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Featured Application: Spherical nano calcium carbonate will be used as a precursor to produce
calcium oxide.

Abstract: Cockle shells are a natural reservoir of calcium carbonate (CaCOs3), which is widely
used in bone repair, tissue scaffolds, and the development of advanced drug delivery systems.
Although many studies report on the preparation of CaCOj3, the development of a nanosized spherical
CaCOj; precursor for calcium oxide (CaO) that is suitable to be incorporated in dental material was
scarce. Therefore, this study aimed to synthesize a nanosized spherical CaCOj3; precursor for CaO
derived from cockle shells using a sol-gel method. Cockle shells were crushed to powder form
and mixed with hydrochloric acid, forming calcium chloride (CaCl,). Potassium carbonate (K,CO3)
was then fed to the diluted CaCl, to obtain CaCOj3. The effect of experimental parameters on the
morphology of CaCOj3, such as volume of water, type of solvents, feeding rate of K;COj3, and drying
method, were investigated using field-emission scanning electron microscopy, energy-dispersive
X-ray spectroscopy, X-ray diffractometry (XRD), Brunauer—-Emmett-Teller surface area analysis,
and thermogravimetric analysis. Optimized CaCO3 was then calcined to form CaO. XRD analysis of
CaCOj nanoparticles was indicative of the formation of a calcite phase. The well-structured spherical
shape of CaCO3 was obtained by the optimum condition of the addition of 50 mL of water into CaCl,
in ethanolic solution with a 1 h feeding rate of K,COj3. Less agglomeration of CaCO3 was obtained
using a freeze-drying technique with the surface area of 26 m?/g and average particle size of 39 nm.
Spherical shaped nanosized CaO (22-70 nm) was also synthesized. The reproducibility, low cost,
and simplicity of the method suggest its potential applications in the large-scale synthesis of the
nanoparticles, with spherical morphology in an industrial setting.

Keywords: calcium carbonate; calcium oxide; cockle shell; sol-gel method; morphological
images; nanoparticles

1. Introduction

Calcium carbonate is an inorganic calcium salt which can be derived from shelled mollusks,
limestone, coccolithophores, plant ashes, chalk, and marble [1,2]. It is considered to be a primary
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source of CaO, which has been identified as a biological constituent of human bone. CaCOj is found
abundantly in three natural polymorphs: calcite, vatrite, and aragonite. CaCO3; nanoparticles with
desired sizes, shapes, and morphologies has been extensively researched for their vast application in
industrial, electronic, and agricultural fields [3].

Cockles are native to the coast of South East Asia (Thailand, Malaysia, and Indonesia) and are
readily available as waste. Cockle shells are a natural reservoir of CaCOj3, which is important for
biomedical purposes [4]. In recent years, many reports have been documented on the application of
CaCOj3 nanoparticles derived from cockle shells waste product, such as in drug delivery [5], polymer
industries [6], biomedical scaffolds [7], and in nanomedicine [8]. The exploitation of solid waste such
as the cockle shell makes the process more ecological, green, and cost-effective.

Nanoparticles are important for producing materials with good properties [9]. The small particle
size provides a larger surface area for the particles to be uniformly dispersed, and therefore may
enhance the mechanical properties of the material [10], hence making the material more resistant to
degradation [11]. The physical and mechanical properties of these nanomaterials are dependent on
their morphology [12]. Therefore, various methodologies have been devised to synthesize appropriate
morphologies of these CaCO3; nanoparticles. Spherical nanoparticles behave quite differently from
layered silicates and fibers [13]. Their large surface area results in strong interfacial interactions
between the filler and the polymer matrices in dental composite material [14], and provides them
with their superior diffusion properties in various solvents [15]. Spherical nanoscale CaCOj3 fillers
are most used in the preparation of nanocomposites and cementing materials for various uses [16].
The spherical particle structure is also important in producing a material with a higher glossiness and
enamel-like reflection/refraction [17].

