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A B S T R A C T

This study aimed to evaluate the combined effects of eggshell extract and ultrasonic irradiation on the poly-
morphic transformation of calcium carbonate (CaCO3). In this context, XRD, Raman spectroscopy, SEM, AFM,
TGA-FTIR, BET, and zeta potential analysis were used to identify and characterize the different polymorphs of
CaCO3 obtained in the absence and presence of eggshell extract in the media with and without ultrasonic ir-
radiation. The morphology and polymorphic nature of the CaCO3 crystals were observed to change, which
indicated that the eggshell extract and ultrasonication influenced the structure and crystallization of CaCO3. The
structural analysis results indicated that the addition of eggshell extract to the media resulted in the full
transformation of calcite to the vaterite polymorph. The results also showed that ultrasonic irradiation had a
more significant influence on the BET specific surface area of the crystals compared to the eggshell extract
media. Furthermore, a Box–Behnken design with response surface methodology was employed to determine the
optimal operating conditions for CaCO3 crystallization. The effects of stirring rate, extract concentration, and
ultrasonic power on the BET surface area were investigated. The results show that the data sufficiently fit the
second-order polynomial model. Understanding the eggshell extract-mediated polymorphic transformation with
ultrasonic irradiation obtained in this study makes it possible to control the polymorphic formation and modify
the product characteristics.

1. Introduction

Calcium carbonate (CaCO3), a very important mineral, has attracted
a significant interest in recent decades owing to its wide-ranging in-
dustrial applications and importance in biomineralization research. As
a typical biomineral, it is abundant in both organisms and nature [1–4].
It is well known that CaCO3 can be found in three anhydrous poly-
morphs: vaterite, aragonite, and calcite, with hexagonal, orthorhombic,
and rhombohedral structures, respectively, listed in order of increasing
thermodynamic stability [5,6]. Calcite is important in the cement and
metallurgy industries [7], while aragonite is typically used as a filler for
biomedical materials and in new composite materials [8]. Vaterite is
the least abundant polymorph in nature, but it is a strong candidate for
practical biomedical applications owing to its high specific surface area,
good water solubility and dispersion, and lower density compared to
the other two crystal polymorphs [9]. Parakhonskiy et al. [10] reported
the use of porous spherical vaterite particles for controlled release of
drugs whilst Schröder et al. [11] investigated the use of vaterite na-
noparticles for the treatment of bone defects and degenerative bone
diseases. Therefore, the production of vaterite with various structures,

morphologies, and surface properties by various methods is of great
importance.

It is well known that organic and ionic additives play crucial roles in
modifying and/or controlling the crystallization of the three poly-
morphs of CaCO3. Some examples of the additives studied to date in-
clude amino acids [12], polyelectrolytes [13–15], polypeptides [16],
polycarboxylic acids [17], copolymers [18], vitamins [19], and foreign
ions [20,21]. In this study, eggshell extract, which is important for
biomineralization and has studied extensively, was selected as an ad-
ditive. The polymorphs of CaCO3 can be modified by ultrasonic treat-
ment and suitable additives. The effects of ultrasonic irradiation on
CaCO3 polymorphism are not yet fully understood, but literature re-
ports indicate that ultrasonication enhances the spontaneous pre-
cipitation of CaCO3 [22,23]. Moreover, there are few reports in the
literature on the combined effects of additives and ultrasonic irradia-
tion on CaCO3 polymorphism.

Thus, the present study was conducted to investigate the poly-
morphic transformation of calcite to vaterite with and without ultra-
sonic irradiation in the presence and absence of eggshell extract. The
effects of the ultrasonication power on the particle size, shape, and
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surface area were also studied. The effects of eggshell extract on CaCO3

polymorphs were determined through structural and morphological
analysis, the results of which will contribute to the understanding of the
growth of the different CaCO3 polymorphs in the presence of eggshell
extract with ultrasonication. Furthermore, experimental design was
applied to determine what effects the process variables of stirring rate,
extract concentration, and ultrasonic power had on the CaCO3 crys-
tallization. The novel aspect of this work is the preliminary investiga-
tion of the variables that affect the polymorphic transformation of
CaCO3 and any possible interactions using a suitable experimental de-
sign in order to find the optimal conditions to produce the greatest BET
specific surface area. We believe that the detailed investigation of the
effects of interactions between the process variables on CaCO3 crys-
tallization will provide invaluable information for application in a di-
verse range of industries. Moreover, the characterization and process
optimization results reported in this work will provide useful guidance
for controlling the CaCO3 surface area in future studies.

