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Abstract—Aspartic acid (Asp) was employed as the organic template in inducing the nucleation and growth of calcium
carbonate. Crystallization experiments were carried out by the addition of Asp into the solution of sodium carbonate
and calcium chloride. The effects of reaction time, dropping velocity of Asp and Na,CO; solution were tested. The
CaCQO; crystals were analyzed by X-ray diffraction (XRD), field emission scanning electron microscope (FE-SEM)
and Fourier transform infrared spectrometry (FT-IR). Two kinds of crystals were identified by FT-IR spectrum. In the
presence of Asp, formation of vaterite is induced in crystallization solution. Also, under the initial condition of an excess
amount of Asp, vaterite morphology is the major one. Various morphologies of CaCO, are made by changing dropping

velocity of added Asp and Na,CO;.
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INTRODUCTION

Calcium carbonate (CaCQOs) is one of the most plentiful mineral
resources formed in natural environment. The precipitated calcium
carbonate has increasingly attracted attention because of its use as
an additive in paint, plastic, rubber, papers, adhesive and biomedical
application. The application of calcium carbonate particles to indus-
try is mainly determined by the polymorphs of CaCO;. Calcium
carbonate has three crystal polymorphs: thombic calcite, needle-
like aragonite and spherical vaterite. Calcite is usually the domi-
nant polymorph at a high solution pH, low temperature and the most
stable phase at room temperature under atmospheric conditions.
While vaterite and aragonite are mostly produced at a low solution
pH, high temperature, they transform to stable calcite. Synthetic
conditions of calcite, aragonite and vaterite are different. Vaterite,
which is the most unstable crystal morphology, is obtained by con-
trolling the CaCO; solution composition. Calcite is abundant in nature
and well utilized in industry due to regular crystal size and smooth
surface.

Since Eq. (1) reaction is a gas-liquid one, its contact method af-
fects the granularity and particle shape of CaCO; [1,2]. Also, this
reaction has a high degree of flexibility and does not produce soluble
byproduct. Eq. (2) is mainly used for large scale production. The
gas-liquid reaction has little effect on CaCO; morphology because
it makes water as byproduct. Since gas reactant flows over the liquid
surface, Eq. (1) is difficult to realize in an industrial process.

Ca(OH),(aq)+CO,(aq, gas)—CaCO(solid)+H,O(byproduct) )
CaO(aq)+CO,(gas)— CaCO,(solid) ?2)

CaCl,(aq)+Na,CO,(aq)—CaCO,(sol)+2NaCl(byproduct) 3
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On the other hand, the liquid-liquid reaction for CaCO, crystalli-
zation makes both CaCO, crystals and NaCl byproduct as Eq. (3)
[3-7]. Nucleation and growth of crystal are affected by NaCl because
the byproduct has high ionic strength. However, this reaction is fre-
quently used for CaCO, crystallization since the reaction easily con-
trols saturation concentration in solution and produces various mor-
phologies of CaCO; crystalline. It is also easy to make biominerals
from CaCO,; crystallization 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 crystallization, such
as supersaturation [8], solution composition [9], pH [10], tempera-
ture [11], and presence of additives [12-19]. The effect of additives
has been studied on the crystallization of calcium carbonate. Biom-
ineralization produced biominerals with good mechanical property
by adding amino acid to CaCO, [20,21]. For example, a shell of
mollusca consists of 95% CaCO,, which is made up of calcite and
CaCo, layer structure. This layer structure’s fracture toughness is
thousands times as strong as that of simple CaCO; crystals. Manoli
et al. discovered that the presence of lysine, glycine, alanine, polyg-
lycine, polymethionine and polylysine in the supersaturated solu-
tions stabilizes the vaterite polymorph [22]. They also reported that
the presence of glutamic acid in the supersaturated solution stabi-
lizes the vaterite polymorph [23]. According to Xie et al., various
kinds of amino acid, such as L-cystine, L-tyrosine, DL-aspartic acid,
L-lysine and the mixed systems of L-Tyr(or L-Lys)/Mg>", were used
as effective modifiers to mediate the crystallization of CaCO,. Amino
acids used in this experiment influenced the morphology and crys-
tal type of CaCO,. Most tended to induce vaterite formation [24].
They found that, in chitosan gel, the formation of calcium carbon-
tate is controlled by the kinetics to form hexagonal vaterite plates,
and the high energy (001) planes are effectively stabilized by the
stereochemically matched hydrogen bonding interactions of flexi-
ble chitosan chains [25]. Henderson et al. indicated that the pres-
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ence of the carboxylic acids inhibited crystal growth and calcium
carbonate solubility increased. No effect was observed with respect
to enhanced calcium carbonate solubility as a function of carboxy-
lic acid chain length [26]. In Tong’s paper, the amino acid kinds on
the interface of organic template and calcium carbonate have been
searched to be rich in aspartic acid and glutamic acid. Thus, it can
be assumed that the carboxyl groups of aspartic acid and glutamic
acid provide abundant Ca** ions bonding sites [27]. Calcium car-
bonate crystals were precipitated in glycine-containing aqueous solu-
tions using two methods: CO;~ dropping method or diffusion method.
By modulating the dropping velocity and glycine concentration,
they can control the morphologies and proportion of the acquired
vaterite particles [28].

In the present work, we assume that morphologies of CaCO, crys-
tals are affected by the dropping velocity of Asp and Na,CO; solu-
tion into CaCl, solution. The analytical aims of the present study
are to study the morphological change of CaCO, with field emis-
sion scanning electron microscope (FE-SEM), X-ray diffraction
spectrometer (XRD) and Fourier transform infrared spectroscope
(FT-IR), as well as to discuss the mechanism. FE-SEM was used
to analyze morphology and crystal size. XRD was used to meas-
ure peak intensities and the presence of CaCO, polymorph. Two
kinds of crystals were confirmed by FT-IR spectrum. Crystal mor-
phology change with reaction time was identified with measured
peak areas of XRD pattern and FT-IR data.