In dentistry, zirconia-based ceramics have been used as dental implants [18], and in crowns and
bridges [19]. Pure zirconia has the disadvantage of cracking upon cooling, which can be avoided
by adding a small percentage of oxide stabilizers like yttria (Y,O3), ceria (CeO;), magnesia (MgO),
and calcia (CaO) [20-23]. Yttrium-stabilized zirconia is tough, with a fracture toughness of 5 to 10 MPa
m'2 and a flexural strength of 900-1400 MPa [24,25], and it suffers from low-temperature aging
degradation (LTAD) [26]. Although ceria-stabilized zirconia-alumia (Ce-TZP/A) can overcome the
problem of LTAD, it is also among the toughest dental ceramic materials available, with a fracture
toughness of 19 MPa m'2 and a flexural strength of 1400 MPa [24]. Both previously mentioned zirconia
have the disadvantage of inferior machining associated with wear of the tool, due to their superior
hardness. Therefore, other partially and fully stabilized zirconia, for example calcium oxide (CaO),
may be used as replacement materials for dental application. A study has been conducted to produce
calcia-doped zirconia for hip and knee replacement with modest fracture toughness (6 MPa m'/?) [27].
Therefore, calcia-stabilized zirconia is a possible material to give optimum strength, and at the same
time it does not wear the milling machine. A study was also carried out to stabilize zirconia using
CaO [28]. However, the particle size of stabilizers was not clearly specified. Furthermore, the shape of
the CaO stabilizers produced was not spherical.

Currently, various template-aided methods such as Langmuir monolayers, functionalized polymer
surfaces, and self-assembled monolayers are being used for the morphologically controlled synthesis
of CaCOs3 nanoparticles [29]. However, these methods require expensive chemical decontamination,
meticulous processing, sophisticated instrumentation, and a tedious and lengthy preparatory procedure,
and therefore may not be suitable for large-scale synthesis.

The sol-gel synthetic method is among the most versatile technique, with advantages including
the improvement of bonding with the chemical reaction taking place at low temperature, as well
as simplicity and cost effectiveness [30]. Previous studies showed that factors such as temperature,
solution pH, concentrations of reactants and surfactants, aging time, and nature of additives may
influence the morphology, phases, and particle size of CaCOj crystals [31,32].

Even though many studies have been carried out to prepare CaCOj for various applications,
to the best of the authors” knowledge, the development of spherical nano-CaO from a CaCO3 precursor
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derived from cockle shells using the sol-gel method has been scarcely reported. Furthermore, the shape
and size of CaCO3 and CaO derived from cockle shell developed in previous studies were neither
nanosized nor spherical [33-35]. The purpose of this study was to synthesize and characterize spherical
nanoparticles of CaCOj3 and CaO from cockle shells using the sol-gel method.

2. Materials and Methods

Cockle shells were obtained from a local beach, Pantai Bachok. The collected cockle shells were
scrubbed under tap water with a brush to remove dirt and rinsed with double-distilled water (DDW).
The cockle shells were finely crushed using a mortar and pestle, and then blended using a blender
machine (Premier Super-g, India) into a fine cockle shell powder.

The powder was then sieved using a stainless-steel Sieve Shaker AS 200 Control (Retsch
GmbH, Haan, Germany) with an aperture size of 63 pm to obtain micron size (10-63 pm diameter).
Then, 5 g of micron-sized cockle shell powder was dissolved into 20 mL of 5 M hydrochloric acid (HCI)
37%, Emsure® (Merck KGaA, Darmstadt, Germany) to form calcium chloride (CaCl,). The solution was
filtered with filter papers (Filters Fioroni Filter Circles 70 mm, Lab Logistic Group GmbH, Meckenheim,
Germany). Contamination products were extracted from the solution using an electric mixer spun at
500 rpm for 1 h at room temperature. The formed CaCl, was then diluted with 1 L DDW to form stock
solution. Stock solution of K,CO3 was prepared by dissolving 5 g of K;CO3 ACS reagent, >99% (Sigma
Aldrich, Steinheim, Germany) in 100 mL of DDW.

