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Abstract—Calcium carbonate is one of the most abundant materials present in nature. Crystal structures of CaCO,
become three polymorphic modifications, namely calcite, aragonite and vaterite. Polymorphic modifications are mediated
by adding aspartic acid (Asp) and lysozyme. Lysozyme, which is a major component of egg white proteins, has in-
fluenced the calcification of avian eggshells. The influence of Asp and lysozyme on the crystallization of CaCO; was
investigated by adding these additives and calcium chloride solution into sodium carbonate solution in a crystalliza-
tion vessel. CaCO; crystals were analyzed by X-ray diffraction (XRD), field emission scanning electron microscopy
(FE-SEM) and Fourier transform infrared spectrometry (FT-IR). XRD was used to select the intensities and crystal
structure of specific calcium carbonate. SEM was employed for the analysis of the morphology of the precipitation
and particle size. Two kinds of crystals were identified by FT-IR spectrum. Hexagonal crystals of vaterite were affected
by the Asp in the crystallization solution. However, thombohedral crystals of calcite by lysozyme were formed without

any sign of vaterite.
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INTODUCTION

CaCO; crystal is essential to form the frame of an organism and
has contributed to synthesis of nanomaterials. In biomineralization,
calcium carbonate (CaCO,) is one of the most abundant mineral
resources formed in the natural environment. CaCO, has increas-
ingly attracted interest and industrial demand has increased for sev-
eral years on account of physical and chemical properties of CaCO;.
Therefore, crystallization of calcium carbonate was extensively stud-
ied as it is widely used in the paper, paint, rubber and biomedical
application [1]. The application of calcium carbonate particles is
determined by several factors, such as particle morphology, spe-
cific surface area, particle size, particle size distribution [2]. Cal-
cium carbonate exhibits three polymorphic modifications (rhombic
calcite, needlelike aragonite and spherical vaterite) [1]. Crystal prop-
erties can be controlled by modifying the reaction medium using
surfactants, suspensions, additives and precipitation conditions such
as pH [3] and temperature. Calcite is usually formed at a high solution
pH and low temperature, while vaterite and aragonite are formed
at a low solution pH and high temperature. They are transformed
to stable calcite since vaterite is unstable crystal morphology [4-6].
The ACC (amorphous calcium carbonate) forms in the initial stage
of calcium carbonate reaction, and it is transformed into vaterite,
aragonite and calcite [7-10].

The gas-liquid reaction of CaCO; is that CO, gas is absorbed into
calcium hydroxide solution. CaCl,-Na,CO; represents liquid-liquid
reaction. The liquid-liquid reaction for CaCO, crystallization makes
both CaCO; crystals and NaCl byproduct as Eq. (1)

CaCl,(aq)+Na,CO,(aq)— CaCO,(sol)+2NaCl(byproduct) (1)
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This is because the reaction easily controls saturation concentra-
tion in solution and produces various morphologies of CaCO; crys-
tallization. It is easy to produce biominerals from CaCO; crystal-
lization reaction by a liquid-liquid reaction with organic materials.

Previous reports showed that the polymorph of calcium carbon-
ate is dependent on the operating conditions of the crystallization,
such as supersaturation [11], solution composition [12], pH [10],
temperature [14], and presence of additives [15,16]. Biomineral-
ization produces biomineral with good property by adding amino
acid to CaCO; [17]. The outside shell of shellfish is organized by
mainly calcite and CaCO, layer structure. This layer structure’s frac-
ture toughness is thousands times as strong as that of simple CaCO;
crystals, while aragonite forms inside layer structure.

There are many studies of biopolymer which affect polymorph
formation. Henderson et al. [18] discovered that glycine and ala-
nine are used for crystal reaction of vaterite. Many proteins such as
ansocalcin, lysozyme and lithostathine which affect calcium car-
bonate polymorph have been studied [19]. The studies of calcium
carbonate polymorph using polysaccharide were presented by Xiao
et al. and Arias and Fernandez [20]. Study of polymorph using nucleic
acid was reported by Lukeman et al. [21].

