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a b s t r a c t

Synthesis of nano-CaCO3 (nano-calcite) was carried out using sonochemical carbonization. CO2 gas was
used for carbonization of Ca(OH)2. The effect of sonicator probe size (10, 14, and 20 mm diameter) on syn-
thesis process was studied for constant ultrasonic power. Further, CO2 gas was passed through sonicator
probe drilled with hole along the length to investigate the effect on synthesis mechanism. The synthesis
processes with and without ultrasound were compared. Similar comparison was done for synthesis, where
ultrasonic probe used was with and without holes. The results showed that the application of ultrasound

2+

ltrasound
arbonization
RD

into the synthesis causes a super-saturation of Ca ions in the synthesis leading to a rapid nucleation
of CaCO3 and improves the solute transfer rate. XRD gram shows that the nano-CaCO3 obtained under
sonication process gives the particle size of 35–50 nm, while without ultrasound it is 104 nm. Higher the
probe size, there is a decrease in the particle size. The innovative arrangement of passing the gas through
the probe instead of the separate sparger tube gives a reduction in the particle size. The preferred orien-
tation of XRD peak for nano-CaCO3 is observed to change from (1 0 1 0) plane to (1 1 9) plane in case of 20
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. Introduction

Inorganic nano-particle synthesis is a growing area of research.
he change in the properties of materials with nanometric scale
s compared with their bulk counterpart makes them increas-
ngly suitable for variety of applications. Some of the properties
f nanomaterials like large surface area, different crystal geome-
ries, hydrophobicity make them more suitable for applications
uch as surface coatings, photocatalytic degradation, and catalytic
ctivity and as flame retardant filler. Nano-inorganic particles such
s CaCO3, ZnO, TiO2, and Mg(OH)2 are being investigated for
hese applications since decades [1–5]. There are various meth-
ds available for nano-CaCO3 synthesis such as batch carbonization
6], ultrasound-assisted synthesis [7], in situ deposition technique

8], micro-emulsion [9], etc. The method of synthesis affects the
hase formation of nano-CaCO3 crystals. Ultrasound synthesis has
dvantages over other methods in terms of narrow size particle
ize distribution. Nano-CaCO3 has large commercial importance

∗ Corresponding author Tel.: +91 20 24283001; fax: +91 20 24280926.
E-mail address: shirishsonawane@rediffmail.com (S.H. Sonawane).
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n terms of fillers in polymers and coatings, paper industry, etc.
ano-CaCO3 may effectively improve the mechanical properties
f the rubber because of the dramatic increase in the interfacial
rea between the nanoparticles and rubber [10–11]. It is used as
oating layer on a base sheet of paper and can improve gloss, hid-
ng power, etc [12]. Commercially synthesized nano-calcite uses
onversion of calcite ore at higher temperature into CaO and then
urther hydrolyzed into Ca(OH)2, and bubbling the CO2 gas under
ontrolled conditions. Control of nucleation and growth rate of
rystal are key factors, which decide the narrow size distribution
f the particles. Nucleation rate can be controlled using addition
f surfactant or using ultrasonication. Number of authors studied
ucleation and growth kinetics of nano-calcite during synthesis
13–17]. Reports show that Pandit and coworkers [18,19] have uti-
ized the ultrasound power to incorporate the air into the reaction

ass by breaking the interface of liquid and air for generation rad-
cals. Lyczko et al. [20] studied the effect of ultrasound on primary

ucleation of potassium sulphate by measuring the induction time
nd metastable zone width of unseeded solutions. They found that
ltrasound allows induction time and metastable zone width to be
ignificantly reduced in sonocrystallization process of potassium
ulphate. Castro et al. [21] reported the positive effect of ultrasound

http://www.sciencedirect.com/science/journal/13858947
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ig. 1. Experimental set up for sonochemical carbonization experiments: 1, ultra-
ound probe; 2, CO2 gas sparger; 3, conductivity meter; 4, pH meter; 5, CO2 gas
ylinder; 6, CO2 gas flow meter; 7, air flow meter; 8, air compressor; 9, magnetic
tirrer; 10, Ca(OH)2 slurry.

n crystallization process is shown by dramatic reduction in the
nduction period, super-saturation and metastable zone. The results
btained showed that crystal size could be tailored by appropriate
onication conditions. Han et al. [22] studied the effect of flow rate
nd CO2 content on the phase and morphology of CaCO3 prepared
y bubbling method. They found that more vaterlite is formed at a
igh flow rate or high CO2 content, which attributes to the slow-

ng down of the transformation of vaterlite to calcite. Vironea et al.
23] made first attempt to correlate the collapse pressure of the cav-
tating bubbles with the nucleation rate calculated from measured
nduction times for ammonium sulphate.