2. Experimental method

Pure powdered calcium chloride dihydrate (CaCl2·2H2O, Merck),
sodium carbonate (Na2CO3, Merck), and distilled water were used in all
experiments.

The experiments were carried out in a 1.5-L stainless-steel crystal-
lizer with a thin wall, as illustrated in Fig. 1. To apply ultrasonic irra-
diation to the crystallizer, the crystallizer was placed into a specially
designed ultrasonic water bath. This specially designed water bath re-
duces the cavitation effect observed in immersed ultrasonic probes,
allowing the local ultrasonic effect to be homogeneously applied
throughout the crystallizer.

As shown in Fig. 1, the water bath contained four ultrasonic horns,
which were used as the ultrasonic source. The ultrasonic horns were
operated at a frequency of 20 kHz and the experiments were performed
at ultrasonic powers of 90 W and 180 W. The temperature was con-
trolled with a sensitivity of 30± 0.1 °C using a thermostat connected to
a cooling coil produced out of stainless-steel placed in the water bath.
The crystallization media was stirred at a constant rate of 300 rpm
using a propeller blade connected to a mechanical stirrer. CaCl2·2H2O
and Na2CO3 were used as the reactants to produce CaCO3.

At the beginning of the experiments, 500 mL of 0.2 M calcium
chloride solution was put into the crystallizer and left to reach thermal

equilibrium. Afterwards, 500 mL of 0.2 M sodium carbonate solution
was fed into the crystallizer at a rate of 4 mL/min using a peristaltic
pump. The pH of the solution was maintained at 8.5 by a pH control
unit with a peristaltic pump dispensing sodium hydroxide solution.

The eggshell extract was prepared by separating the eggshells from
the membrane and then boiling them in distilled water for half an hour
to remove any impurities. The eggshells were then dried, ground, and
sieved. The sieved eggshell was then characterized using XRD and SEM/
EDX analysis to identify the structures and surface morphology. The
XRD results showed that the main component of the eggshell sample
was CaCO3, as seen in Fig. 2(a). The SEM image in Fig. 2(b) shows that
the surface of the sample is generally composed of irregularly shaped
particles with nearly uniform size. According to the corresponding EDX
spectrum, (Fig. 2(c)) mainly C, O, Na, Mg, Ca, and Si were detected on
the surface of the eggshell sample.

The ground eggshells were dissolved in a 10% HCl solution. This
mixture was first passed through a Whatman Blue Ribbon filter paper
and then through a membrane filter with a nominal pore size of
0.45 µm. The obtained extract was then used in the polymorphism
experiments by being added to the calcium chloride solution at the
beginning of the crystallization at a ratio of 2.5 wt%. The pH of the
solution was set at 8.5 at the beginning of the experiments, and then
reactant feeding commenced.

This study also examined the polymorphic transformation of CaCO3

in the presence of ultrasonic irradiation. For this purpose, two different
ultrasonic powers of 90 W and 180 W were utilized. The experiments
were carried out firstly in pure medium, then in the presence of the
eggshell extract in the medium with and without ultrasonic irradiation.
During the experiments, the ultrasonic irradiation was applied con-
tinuously. At the end of the experiments, the samples were withdrawn
from the crystallizer, quickly filtered, and washed with distilled water,
then the solid phase was dried and analyzed.