Different volumes of DDW (0, 10, 20, 50, 60, and 70 mL) were then added to 10 mL of diluted
Ca(l, followed by the addition of 10 mL of diluted K,COj at different feeding rates (1, 1.5, 2, and
2.5 h). The procedure was repeated using three different solvents of reaction, namely, methanol,
Analytical Reagent Grade, Lot No. 1,352,421 (Sigma Aldrich, Steinheim, Germany); 70% ethanol,
ChemPur® CAS No. 64-17-5 (Systerm, GmbH, Karlsruhe, Germany); or propanol, Analytical Reagent
Grade, Lot No. 1,367,431 (Sigma Aldrich, Steinheim, Germany). The solutions were then left for
24 h to precipitate. Then, the supernatant solution was discarded and the resultant product was
centrifuged using Eppendorf Centrifuge 5804 (Eppendorf North America Inc., Enfield, CT, USA) at
7000 rpm for 7 min. The acidity of the resultant solution was then neutralized by washing three
times with DDW. The resultant product was either dried using a Memmert oven 100-800 (Memmert,
Schwabach, Germany) at 110 °C for 24 h or by freeze drying; first by putting the resultant product in
the Ilshin Europe Biobase DF8517 freezer (Ilshin Lab Co. Ltd., Ede, Netherlands) at —80 °C for 3 h
and then at —108 °C for 48 h in the freeze-drying machine (Scanvac CoolSafe 4.5L, LaboGene ApS,
Allered, Denmark).

The CaCOj3; powder derived from cockle shell, obtained using different parameters, was first
characterized using a field-emission scanning electron microscope equipped with energy-dispersive
X-ray (FESEM-EDX), LEICA EM SCDO005, (Leica, Tokyo, Japan) to evaluate its morphology,
particle size, and elemental composition. Then, the CaCO3; powder was characterized with the
Brunauer-Emmett-Teller (BET) method using Tristarll (Micromeritics Instrument Corporation,
Norcross, GA, USA) for its average surface area and pore diameter. Once the optimization of
CaCOj3 powder was achieved, it was then characterized with an X-ray diffractometer (XRD) using
a Shimadzu XRD-6000 (Shimadzu Corporation, Kyoto, Japan) to study its crystallinity and phases
using Cu K« radiation (A = 1.5406 A, 40KV at 30 mA). Then, the CaCO; powder was also characterized
with Fourier transform infrared (FTIR) spectroscopy using an FTIR SPECTRUM RX1 (Perkin Elmer Inc.
Hopkinton, MA, USA) spectrometer in the range of 600-4000 cm™~! for determination of the chemical
bonding of chemical substances.

The thermal stability of CaCO3; was then investigated with thermogravimetric analysis (TGA),
using an SSC/5200 TG/DTA 220 (Seiko Instrument, Tokyo, Japan) with a temperature range of 50-900 °C
and scan rate of 20 °C/min under N, atmosphere.

The optimized CaCO3; was then calcined at 750 °C for 30 min using a Standard Digital Muffles
Furnace FH 27 (DAIHAN Scientific Co., Ltd., Gangwon-do, Korea) to produce CaO powder. The CaO
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powder was then characterized using SEM, XRD, and FTIR. Figure 1 summarizes the overall synthetic
reaction to produce and convert CaCOj3 to CaO. The morphology of CaO derived from cockle shell
was compared to commercial CaO 98%, <160 nm (Sigma Aldrich, Steinheim, Germany) using FESEM.
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Figure 1. Schematic diagram of CaCOj3 and CaO synthetic procedure.