To achieve the effective utilization of CO2 gas, which decides the
fficiency of the process, we are proposing a new method of pass-
ng the reacting gas through the probe. Due to ultrasonic irradiation
ossible activation of the reaction could be attributed for genera-
ion of ions. In all these conditions, usually sparger is introduced
nto the system and CO2 is sparged using a continuous supply for
arge-scale applications. The presence of sparger in a system can
esult in the decrease in the ultrasonic power transferred to the
eactant due to scattering of sound waves. To avoid this, we sug-
est an innovative method for effective micro-mixing of CO2 gas
nd utilization of ultrasonic power, during synthesis of nano-calcite
rystals using sonochemical carbonization. We recommend small
odification of ultrasonic probe as gas injector replacing sparger

o avoid unnecessary power dissipation.
This manuscript investigates the effect of different ultrasound

robes on carbonization reaction for nano-CaCO3 synthesis. Effect
f CO2 gas passing through the probe was also investigated. This
odification leads to different induction time due to which nucle-

tion rate reduces, which can be confirmed from the crystallite size
etermined from XRD. The change in the preferred orientation of
rystallites was observed in XRD; conclusion was drawn based on
he observed results.

. Experiment

.1. Experimental set up

As shown in Fig. 1, batch-type sonochemical carbonization was
arried out in 1 l reactor which consists of sonicator probe (Dakshin
ake, 240 W, 22 kHz) along with gas distribution plate, magnetic
tirrer, CO2 gas supply, N2 and air supply. Small bubbles of 1 mm
iameter were produced through the distributor plate. In other
rrangement CO2 gas was passed through the probe so as to get
maller size of gas bubbles which can easily take part in reaction
nd can help to increase the rate of reaction.
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The ultrasound probe of 10, 14, and 20 mm diameter was used
or ultrasound generation. Experiments were carried out with and
ithout ultrasound and the results were compared. The reaction
as monitored using conductivity and pH, whereas Ca(OH)2 con-

umption was measured using conventional acid base titration. The
ynthesis was also carried out using all probes with hole (4 mm)
rilled along length and diameter. The hole passage was used for
ffective micro-mixing of CO2 gas.

.2. Nano-CaCO3 synthesis

The Ca(OH)2 (analytical grade) was dissolved in HPLC grade
ater (millipore) to get the desired concentration. The suspension
as completely mixed using magnetic stirrer at constant speed for
0 min. For all the experiments the diluted slurry of 4% mass frac-
ion was prepared. Air and N2 gas was also used to maintain the
esired concentration of CO2 gas and to flush the air from the reac-
or. CO2 gas was passed into the carbonization unit consisting of
iluted slurry to initiate the carbonization reaction. CO2 gas flow
ate was maintained at 50 LPH for all the experiments which was
ptimized for our system.

The total acoustic power injected into the sample was calcu-
ated using calorimetric method. Calorimetric method is generally
sed to determine the energy efficiency of the equipment [23]. In
his methods, rise in temperature of fixed quantity of water in an
nsulated container over a given time was measured. Using this
nformation, the actual power dissipated into a liquid can be calcu-
ated from the following equation:

ower (W) = m Cp

(
dT

dt

)
(1)

here Cp is the heat capacity of the solvent (J kg−1 K−1), m the
ass of solvent (kg), dT the difference between the initial and final

emperature (K) after a specific reaction time and dt is the time
s). Using this equation it was found the energy dissipated for the
onication was calculated W/m3 for present system.

The conductivity, pH readings and burette readings were taken
fter fix time interval; each experiment was repeated twice in order
o minimize the error in the readings.

.3. Structural characterization

Structural properties of nano-CaCO3 synthesized by the sono-
hemical carbonization process were analyzed using powder XRD
rams of nano-CaCO3 were recorded by means of X-ray diffrac-
ometer (Philips PW 1800). The Cu K� radiation (LFF tube 35 kV,
0 mA) was selected for the analysis. Scanning electron microscopy
SEM) was done on Philips XL-30.

.4. Particle size distribution

Particle size analysis was performed with NICOMP 380 (USA)
ubmicron particle size analyzer. The measurement of particle size
istribution of the nano-crystals was done by dynamic light scat-
ering techniques (via a Laser input energy of 632 nm).

