CaCO3
crystallization.

Ca(OH), + CO, — CaCO3+H,0 (2)

The CO, consumptionrate was calculated to be about 0.29 4 0.05
mmole/s in 121 of Ca(OH), solution, which is in good agreement
with the literature [36-38]. The decrease in the Ca** concentration
indicate also that Ca*™ ions were consumed in nano crystal for-
mation and attached to the surfaces of the newly produced solid
nano particles, which help to stabilize them in the solution with
a dissolution-recrystallization mechanism [1,26,27,39]. Upon con-
sumption of all Ca** ions, the further injection of CO, caused the
dissolution of the newly synthesized CaCO3 particles, which started
toincrease the Ca** ion concentration in the solution so that the net
Ca** consumption rate became positive.

Fig. 4 shows the zeta potential and average particle size of the
particles produced during the progress of the crystallization. As
shown in the figure, before the crystallization, the average parti-
cle size was about 300 nm and the zeta potential was measured to
be +29.5mV. These particles were mostly the newly synthesized
charged nano CaCOs clusters distributed in the Ca(OH), solution.
As soon as CO, was injected into the solution, the average particle
size was measured to be about 220 nm and zeta potential values
were increased to +33 mV. The zeta potential is an important indi-
cator for the surface charge of the nano particles. Particles with zeta
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Fig. 6. XRD patterns for the CaCOs particles obtained in the jet flow system.

potential more positive than +30 mV or more negative than —30 mV
are considered to be stable [21]. The zeta potential for calcite was
reported to be about —10mV in the literature [40]. Therefore, the
newly produced CaCOs clusters are naturally unstable and undergo
an aggregation in a supersaturated solution. As shown in the figure,
the removal of nano particles from the crystallization region into
the stabilization solution prohibited their aggregation and growth
to larger particles. As the crystallization progressed, the average
particle size was measured to increase to about 250 nm and the
zeta potential values to about +29 mV indicating that newly pro-
duced stable particles appeared in the solution. At the late stages,
when Ca** ions were consumed and pH started to decrease, the
zeta potential value was measured to decrease to about +24 mV.
The low zeta potential value indicates that the surface coverage
of Ca** ions on the particles became weak so that they were vul-
nerable to aggregate. As evidenced from the figure, the measured
average particle size started to increase at these late stages. At the
end of crystallization, the measured average particle size was about
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Fig. 7. Possible mechanism for the formation of hollow nano-CaCOs; particles extracted from the SEM images. Arrows show the dissolution-recrystallization of CaCOs. (a)
Initial formation of aggregated polycrystalline CaCOs3 particles of sizes about 40 nm each, (b) rice-like nano particle grow through its edges, (c) dissolution of particles through
their edges appearing the empty space in the particles, (d) further dissolution of edges producing hollow nano CaCOj3 particles, (e) close-up of the edges producing hollow

nano CaCOs particles.
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Fig. 8. Nano-CaCOs particles produced in the jet flow reactor with monodisperse particle size distribution, (a-b) when crystallization was completed, and (c-d) hollow

particles produced before consumption of Ca** ions in the Ca(OH), solution.

400 nm and the zeta potential value was about +30 mV which was
enough to stabilize the newly synthesized nano particles.

Fig. 5 shows the SEM images of the particles obtained at each
step of crystallization in the jet flow stirred reactor. The conductiv-
ity, pH and zeta potential values were also shown in the images.
As shown in figure, before the CO, injection, at step (a), there
was a flaky-like polycrystalline particles aggregated to form large
clumps in the solution. These particles were aggregated on the
CaCO3 residues remained in the Ca(OH), solution as the impu-
rity. As soon as the CO, bubbles were injected in the solution,
rice-like CaCO3 particles formed with an average particle size of
about 220 nm [33]. Not much aggregation was seen due to the
stability effect of Ca(OH), solution [32], where the zeta poten-
tial values were higher than +30mV [21]. As the crystallization
progress, the particles was shown to grow slightly as their num-
ber were increased due to newly formed nano CaCOs particles. As
shown in the images, some of the particles were eroded due to

dissolution in the solution. The dissolution rate was significant at
step (c¢) and progressively increased through step (e). The dissolu-
tion of these particles discovered the fact that these particles were
indeed in hollow shape with an empty space inside the particles.
The growth rate and the dissolution rate were both higher at the
edges of the rice-like particles because we think that the edges are
the most energetic parts [41]. Interestingly, the hollow openings to
the edges closed at the end of crystallization at step (f) as a result
of the dissolution and recrystallization of CaCOs3 particles in the
solution [1,26,27,39]. The images at these steps indicate that the
average particle size was about 140 nm, and no aggregations was
discerned due to their higher zeta potential values.