3. Results and Discussion

3.1. FESEMJ/EDX and BET Analyses of CaCOj3 Particles Using Different Parameters

Figure 2 indicates the effect of different volumes of DDW on the morphology of the CaCO3 derived
from cockle shells. Samples of CaCOj; prepared by diluting CaCl, with 50 mL of DDW, as shown in
Figure 2d, exhibited spherical-like, well-dispersed crystals with even size. However, other samples
of CaCOj prepared with different DDW volumes exhibited clumped and agglomerated masses of
crystals with irregular shapes and sizes. It may be explained that an increased amount of DDW
resulted in greater dilution of samples, which provided more space for the movement of nanoparticles.
However, as the volume of DDW increased, these molecules tended to be more solvated due to excess
absorption of water, thus increasing in size and leading to agglomeration. Calcium carbonate prepared
using 50 mL of DDW dilution had an average particle size of 39 nm, which was smaller in comparison
to other samples. BET surface area analysis also revealed that using 50 mL of DDW gave the largest
surface area and the smallest pore diameter of CaCOj3 in comparison to other samples, as shown
in Table 1. The smaller particle size is related to a larger surface area and smaller pore diameter.
CaCQOg, with various morphologies, have been fabricated previously. This has included cubic and
needle shaped particles [36] where polyacrylamide was used, and rod-shaped particles [6] where a
microemulsion system was used.
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Figure 2. FESEM images of CaCOj at different volumes of distilled water: (a) 0 mL; (b) 10 mL; (c) 20 mL;
(d) 50 mL; (e) 60 mL; and (f) 70 mL.

Table 1. Brunauer-Emmett-Teller (BET) average surface area, pore diameter of CaCOj in different
volumes of double-distilled water (DDW).

Volume of DDW (mL) Surface Area (m?/g) Average Pore Diameter (A)
0 8.53 386
10 14.9 235
20 16.8 281
50 26.0 180
60 25.0 183
70 25.8 192

The morphology of CaCOj3 using the different polar solvents methanol, ethanol, and propanol is
illustrated in Figure 3. The particle size and average pore diameter of CaCOj are tabulated in Table 2,
where CaCOj particles, in all solvent systems except ethanol, possessed macroporous structure with
a range of more than 50 nm, which is in accordance with Zdravkov et al. [37]. From the FESEM
images, the samples prepared with ethanol displayed spherical calcite crystals, which were evenly
dispersed and more symmetrical in structure when compared to methanol and propanol. The use of
ethanol slowed down the chemical reaction, and hence the particles acquired a spherical shape with no
agglomeration. Ethanol was used in other studies [38,39] and showed similar results with the current
study. This phenomenon is probably due to the presence of smaller and more active -OH and -C;Hs
groups in ethanol, which is reported to be effective in eliminating water molecules [40] that cause more
agglomeration to form larger molecules [39]. The enhancement of the particle size upon the addition
of ethanol was reported to be due to the reduction of the energy of atomization as a consequence of the
decrease in the vapour pressure of the solution, owing to their slow evaporation [41,42].
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Figure 3. FESEM images of CaCOj in different solvents: (a) ethanol; (b) methanol; and (c) propanol.

Table 2. BET surface area and average pore diameter analyses of CaCOj in different organic solvents.

Solvent Surface Area (m?/g) Average Pore Diameter (A)
Propanol 0.96 523

Ethanol 7.1 409
Methanol 6.3 703

The effect of the K,COj3 feeding rate on the morphology of CaCOj3; nanoparticles in ethanolic
solution is shown in Figure 4. It can be seen that the 1 h feeding rate of K,CO3 had led to the formation
of spherical CaCO3 with clear surface and high sphericity. However, as the feeding rate was increased,
the shape of the particles was distorted and their form changed with more agglomeration of the
particles. The surface area and average pore diameter of CaCOj3 are tabulated in Table 3. As the feeding
rate increased, the surface area decreased and pore diameter increased, which is similar to a previous
study by Chen et al. [43] where hollow microspheres increased as the feeding rate increased. This was
probably attributed to the Ostwald ripening process, where larger particles begin to grow and consume
the smaller particles due to the difference in concentration gradient [44].