. Result and discussion

Careful investigation of conductivity, pH and consumption rate
f Ca(OH)2 depicts lot of changes in ions especially Ca2+ and OH−
uring the carbonization process. The reaction was stopped as soon
s pH of the solution reached to 7, as there is no presence of Ca(OH)2
esulting into the neutral solution. Fig. 2(a) describes the varia-
ion of conductivity with time for nano-calcite synthesized without
ltrasound and using ultrasound probe with and without hole.
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Fig. 2. Sample plots of changes in conductivity (a), pH value (b) and rate of Ca(OH)2
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onsumed (c) in the solution vs. time in the presence of 10 mm probe sonication
passing the CO2 through probe hole, without hole) and without ultrasound (using
parger).

ig. 2(b) describes the variation of pH with time for nano-calcite
ynthesized without ultrasound and using ultrasound probe with
nd without hole. Fig. 2(c) describes the rate of consumption of
a(OH)2 during carbonization process for nano-calcite synthesized

ithout ultrasound and using ultrasound probe with and with-

ut hole. Fig. 2(b) and (c) indicates that the pH is an independent
arameter, which is not influenced by transfer of ions and is only
ependent on the OH− ion concentration. In the initial stage of reac-

t
n
p

able 1
ffect of ultrasound and without ultrasound on crystallite size, induction time and utilize

robe diameter Description Total power dissipated
into the reactor (W/m3)

C

0 With hole 18.5 × 103

0 Without hole 12.5 × 103

4 With hole 11.6 × 103

4 Without hole 8.9 × 103

0 With hole 9.3 × 103

0 Without hole 5.0 × 103

o probe used Reaction without ultrasound – 1
ig. 3. Regions observed in the conductivity plots of 20 mm probe, passing the CO2

as through hole.

ion, pH of the reaction mass remains constant as there is no change
n concentration of Ca(OH)2 till the super-saturation occurs after

hich pH immediately decreases due to formation of nano-CaCO3.
Fig. 3 shows conductivity readings of 20 mm probe with passing

he CO2 gas through hole. From Fig. 3 it is clear that conductiv-
ty readings are divided in the three regions. The first region gives
nformation about the ‘induction time’, in which the nucleation of
a(OH)2 starts. It is also observed that in the first region ‘A’ there

s one downward peak of conductivity with respect of time. The
rst downward peak indicates that massive nuclei of calcite are

ust formed attaching on to the surface of Ca(OH)2 particles [24]. It
s well known that lesser is the induction time, lesser is the crystal
ize. For the 20 mm probe, induction time is found reduced from
0 to 20 min, when CO2 gas was passed through the probe. From
able 1, it is observed that the ultrasound has the significant effect
nto the induction time and hence onto the particle size, further it
s also possible to conclude that if the ultrasound probe is used with
ole, there is a significant reduction in the induction time and this
nalysis was supported by observation of particles size obtained
Table 1). Power dissipation was also calculated using calorimet-
ic method. Total power dissipated was found 18.5 × 103 W/m3 for
ith hole experiment and 12.5 × 103 W/m3 for without hole exper-

ment. From Fig. 4a and b, it was found that the power dissipation
lays important role in the reduction in the particle size. By increas-

ng the probe size, there is an increase in the power dissipation for
he liquid and hence inversely proportional to the particle size. It
as also found that the probe with hole gives more dissipation
f power into the reactor due to more surface area of the probe,
ence higher power dissipation and reduction in particle size can
e attributed for the probes with hole. It was also found that there is
n exponential relationship between the ultrasound power injected
The XRD patterns (Fig. 5) show that the calcite powder syn-
hesized by both with and without ultrasonication is crystalline in
ature. The powder XRD is found preferably oriented along ( 0 1 0)
lane for all samples, expect the case for ultrasonic probe (14 and

d energy during carbonization process

rystallite size in nm Particle size distribution
(nm)

Induction time (min)

35 11–16 20
51 24–29 30
38 26–37 32
53 50–77 35
48 41–70 40
60 69–106 60
04 62–117 110
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ig. 4. (a) Effect of power dissipated onto the particle size of CaCO3 crystal for probe
ithout. (b) Effect of power dissipated onto the particle size of CaCO3 crystal for
robe with passing gas through hole.

0 mm diameter) with holes drilled along its diameter. The pre-
erred orientation for latter was found to along (1 1 9) plane for
oth samples. The grain size was calculated of all the samples using
ebye Scherrer’s formula:

d = k�/ˇ cos � (2)
here k is the 0.9, ˇ the FWHM and � is the glancing angle of X-rays
ith the sample holder.

Cu K� angel � = 1.5405 Å radiation was used to obtain XRD pat-
erns.

ig. 5. XRD gram of nano-CaCO3 crystals at different conditions (A) without ultra-
ound, (B) 10 mm probe without hole, (C) 10 mm probe with hole, (D) 14 mm probe
ithout hole, (E) 14 mm probe with hole, (F) 20 mm probe without hole, and (G)

0 mm probe with hole.
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The grain size of the calcite synthesized without ultrasonication
as found to be 110 nm, whereas it was observed that the use of
ltrasonication significantly reduces the grain size, consequently by

ncreasing the surface area of the calcite synthesized and making it
ore suitable for the surface coatings applications such as improve-
ent in the hiding power of coating along with TiO2. Further, the

ffect of size of sonicator probe was also studied on structural prop-
rties of the nano-calcite. It was observed that the crystallite size is
ependent on the diameter of the sonicator probe. The crystallite
ize was found to be decreased with an increase in diameter of son-
cator probe as shown in Table 1. This must be because of increase
n probe exposure area to the material when synthesis takes place.