The new design jet flow stirred reactor produced nano parti-
cles with a very narrow size distribution. The produced particles
were all calcite as evidenced from the XRD patterns as shown in
Fig. 6. The 26 value at 29.468°, and the sharp peaks at the d-spacing
3.02864, 1.9166 and 1.8796 represent the well characterized (104)
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calcite form of CaCOs. In the present method, there was no any
different peak detected for the nano CaCOs3 particles other than
calcite. Therefore, we have proven that when the particles were
removed from the crystallization region as quickly as possible into
the stabilization region, nano calcite particles with a narrow size
distribution could be produced.

Fig. 7 shows SEM images of particles with a possible mecha-
nism for the formation of hollow nano CaCOs particles. As shown
in Fig. 7a, the newly produced CaCOs3 particles would be CaCOs3
polycrystalline particles [5,8,42] of about 40 nm in size as calcu-
lated from the (104) peak of the XRD pattern of the CaCO3 particles
using the Sheerer Equation [43]. These nano crystallite particles will
aggregate with the available Ca**, CO3~, and other charged complex
ions such as CaHCO3* and Ca(OH)* to form snowflake-like CaCO3
aggregates. The crystallites on these newly developed nano par-
ticles are not stable and vulnerable to dissolve. Fig. 7b shows the
rice-like nano CaCOs particle grow through its edges which are the
most energetic parts of the newly growing particle. pH is relatively
lower around the CO, bubbles where the concentrations of ionic
species are higher. As the concentration of ionic species increases in
the solution as a result of CO, dissolution, the ions on the surfaces of
the particles and in the solution undergoes an imbalance. Therefore,
as shown in Fig. 7c, these particles disintegrate and dissolve in the
solution starting from the edges. Decrease in pH further facilitates
the dissolution of the particles, and as shown in Fig. 7d, hollow nano
CaCOs particles form. Increase in Ca** concentration as a result of
the dissolution in the solution initiate the recrystallization of the
particles. As shown in Fig. 7e, at the end of the crystallization, the
edges of the hollow CaCOj3 particles recrystallize almost closing the
pores leaving an empty space inside.

Fig. 8 shows the SEM images of the nano-CaCOs3 particles with a
monodisperse particle size distribution without aggregation. When
the crystallization was terminated at step (e) in Fig. 2 before
fully consuming Ca** ions, hollow nano CaCOs3 particles could be
produced. When the CO, injection was continued, almost filled
nano-CaCOs3 particles were produced. These hollow nano parti-
cles have numerous advantages. For instance, the bulk density of
the hollow particles was measured about 0.95 g/cm? by packing
them in a measure, where the density of the nano particles with
closed pores was about 1.7 g/cm?. Comparing to the crystal den-
sity of calcite at about 2.74 g/cm3, the weight of the powder could
be relatively reduced. The BET surface area of the open-pore and
close-pore calcite was measured to be about 15m?2/g and 12 m?/g,
respectively. Due to weight reduction and high surface area, hollow
nano CaCOs particles could be used in composite materials, plastics,
cement, paint, paper manufacturing, etc. [44-49]. In a recent study
by our group, the hollow nano CaCOs3 particles were employed in
vacuum insulating panels (VIPs) as core material, which is impor-
tantin energy saving applications. The hollow nano CaCO3 particles
can also be used as sound and heat insulating materials in paints
and coating. Drugs can be trapped within these hollow nano CaCO3
particles and used in drug delivery purposes [2,50-53].

4. Conclusions

The results of the present work clearly demonstrate that the
aggregation of primary nano crystalline particles need to be pro-
hibited in the very early stage of CaCO3 synthesis, otherwise, highly
aggregated polycrystalline particles will grow in a heterogeneous
particle size distribution. The zeta potential values of the newly pro-
duced CaCOs particles were about +30 mV in Ca(OH); solution and
therefore, CaCO3 particles are stable in Ca(OH);, solution. Hollow
nano CaCOj3 particles were produced in homogenous size distribu-
tion without aggregation in the Ca(OH), solution when the newly
produced nano CaCOs3 particles were removed from the crystalliza-

tionregion into the stabilization region as quickly as possible in a jet
flow stirred reactor. Dissolution was faster at the edges of the rice-
like particles. At the late stages, when Ca** ions were consumed and
pH decreased, recrystallization resulted in close-up of the edges of
the particles leading to the formation of nano CaCOj3 particles with
almost closed pores at homogenous size distribution. XRD patterns
of the particles indicated that the particles were all the calcite form
of CaCOj3. The hollow particles will be employed in sound and ther-
mal barrier in vacuum insulating panels (VIPs) which were thought
to be excellent candidate for energy saving materials.
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