The crystal structure was characterized by X-ray diffractometer
(Bruker D2 Phaser Table-top Diffractometer) with Cu Kα radiation
(λ = 1.542 Å) within a 2θ range of 10° to 80°. Further structural
analysis was performed using a Raman microscope (Renishaw InVia
Reflex). Fourier transform infrared spectroscopy (FTIR; Shimadzu IR
Affinity-1) was used to provide information on the polymorphic change
and to confirm the adsorption of the eggshell extract on the surface of
the CaCO3. The spectra were recorded in a scanning range of 400 to
4000 cm−1 at room temperature. The morphology of the CaCO3 was

Fig. 1. The experimental setup.
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investigated by scanning electron microscopy and energy-dispersive X-
ray spectroscopy (SEM/EDX; Zeiss EVO LS 10) as well as atomic force
microscopy (AFM). Thermal analysis of the CaCO3 was performed using
a Netzsch STA 409. A sample of 20 ± 0.5 mg was placed in a crucible
and heated over the temperature range of 25 to 1000 °C at a heating
rate of 20 °C/min. The Brunauer–Emmett–Teller (BET) specific surface
area of the crystals was also analyzed using a Quantachrome
Quadrosorb SI. In addition, TGA-FTIR analysis was performed to detect
the gaseous species that evolved during thermal decomposition. This
instrument comprised an FTIR spectrometer (PerkinElmer Spectrum
100) combined with a TGA system; and a heating rate of 20 °C/min was
applied. Particle size and zeta potential measurements for the as-pre-
pared crystals were obtained using a Malvern 2000 and a Malvern Zeta
Sizer Nano Series Nano-ZS, respectively.

3. Results and discussion

3.1. XRD analysis

Fig. 3 shows the XRD patterns of the CaCO3 crystals obtained in
pure media and media containing the eggshell extract with and without
ultrasonication. The XRD pattern for the sample obtained in pure, un-
sonicated media indicates that that calcite (JCPDS: 05-0586) was the
only crystalline phase produced.

The XRD pattern for the sample produced with 90 W ultrasonic ir-
radiation without eggshell extract revealed the presence of another
crystalline phase: vaterite (JCPDS: 33-0268). In other words, a mixture
of calcite and vaterite crystals was obtained. The calcite diffraction
peaks had a weak intensity while the corresponding main diffraction
peaks of vaterite were strong. Using Rietveld refinement quantitative
analysis, the calcite and vaterite phase composition was determined to
be 36.4% and 63.6%, respectively. The calcite diffraction peaks dis-
appeared upon the application of higher ultrasonic power; all of the
XRD peaks belonged to the vaterite form.

The XRD patterns of the products obtained in the presence of the
eggshell extract with and without ultrasonic irradiation showed that
only vaterite crystals were obtained. Thus, the eggshell extract had a
direct effect on the crystal structure and led to the formation of the
vaterite phase.

Fig. 2. (a) XRD, (b) SEM and (c) EDX results of eggshell sample.

Fig. 3. XRD results for CaCO3 crystals obtained in pure and eggshell extract-
containing media with and without ultrasonication.
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3.2. Raman analysis

Raman spectroscopy was applied within a range of 200 to
1400 cm−1 to analyze the crystal structure, and the resulting spectra
are presented in Fig. 4.

In accordance with the literature [24,25], the Raman spectrum of
the crystals obtained in pure media without ultrasonic irradiation ex-
hibited a very strong band centered at 1086 cm−1, which was assigned
to the internal symmetric stretching mode. The two bands at 282 cm−1

and 706 cm−1 were assigned to the lattice and in-plane bending modes,
respectively.

Ultrasonic irradiation revealed new peaks related to the vaterite
form in addition to the calcite peaks. It can be seen in Fig. 4 that there
was a mixture of the calcite and vaterite forms in the crystals obtained
without eggshell extract at a power of 90 W ultrasonic irradiation, in-
dicating the partial phase transformation of calcite to vaterite, which
was also detected by XRD analysis. When the ultrasonic irradiation
power was increased to 180 W, the peaks of calcite disappeared and no
calcite remained since it had been completely transformed into vaterite.
The Raman spectrum of the crystals obtained with 180 W showed two
distinct bands at 1076 cm−1 and 1091 cm−1, which were both assigned
to the internal symmetric stretching vibration of the carbonate ions.
The peak at 1091 cm−1 was stronger than that at 1076 cm−1. The two
peaks at 266 cm−1 and 301 cm−1 were attributed to vaterite. Fur-
thermore, the two peaks at 737 cm−1 and 751 cm−1 were assigned to
the in-plane bending mode of vaterite [26].