The aim of the present work is to study the role of Asp and ly-
sozyme on the precipitation of calcium carbonate. Morphology of
CaCoO,; crystals is affected by additives such as aspartic acid (Asp)
or lysozyme into calcium chloride and sodium carbonate solution.
Lysozyme is a major component of egg white proteins and plentiful
in eggshell membranes, which seems to be a modulator for CaCO,
crystallization. Analytical investigations of CaCO, by FE-SEM,
XRD and FT-IR were performed, as well as to discuss the mecha-
nism. FE-SEM was used in order to analyze morphology and crystal
size. XRD was used to measure peak intensities and the presence
of CaCO; polymorph. Crystal morphology change with reaction
time was identified with measured peak areas of XRD pattern and
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FT-IR data.
EXPERIMENTAL

Anhydrous calcium chloride (CaCl,) (purity>99.0%) and sodium
carbonate (Na,CO,) (purity=99.0%) were purchased from Oriental
Chemical Inc. (Korea) and Duksan Pharmaceutical Co. Ltd. (Korea),
respectively. D, L-aspartic acids were purchased from Fluka (USA).
Lysozyme from egg white (purity>95%, MW=14.3 kDa) was ob-
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Fig. 1. Schematic diagram of experimental apparatus for biomin-
erization of calcium carbonate.
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tained from Sigma (USA). Distilled water was used to prepare aque-
ous solutions of CaCl, and Na,CO; just before crystallization experi-
ment.

For the crystallization of CaCO, in the absence and the presence
of Asp and lysozyme, the liquid-liquid reaction was applied under
ambient laboratory conditions. This reaction is illustrated in Fig. 1.
In a typical process, experiments were performed in a Pyrex vessel
at 25 °C, and the working volume was 1.0 L. Control crystalliza-
tion solutions were prepared by mixing equal volumes (500 mL)
of 50 mM calcium chloride (CaCl,) and 50 mM sodium carbonate
(Na,CO;). To understand the influence of additives, a crystalliza-
tion solution was prepared with 0.05 M aspartic acid (Asp) solu-
tion or 0.5 g/L, 1 g/L lysozyme. The stirring speed was controlled
around 300 rpm. Samples were collected as 50 mL at various time
intervals (5, 15, 120, 600 min). Samples of the product suspension
were taken intermittently during reaction, and filtered immediately
using a micromembrane filter with a 0.45 um pore diameter. And
then filtered samples were dried at 50 °C for 24 h. Details of ex-
periments are given in Refs [22,23].

After being dried, the solid residues were characterized by SEM,
on a JEOL JSM-7000F microscope for their crystal morphology
and by multipurpose XRD for calculating the ratio of calcite to vaterite
of CaCO,. XRD (Rigaku D/'MAX-2200 Ultima/PC, Japan) meas-
urements were conducted using Cu K« radiation (40 keV, 30 mA)
to identify the composition of the crystals. The scanning step was
0.02° and 26 ranges from 10° to 80°. In addition, infrared spectra
were recorded with FT-IR. The dried CaCO, samples were ground
with anhydrous KBr to produce pellets to facilitate the FT-IR char-
acterization in the region of 4,000-600 cm™ using a Shimadzu spec-
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Fig. 2. Fourier transform infrared (FR-IR) spectra of CaCO; formed; (a) without additive (the control experiment), (b) with 0.05 M Asp,
() with 0.5 g/L lysozyme, (d) with 1.0 g/L lysozyme. Note that the 711 and 744 cm™ are the peaks of calcite and vaterite, respectively.
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trophotometer (Rrestoge-21). From the data of the Joint Commit-
tee on Powder Diffraction Standards (JCPDS), it was compared
with actual XRD data.

RESULTS AND DISCUSSION

The decomposition of Na,CO, led to the ion of Na" and CO;,
both of which subsequently diffused into the CaCl, solution. The
formed CI” ions were neutralized by Na” ions. The formation of
CaCQ, precipitates caused the excess of CI' ions that were neutral-
ized by Na".

Similar experiments were carried out with and without additives
to examine its effect on the nucleation and phase transformation of
calcium carbonate crystals. The determination of the polymorph of
CaCO; has mainly been conducted by using FT-IR. FT-IR spectra
shown in Fig. 2(a) were obtained from the samples at different time
intervals without any additive (control). Between the characteristic
IR peaks for calcite (711, 875 and 1,087 cm™) and vaterite (744,
875 and 1,478 cm™), the peaks at 711 and 744 cm™ were used to
distinguish calcite and vaterite, respectively. These IR peaks are
characteristic of the calcite at 711 cm™" in Fig. 2(a). In comparison,
FT-IR spectra obtained from CaCO; precipitates formed in the pres-
ence of 0.05 M Asp are shown in Fig. 2(b). In the precipitation pro-
cess of CaCO;, calcite was first formed. With the incubation time
increasing to 30 min, ACC was transformed into a mixture of vater-
ite and calcite. From 30 min, the peak of vaterite at 744 cm™ appeared,
and then the peak of vaterite decreased. Because vaterite is the most
unstable crystalline polymorph, it is transformed into the most stable
calcite. So the peak of calcite increased with decreasing the peak
of vaterite. Figs. 2(c) and 2(d) show the FT-IR spectra with 0.5 g/L
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Fig. 3. Fraction of calcite calculated by measuring the weight ratio
of calcite and vaterite peaks in FT-IR spectra; Xc=fraction
of calcite, Xv=fraction of vaterite, Xc=1—Xv.

and 1 g/L lysozyme, respectively. There were only the peaks of cal-
cite, because lysozyme restrained the vaterite from being produced.
In addition, with increasing the concentration of lysozyme from
0.5 g/L to 1.0 g/L, the transmittance of calcite peaks increased.