Figure 4. FESEM images of CaCOj3 using differing feeding rates of K,COj3: (a) 1 h; (b) 1.5 h; (c) 2 h;
and (d) 2.5 h.
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Table 3. BET surface area and average pore diameter analyses of CaCOj at different feeding rates

of K,COs.
Feeding Rate of K,COj3 (h) Surface Area (m?/g) Average Pore Diameter (A)
1.0 26 580
15 8.4 606
2.0 59 758
2.5 41 325

The effect of different drying methods on the morphology of CaCO3 nanoparticles is shown in
Figure 5. The CaCOj3 nanoparticles prepared in the ethanolic solution and then freeze-dried exhibited
structurally well-organized, more uniform spherical shapes with less agglomeration compared to the
oven-drying technique. This is probably because oven drying may produce uneven and overheating
of the material, where the material does not have sufficient time to take its proper shape, leading to
agglomeration of the particles. These current results are supported by another study [45].

Figure 5. FESEM images of CaCOj3 prepared in (a,d) ethanol; (b,e) methanol; and (c,f) propanol after
freeze drying (left) and oven drying (right).

3.2. XRD Analysis of Optimized CaCO3z Nanoparticles

Based on the aforementioned parameters, the optimal conditions for the formation of spherical
nanoparticles of CaCO3 were 50 mL of DDW with 1 h feeding rate of K,COj3 in ethanolic solution,
using the freeze-drying technique. Figure 6 shows the XRD analysis of the composition and phase
of the optimized CaCO; nanoparticles derived from cockle shell. The presence of CaCOj3 can be
observed at 26 of 23.0, 29.5, 36.0, 39.3, 43.2, 48.5, 57.5, 60.9, 63.1, 64.4, 65.6, and 83.7°. These 26 positions
correspond to (012),(104),(110),(113),(202),(116),(122),(214),(125),(030),(0012),and (1 3 4)
crystal planes, respectively. Other parameters such as a = b = 4.9900 A, ¢ = 17.0020 A, oc = § = 90.0000°,
and y = 120.0000° were also obtained. The assignments of 20 position and other parameters for CaCOs3
from XRD were in agreement with the reference code 98-000-5340 of a hexagonal crystal system and
space group R-3c. The crystallite size of CaCO3 nanoparticles was 61.4 nm, which was calculated from
the Debye—-Scherrer equation, L = KA/f3 cos 20), where K is a constant; A is to the X-ray wavelength
(A = 1.54060 A), B is the full-width at half maximum, and 6 is the angle. The formation of the calcite
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phase of CaCOj in the current investigation matched well with the results of Kontoyonis et al. [46],
with the characteristic peak positioned at 26 = 29.5° and the crystal plane of (1 0 4).

m CaCO;

Intensity (a.u)

10 20 30 40 50 60
Position (20)

70 80 920

Figure 6. XRD analysis of CaCOs3.
3.3. EDX Analysis of Optimized CaCO3 Nanoparticles

The elemental composition of the optimized CaCOj3 nanoparticles is shown in Figure 7.

The expected elements such as Ca, C, and O were present in the CaCO;3; derived from cockle
shells, indicating the success of the sol-gel method.

[
Ca
[ A a
W
2 3 4

1
[Full Scale 2804 cts Cursor 13.458 (0 cts)

Figure 7. EDX spectrum of CaCOj3 nanoparticles.
3.4. FTIR Analysis of Optimized CaCO3 Nanoparticles

The FTIR of CaCOj; is shown in Figure 8. According to Wang et al. [47], due to the different
vibration modes of CO32~, four normal vibration modes of CO32~ can be obtained, namely, doubly
degenerate planar bending, symmetric stretching, out-of-plane bending, and in-plane bending, which
appeared at 1420 ecm™1, 1093 cm™1, 880 cm™1, with a very weak vibration mode at around 700 cm™!
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respectively, which confirms the formation of CaCOj [48]. The peak at 3644 cm™~! is due to the O-H
bond from the adsorbed water molecule.