When the eggshell extract was added to the crystallization medium,
regardless of whether ultrasonic irradiation was applied or not, the
obtained crystals were in the vaterite form. This shows that the calcite
form was fully converted into the vaterite form, which was in line with
the XRD results.

3.3. FTIR analysis

In order to monitor the polymorphic transformation of CaCO3

crystallization in the presence of eggshell extract, the changes in the
crystal polymorphs were also confirmed by ATR-FTIR. Fig. 5 shows the
FTIR spectra of CaCO3 crystals obtained in pure and eggshell extract-
containing media with and without sonication.

The FTIR spectra clearly indicate that the calcite and vaterite forms
have different functional groups. The FTIR spectrum of the crystals
obtained in pure media without ultrasonic irradiation shows two peaks
at 872 cm−1 and 713 cm−1, corresponding to the out-of-plane bending
and in-plane bending modes of CO3

2−, respectively [27]. The crystals
obtained in pure media with 90 W ultrasonic irradiation contained
peaks for the vaterite form at 1085 cm−1 and 742 cm−1, while the
characteristic peaks of calcite started to disappear [28]. In other words,
the mixture of calcite and vaterite forms was observed only in the
sample obtained in pure media and treated with the ultrasonic power of
90 W. With the ultrasonic power of 180 W, the calcite peaks dis-
appeared and only vaterite peaks were detected. The same behavior
was also observed in the media containing eggshell extract; and only
vaterite form CaCO3 crystals were obtained in extract media with and
without ultrasonic irradiation.

3.4. Morphological analysis

Fig. 6 shows the SEM images of the CaCO3 crystals prepared in pure
media and media supplemented with eggshell extract with and without
ultrasonication.

The crystals obtained in the pure media without ultrasonic irra-
diation were in cubic shape, in line with the literature [29,30], and
were in calcite form grown over each other and had a tendency to
agglomerate. The mean particle size of the crystals was measured as
32 µm with a BET specific surface area of 0.70 m2/g. The SEM images of
the CaCO3 crystals obtained in pure media with 90 W ultrasonic

Fig. 4. Raman spectra of CaCO3 crystals obtained in pure and eggshell-con-
taining media with and without sonication.
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irradiation clearly showed sphere-like vaterite crystals in addition to
the cubic calcite crystals. Additionally, the mean particle size of the
crystals decreased to 6 µm as a result of the ultrasonication. The BET
specific surface area of the crystals that were formed in the ultra-
sonicated pure medium increased compared to the pure medium
without ultrasonication and was measured as 4.12 m2/g. The SEM
images of the CaCO3 crystals obtained in pure media with an ultra-
sonication intensity of 180 W showed that the crystal morphology had
completely changed: the cubic form completely disappeared and round
plate-structured vaterite crystals were obtained. The specific surface
area of the crystals increased to 9.84 m2/g with the increase of the
ultrasonication power.

Fig. 6d displays the SEM image of the CaCO3 crystals obtained in the
media containing eggshell extract without ultrasonic power. These
crystals had a spherical form with a regular structure and a uniform
appearance in the vaterite form. As reported in the literature [31,32], in
the absence of additives, calcite’s free energy of nucleation is typically
lower than that of vaterite. Continually increasing supersaturation will
first cause nucleation of calcite. The eggshell extract media can change
the nucleation activation energies of calcite and vaterite in the aqueous
system, changing the nucleation priority. The formation of vaterite can
be attributed to the interaction between the eggshell extract and the
calcium and carbonate ions lowering the concentrations of freely
available ions in bulk medium and decreasing the thermodynamic
driving force for nucleation. A lower nucleation rate delays the for-
mation of more stable calcite polymorphs, thus promoting the forma-
tion of the vaterite fraction.

The mean particle size measured as 8 µm for the crystals obtained in
the media containing eggshell extract without ultrasonic power. The
use of the extract led to a decrease in the mean particle size of the
CaCO3 and reduced the tendency for agglomeration observed in the
pure media. Additionally, the surfaces of the crystals were shiny and
regular and had low porosity. Although the BET surface area slightly
increased compared to the crystals obtained in pure media, the ob-
tained value of 1.25 m2/g is still relatively low. The SEM image of the
CaCO3 obtained with the eggshell extract and 90 W ultrasonic irra-
diation shows spherical vaterite crystals with a cauliflower-like mor-
phology, which emerged as a result of the growth of the crystals as
layers.