In all experiments the CO2 flow rate was maintained constant
t 50 l/h. In order to study the effect of gas exposure area, the syn-
hesis was also done by immersing the gas through the sparger
s well as by drilling equidistant holes along the diameter of the
robe and passing the gas through the probe so that it immerge
ut through the holes in the form of very fine and ultrasonically
harged bubbles. This was done in order to increase the diffusion
f gas into solution by activating the gas into ultrasonically charged
ne bubbles. The effect on the structural properties was observed

or both calcite synthesized by ultrasonic probe without hole and
he probe with hole. The grain size was found to be dependent on
O2 exposure area. The grain size decreased for all experiments
here the gas was passed through the ultrasonic probe with holes

s indicated in Table 1. The table clearly indicates the fact that
ltrasonication increases the micro-mixing by further increasing
he super-saturation which can be understood from significant
ecrease in the size of crystallites for all samples synthesized by
ltrasonication when compared with the one without ultrasonica-
ion. It can be noted that further increase in probe diameter also
auses decrease in grain size which may be because of the larger
robe exposure area helps for improving micro-mixing. The grain
ize further found to be decreased with increasing the CO2 expo-
ure area (for 10, 14, and 20 mm probe with hole, the particle size
ound reduced from 48, 38, and 35 nm, respectively) It is evident
hat if CO2 gas is passed through the ultrasonic probe with holes,
he energized, fine gas bubbles formed in the reactant will give
arge surface area for the same volume of CO2 gas. The particle size
ecreases for the probe with hole can be attributed to the fact that
he consumption rate of the CO2 gas by unit mass of calcium hydrox-
de becomes higher than the gas absorption rate, in case where the
robe used is without hole and the gas is passed directly in reactant
olution using sparger tube. In this case the absorption of CO2 gas
ontrols the grain size of the product. It can be noted that similar
inds of results obtained by Mingzahao et al. [7] for different CO2
ow rates. Mingzahao et al. report that with increase in the CO2
ow rate grain size decreases significantly. However, it is impor-
ant to note that without changing the flow rate similar effects
ould be obtained only by increasing the gas exposure area with the
elp of the ultrasonic probe carrying CO2 gas through holes. This
learly indicates the fact that the rate of reaction increases with
ncrease in the gas exposure area. Further the preferred orientation
f CaCO3 powder was found to be changed from (1 0 1 0) plane to
1 1 9) plane for samples synthesized by ultrasonic probe (14 mm
nd 20 mm diameter) without holes when XRD patterns were com-
ared with those synthesized by same probes with holes drilled
long the diameter [25]. The above observation indicates that the
ncrease in gas exposure area due to ultrasonically charged bubbles
lays the important role in growth mechanism of CaCO3 powder.

his may be responsible for the change in preferred orientation of
he synthesized powder. Fig. 6 shows the SEM morphology of nano-
aCO3 particles prepared under the 20 mm probe and passing the
O2 gas through hole, the SEM image shows that the nano-CaCO3
articles are found to be perfect spherical in shape.
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Fig. 6. SEM image of nano-CaCO3 particles of 20 mm probe with hole.

The particle size distribution of the powders prepared by using
he 20 mm probe with hole and without hole is given in Fig. 7. It
s observed that the 20 mm probe with hole gives narrow size dis-
ribution in the range of 11–16 nm, with average particle size of
3 nm (Fig. 7A). While the powder obtained by using the 20 mm

robe without hole gives the particle size distribution in the range
f 24–30 nm with average particle size of 27 nm (Fig. 7B). It is also
bserved that the reaction carried out without ultrasound gives the
ide range of particle size distribution with 62–117 nm (Fig. 7C).

ig. 7. Particle size distribution of nano-CaCO3 particles for (A) 20 mm probe with
ole, (B) 20 mm probe without hole and (C) reaction without ultrasound.
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. Conclusion

Passing the gas through the probe hole gives significant
mprovement in the reduction of particle size. Micro-mixing of the
O2 gas through the probe leads to change in the preferred ori-
ntation of nano-calcite crystals. There is also significant effect of
ltrasound power dissipated in the reactor; the power dissipated
nd the particle size on exponential relationship. The conductiv-
ty variation with time shows that the induction time is reduced
nd has advantages for the specific industrial applications such as
iding power improvement in the surface coatings.
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