Fig. 3 illustrates that the fraction of weight ratio of calcite changes
with Asp or lysozyme in FT-IR. Eq. (2) explains the calculation
method by FT-IR spectral data in which calcite and vaterite peak
area are obtained by measuring the peak area. The ratio Xc was cal-
culated by Eq. (2). Xc means the percentage of calcite and Xv in
Eq. (3) equals to 1 minus Xc.

o= Calcite peak area
Calcite + Vaterite peak area
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Fig. 4. X-ray diffraction (XRD) pattern of CaCO, precipitation (a) without additive (the control experiment), (b) with 0.05 M Asp, (c) with
0.5 g/L lysozyme, (d) with 1.0 g/L lysozyme; C=calcite, V=vaterite.
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Xv=1-Xc
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)

In the early phase, Xc rapidly decreased with Asp until 30 min.
It means that vaterite was produced rather than calcite. After that,
vaterite transforms to calcite Xc increases. This is because vaterite
is unstable morphology among the CaCO, crystal. With the time
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increasing, Xc was constantly increased. However, Xc was domi-
nant with lysozyme. We expect that Asp causes vaterite morphol-
ogy and lysozyme induces calcite morphology.

With the aim to further characterize the phase composition of
crystals, X-ray diffraction (XRD) measurement was performed for
the collected precipitates. Fig. 4(a) shows the XRD pattern for the
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Fig. 5. X-ray diffraction (XRD) pattern of CaCO; precipitation collected at 120 min (a) with 0.5 g/L lysozyme, (b) 1.0 g/L lysozyme.

Fig. 6. SEM images of calcium carbonate crystal at 600 min; (a) without additive, (b) in the presence of 0.05 M Asp, (c) 0.5 g/L lysozyme
(d) 1 g/L lysozyme.
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collected precipitates without any additive. It is obvious that the
crystalline phase mostly consists of calcite phase. Fig. 4(b) shows
the XRD pattern with 0.05 M Asp in the presence of 0.05 M Asp;
the mineral phase is composed of calcite and vaterite crystalline
phase. From 120 min, intensity of XRD peaks decreased, because
the unstable vaterite was transformed to the stable calcite. Figs. 4(c)
and (d) show the XRD pattern with lysozyme. The mineral phase
is exclusively composed of calcite crystalline phase, and no other
crystalline phase was detectable. These results completely correspond
with those gained from the FT-IR characterization. Moreover, it was
surveyed that the concentration of lysozyme influences the crystal-
line phases of CaCO, (Fig. 5). The peak intensity of calcite was pro-
portional to the concentration of lysozyme.

SEM is capable of revealing the morphological structure and orien-
tation of crystals. SEM images of CaCO, precipitates collected with
or without additives in Fig. 6. Fig. 6(b) show the morphology of
spherical vaterite crystal in the presence of 0.05 M Asp. In addi-
tion, a phase transition is also observed with Asp, since vaterite crys-
tals coexisted with calcite crystals. As the concentration of lysozyme
was increased from 0.5 g/L to 1.0 g/L, only rhombohedral calcite
crystals were observed. In addition, the morphological modification
of rhombohedral calcite morphology became clearer (Fig. 6(d)).
The morphology of rhombohedral calcite depends on the concen-
tration of lysozyme.

CONCLUSIONS

An experiment was conducted to control the polymorphism of
calcium carbonate crystals by adding additives such as aspartic acid
and lysozyme. To compare the influence of the additive, a control
experiment was first performed and Asp or lysozyme was added
into the experiment. In the presence of Asp, spherical vaterite crys-
tals were produced; however, vaterite was transformed to calcite
soon. The reason is that vaterite is unstable morphology and calcite
is the most stable morphology. In the presence of lysozyme, there
were only the peaks of calcite, because lysozyme restrained vater-
ite formation. Moreover, the concentration of lysozyme influences
the crystalline phases of CaCO;. The amount of calcite was pro-
portional to the concentration of lysozyme.
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