As the applied ultrasonic intensity was increased, the mean particle
size of the CaCO3 crystals decreased and the morphology changed en-
tirely. The regular, round-surfaced crystals were replaced by irregular,
rougher crystals with more porous surfaces. The specific surface areas
of the crystals in the presence of the eggshell extract were measured as
6.27 and 11.20 m2/g for 90 W and 180 W ultrasonic power, respec-
tively.

AFM analysis was performed to obtain the surface topography of the
CaCO3 obtained in pure and extract-containing media, and the results
are presented in Fig. 7.

The topography results for the crystals obtained in pure media
shown in Fig. 7a present various levels with a maximum difference of
31.17 nm in thickness. This difference increased with the addition of
the eggshell extract to the media. The topography of the CaCO3 crystals
obtained in the extract-containing media (Fig. 7b) shows a higher
thickness of 54.36 nm, indicating the increase of the surface roughness.
Consistent with the SEM images, the CaCO3 obtained in pure media was
flat, whilst the use of eggshell extract significantly changed the surface
morphology, resulting in an irregular surface topography.

3.5. TGA–FTIR analysis

Coupled TGA–FTIR analysis was performed to simultaneously de-
termine the thermal decomposition behavior of CaCO3 obtained in pure
and extract media and monitor volatile products evolved during the
decomposition process. Fig. 8 shows the thermogravimetric analysis
(TG), differential thermogravimetric analysis (DTG), and differential

Fig. 5. FTIR spectra of CaCO3 crystals obtained in pure and eggshell extract-
containing media with and without sonication.
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thermal analysis (DTA) plots for CaCO3 obtained in pure and extract-
containing media.

From the DTG and DTA curves for the pure and extract media, the
peaks at 836.8 °C and 892.5 °C, respectively, correspond to the main
weight loss, which was attributed to the transformation of CaCO3 into
CaO [33].

From the perspective of the thermal decomposition behavior of the
CaCO3 crystals obtained in extract media, which started at

approximately 760 °C and ended at 960 °C, the maximum weight loss
was observed at 892 °C. Similar to the crystals obtained in pure media,
the single peaks in the DTG and DTA plots show that the CaCO3 de-
composition occurred in one step. The total weight loss was 44.3 wt% of
the initial weight. The addition of the eggshell extract to the crystal-
lization media increased the weight loss rate and shifted the decom-
position temperature to a slightly higher value owing to the adsorption
of the extract on the CaCO3 surface.

Fig. 6. SEM images of CaCO3 crystals obtained in pure media and media supplemented with eggshell extract with and without ultrasonication.
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To further characterize the adsorption of the extract media on the
CaCO3 crystals, zeta potential measurements were performed. Zeta
potential analysis relates to the surface charge of the particles. The
CaCO3 crystals obtained in pure media without ultrasonic irradiation
had a zeta potential value of −8.5 mV. The application of ultrasonic
irradiation at 90 W and 180 W resulted in positive zeta potential values
of 6.6 mV and 9.5 mV, respectively. The addition of eggshell extract to
the crystallization media changed the electrical surface charge of the
crystals, and their zeta potentials were more negative compared to the
crystals obtained in pure media. The crystals obtained in the presence
of eggshell extract with no ultrasonication had a zeta potential zeta
potential value of −18.4 mV. On the other hand, the zeta potential
values were −6.3 mV and −4.4 mV for the CaCO3 crystals obtained
with the eggshell extract in the media treated with 90 W and 180 W
ultrasonic irradiation. This difference in the zeta potential was attrib-
uted to the adsorption of the extract on the CaCO3 surface. In addition
to TGA analysis, FTIR analysis was performed simultaneously to gain
information about the dynamic evolution of volatiles from the CaCO3

decomposition process. Fig. 9 shows the 3-dimensional (3D) FTIR
spectra indicating the individual functional group changes over time for
the pure media and eggshell extract-containing media.