N
880 cm!
=
|  3644cm?
1093 cm!
1420 cm?
3800 3400 3000 2600 2200 1800 1400 1000 600
Wavenumber (cm™)

Figure 8. FTIR spectrum of CaCOs.
3.5. TGA of Optimized CaCO3 Nanoparticles

Figure 9 illustrates the TGA of CaCOj, where the first weight loss of around 22% was due to
water loss, which occurred at around 100 °C. The second weight loss of around 25% was due to the
decomposition of CaCO3 to CaO and CO, [49], which started from around 500—700 °C. This is in
agreement with Popescu et al. [50], who reported the formation of calcite CaCOj3 at 459 °C. The CaO
was expected to completely form after 700 °C [49]. The purity of the CaO detected by TGA curves was
53.30% while the purity of CaO was 56% =+ 3%, which is considered standard of pure CaO.

Loss of
water: 22%

Degradation of
CaCO; to Ca0: 25%

Figure 9. TGA of CaCOs.
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Therefore, based on the TGA results it can be suggested that the formation of CaO involved a
few steps of chemical reactions, namely, dissolution reaction, precipitation reaction, and degradation
reaction, as depicted in Equations (1)-(3) below.

Dissolution reaction:

Ca(s) + 2HCl(aq) — CaCly(aq) + Ha(g) D)

Precipitation reaction:
CaCly(aq) + K,CO3(aq) — CaCOs(s) + 2 KCl(aq) 2)

Degradation reaction:
CaCOj3(s) — CaO(s) + CO,(g) 3)

3.6. FTIR Analysis of CaO Nanoparticles

From Figure 10, the formation of CaO can be observed at 721 cm ™!, which can be assigned as Ca-O
bond, as previously reported by Rudy Syah Putra et al. [51]. Furthermore, the presence of CaO after
the calcination of CaCO3 can be further observed at 1420 cm~! and 875 cm™!, which is in agreement
with Guan et al. [52].

1420cm! —> vV 875cm?

%T

721 cm’?!

3800 3400 3000 2600 2200 1800 1400 1000 600
Wavenumber (cm™)

Figure 10. FTIR spectrum of CaO.

3.7. XRD Analysis of CaO Nanoparticles

Figure 11 shows the XRD analysis of CaO powder derived from cockle shells. The high and
narrow intense peaks depict the structural crystallization of the CaO. The formation of CaO can be
observed at 20 = 29, 36, 39, 47, and 48°, which is accordance with Bai et al. [53] who prepared CaO
from 0.3 M sodium carbonate (Na,COj3) and 0.3 M calcium chloride (CaCl,). Therefore, the formation
of the CaO derived from cockle shell can be successfully synthesized by the sol-gel method.



Appl. Sci. 2020, 10, 7170 110f15

=

‘ (oo

Intensity (a.u)

A A A‘A
e : l A J}._L_ lﬁl-‘l —‘J\T' LL ILAJJ. AIK.J it Aa,
20 30 40 50 60 70 80
20 (Degree)

Figure 11. XRD analysis of CaO.
3.8. FESEM Analysis of CaO Nanoparticles

Figure 12a,b illustrate the FESEM images of CaO derived from cockle shells and commercially
obtained CaO respectively. The magnified images of both cockle-shell-derived CaO and commercial
CaO show that they were evenly dispersed and structurally similar. The average particle sizes of CaO
derived from cockle shells and commercially obtained CaO were 22-70 nm and 32-159 nm, respectively.
The CaO obtained in the current study was used to stabilize zirconia, which showed good properties
as a potential dental material [9].

Figure 12. FESEM images of CaO: (a) derived from cockle shell; (b) commercial.
4. Conclusions

Well-structured spherical CaCOj3 of calcite phase was obtained from the optimum conditions
by adding 50 mL DDW into CaCl, in ethanolic solution with a feeding rate of K,COs3 of 1 h using
the freeze-drying method. Less agglomeration was obtained by the freeze-drying technique with the
surface area of 26 m?/g and average particle size of 39 nm. Spherical nanosized CaO (22-70 nm) was
obtained when the CaCOj3 was calcined at 750 °C for 30 min.
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