As can be seen in both FTIR spectra, the most intense signals for the
gaseous products were detected in the 760–960 °C temperature range.
The peaks between 2250 and 2500 cm−1 and between 580 and
730 cm−1 correspond to the stretching and bending vibrations of

carbon dioxide, which means that CO2 was the main gas evolved during
decomposition and a similar evolution profile was detected in the
media with the eggshell extract, but with a distinct increase in the peak
intensity. The evolution of carbon dioxide was consistent with the
previous thermal decomposition studies performed with CaCO3.

3.6. Experimental design results

The response surface methodology (RSM) was used to correlate the
relationship among the effects of process variables that influence the
BET specific surface area of CaCO3 based on a three-level three-factor
Box–Behnken design (BBD). Experimental data were analyzed using the
Design Expert 10 statistical software. The individual and combined
effects of the process variables (stirring rate, extract concentration, and
ultrasonic power) on the BET specific surface area of CaCO3 were
analyzed. The range and levels of the variables used in the experimental
design are shown in Table 1.

The Box–Behnken matrix, experimental results of the combination
of all the factors, and their corresponding responses for each run are
given in Table 2.

Based on these results, the model equation as a function of the
process variables obtained for the specific surface area (SSA) of CaCO3

crystals can be written as follows:

Fig. 7. AFM results for CaCO3 crystals obtained in pure (a) and extract-containing media (b).
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= + + + + + +

− − +

Y

A B C AB AC B
C A B C
6.27 0.45 0.78 4.77 0.18 0.27 0.042

0.47 0.98 0.65

SSA

2 2 2 (1)

where A is the stirring rate, B is the extract concentration, and C is the
ultrasonic power. The highest specific surface area was obtained at
400 rpm, 2.5 wt%, and 180 W. The fit and significance of the model and
its coefficient were tested statistically by analysis of variance (ANOVA)
[34], the results of which are given in Table 3.

The p-value was determined to evaluate the statistical significance
of the model. The ANOVA results show a large F value of 228.95 and a
small p-value < 0.05, which verify that the model fit is statistically
significant. The precision of the model was checked by the use of the

correlation coefficient (R2), which was 0.9976, indicating a good cor-
relation between the measured and predicted responses. The ‘Pred R2’
value was in reasonable agreement with the “Adj R2” value. Adeq
Precision was used to measure the signal to noise ratio, with a
value> 4 being desirable. In the present study, the signal to noise ratio
was found to be>4; therefore, the quadratic model could be used to
navigate the design space. The independent process variables, stirring
rate (A), extract concentration (B), ultrasonic power (C), and the
second-order effect of stirring rate (A2), extract concentration (B2), and
ultrasonic power (C2) on specific surface area were found to be sig-
nificant (p < 0.05), whereas the other terms were insignificant
(p > 0.1), as shown in Table 3.

Fig. 8. TG, DTG and DTA results for CaCO3 crystals obtained in pure (a) and extract-containing media (b).
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The relationship between the specific surface area and the combined
effect of two variables, namely stirring rate and extract concentration,
stirring rate and ultrasonic power, and extract concentration and ul-
trasonic power at a constant level of the third variable are shown in
Fig. 10.

Each plot in Fig. 10 shows the combined effect of two variables on
the specific surface area with the third variable fixed. The tendency of
each variable studied can be examined by evaluating the response of
the surface. Fig. 10 clearly shows that the specific surface of the CaCO3

increased with increasing stirring rate, extract concentration and ul-
trasonic power. The contour plots are in accordance with the 3D-surface
plots. Both the surface and contour plots in Fig. 10 show that a higher
surface area was obtained at a higher ultrasonic power. In comparison
with the stirring rate and extract concentration, ultrasonic power was
the most significant variable affecting specific surface area.

4. Conclusions

The present study described the polymorphic transformation of
CaCO3 in the presence of eggshell extract and ultrasonic irradiation.
Firstly, the physicochemical properties of the ground eggshell were
determined using XRD and SEM/EDX analysis. Then, the polymorphic
transformation of calcite into vaterite was monitored using XRD,
Raman, FTIR, SEM, and BET techniques. The results showed that the
polymorphic outcome was strongly dependent on both the presence or
absence of the eggshell extract and the intensity of the ultrasonic ir-
radiation. The sample obtained without the eggshell extract with 90 W
ultrasonic irradiation contained a mixture of calcite and vaterite. An
increase in the intensity of ultrasonic irradiation resulted in a sample
primarily consisted of the vaterite form with a hexagonal structure. The
introduction of the eggshell extract to the crystallization media helped
to produce spherical particles with a lower degree of agglomeration and
enabled 100% conversion from calcite to vaterite without ultrasonic
irradiation. The application of ultrasonic irradiation affected the mor-
phology and size of the CaCO3. The AFM results showed that the CaCO3

crystals produced in the pure media were flat, whilst the crystals
formed in the presence of the eggshell extract had an irregular surface
topography. Increasing the ultrasonic irradiation intensity and the ex-
tract concentration led to an increase in the BET specific surface area.
The CaCO3 obtained in eggshell extract media at 180 W ultrasonic ir-
radiation exhibited a BET surface area of 11.20 m2/g. TGA-FTIR ana-
lysis identified carbon dioxide as the main gaseous product during
CaCO3 decomposition. Furthermore, Box–Behnken design with

Fig. 9. TGA/FTIR results for CaCO3 crystals obtained in pure media (a) and
media containing eggshell extract (b).

Table 1
Range and levels of the process variables.

Parameters Factors Levels
−1 0 1

Stirring rate (rpm) A 200 300 400
Extract concentration (wt%) B 0 2.5 5
Ultrasonic power (W) C 0 90 180

Table 2
Box–Behnken matrix and experimental results.

Run Actual level of factors Coded level of factors Response
Stirring rate (rpm) Extract concentration Ultrasonic power (W) A B C Specific surface area

1 300 0 0 0 −1 −1 0.70
2 300 5 0 0 +1 −1 1.96
3 300 0 180 0 −1 +1 9.84
4 300 5 180 0 +1 +1 11.24
5 200 0 90 −1 −1 0 3.80
6 200 5 90 −1 +1 0 5.23
7 400 0 90 +1 −1 0 4.04
8 400 5 90 +1 +1 0 6.20
9 200 2.5 0 −1 0 −1 1.20
10 200 2.5 180 −1 0 +1 10.50
11 400 2.5 0 +1 0 −1 1.86
12 400 2.5 180 +1 0 +1 12.25
13 300 2.5 90 0 0 0 6.27
14 300 2.5 90 0 0 0 6.27
15 300 2.5 90 0 0 0 6.27

Table 3
ANOVA results of the quadratic model for specific surface area.

Source Sum of
squares

df Mean
square

F-Value p-value
Prob > F

Model 195.12 9 21.68 228.95 < 0.0001
A-Stirring rate 1.64 1 1.64 17.30 0.0088
B-Extract

concentration
4.93 1 4.93 52.06 0.0008

C-Ultrasonic power 181.83 1 181.23 1920.3 < 0.0001
AB 0.13 1 0.13 1.41 0.2888
AC 0.30 1 0.30 3.14 0.1368
BC 0.0072 1 0.0072 0.076 0.7934
A2 0.82 1 0.82 8.66 0.0322
B2 3.56 1 3.56 37.55 0.0017
C2 1.58 1 1.58 16.67 0.0095
Residual 0.47 5 0.47
Lack of Fit 0.47 3 0.47
R2 0.9976

Adj R-Squared = 0.9932, Pred R-Squared = 0.9613, Adequate
Precision = 45.821, Standard Deviation = 0.31.
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Fig. 10. 3D-surface and contour plots showing the effect of (a) stirring rate and extract concentration; (b) stirring rate and ultrasonic power; and (c) extract
concentration and ultrasonic power on the specific surface area of CaCO3 crystals.
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response surface methodology was used to elucidate the influence of
independent variables on the specific surface area of CaCO3. The model
equation was established to reveal the relationship between specific
surface area and three variables: stirring rate, extract concentration,
and ultrasonic power. The model fit well to the experimental data, with
an R2 of 0.9976. Among the three investigated variables, ultrasonic
irradiation was the most efficient for creating a higher specific surface
area. Consequently, it was determined that the combined effects of the
extract and ultrasonic irradiation helped to produce better vaterite
crystals with higher specific surface area, smaller particle size, and a
uniform particle size distribution.
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