EXPERIMENTAL

1. Materials and Sample Preparation

All the chemicals, including calcium chloride (CaCl,) (purity
2>99.0%), sodium carbonate (Na,CO,) (purity 299.0%) were of ana-
lytical grade and used without further purification. D, L-aspartic
acids were purchased from Aldrich. Doubly deionized water was
used to prepare aqueous solutions of CaCl, and Na,CO,; just before
crystallization experiment.
2.Crystallization Reaction with Dropping Asp or Na,CO, So-
lution

Experiments were performed in a thermostated double-wall Pyrex
vessel at 25 °C, and the working volume was 1.0 L. Control crys-
tallization solutions were prepared by mixing equal volumes (300
mL) of 0.1 M calcium chloride (CaCl,), 0.1 M sodium carbonate
(Na,CO;) and 0.1 M aspartic acid (Asp) solution. The calcium car-
bonate precipitation was started by injecting Na,CO, and Asp solu-
tion into stirred 0.1 M CaCl, solution. The stirring speed was con-
trolled around 300 rpm. The dropping velocity of Na,CO, and Asp
solution was in the range of 0-10 mL/min.
3. Characterization of Crystals

Samples of the product suspension were taken intermittently dur-
ing reaction, and filtered immediately using a micromembrane filter
with a 0.45 wm pore diameter. After being dried at 50 °C for 24 h,
the solid residues were characterized by using SEM (JEOL JSM-

Fig. 1. SEM images of CaCO, by changing dropping velocity of Asp solution to CaCl, and Na,CO, mixture; (a) dumping of Asp, (b) 1 mL/

min, (¢) 4 mL/min, (d) 10 mL/min.
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7000F, Japan) for their crystal morphology and by multipurpose
X-ray diffractometer (XRD) for calculating the ratio of calcite to
vaterite of CaCO;. XRD (Rigaku D/MAX-2200 Ultima/PC, Japan)
measurements 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, Fourier trans-
form infrared spectroscopy (FT-IR) analysis was carried out by using
KBr discs in the region of 4,000-600 cm™" with a Shimadzu spec-
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 addition of Asp with different dropping velocities consider-

ably influences CaCO, crystal morphology. Fig. 1(a) shows the shape
of CaCO; crystals from the control experiment of 0.1 M CaCl, and
Na,CO, solution (pH=8.5, t=5 hr). In this case, we dumped all of
Na,CO, and Asp into CaCl, solution at the start. The other experi-
ments were conducted under conditions of different Asp feeding
speed. Only spherical vaterites are observed in Fig. 1(a). However,
relatively small calcite crystals are observed under the Asp drop-
ping velocity of 1 mL/min in Fig. 1(b). In case of 4 mL/min, the
crystals in Fig. 1(c) are larger than that of Fig. 1(b). Crystal shape
in Fig. 1(c) seems to be twisted thombohedrally. Fig. 1(d) shows
that the thombohedral form of calcite crystals is more evident than
in Fig. 1(c). Crystal of calcite in Fig. 1(d) is similar to the produced
calcite in the paper [27], but different crystal shapes were obtained
by them because experimental conditions were set up with various
amounts of lysine (040 mg) into CaCl, solutions (0.5 M) and by

Fig. 2. SEM images of CaCO, by changing dropping velocity of Na,CO; to CaCl, with a fixed dropping Asp solution at 2 mL/min; (a)

3.4 mL/min, (b) 6.0 mL/min, (c) 8.5 mL/min.
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Fig. 3. Various morphologies of CaCO; crystals observed by SEM under different feed conditions of Na,CO; and Asp into CaCl, solution.
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plugging them slowly into Na,CO, solutions (0.5 M) at 37 °C.

Rhombohedral calcite and spherical vaterite are appearing when
we change Na,CO; dropping velocity with a speed of Asp solution
(2 mL/min). Fig. 2(a) shows imperfect CaCO, crystals under Na,CO,
dropping velocity of 3.4 mL/min. Phase of calcite and rough surface
of vaterite crystals are observed. As shown in Fig. 2(b), definite thom-
bohedral calcite crystals appear, but vaterite crystals seem to be donut-
like and an oval morphology. CaCO, polymorphs are found in Fig.
2(c). We can observe tiny powders on the surface of CaCO, crys-
tals, and higher dropping velocity of Na,CO; leads to small CaCO,
crystals as an obvious form.

Two different methods were used to study the biomineralization
of calcium carbonate with Asp. Changing dropping velocity of Asp
and Na,CO; has effects on the formation of crystals. Fig. 3 sum-
marizes the morphology variation of all dropping solution experi-
ments. The horizontal line represents the change of Asp dropping
velocity and the vertical line stands for sodium carbonate dropping
velocity. Spherical, hexagonal and cubic shapes are observed along
the line of zero dropping velocity of sodium carbonate. With the in-
crease of Asp dropping velocity, various calcite forms appear from
spherical to cubic. Meanwhile, calcite and vaterite are appearing in
a more complicated manner when sodium carbonate solution is fed
with dropping of Asp solution.

Fig. 4 shows the time course of FT-IR spectra of calcium car-
bonate crystal, in which dropping was controlled at 6 mL/min of
Na,CO; solution and 2 mL/min of Asp. Among the characteristic
IR peaks for calcite (711, 875, 1,087 and 1,478 cm™") and vaterite
(744, 875 and 1478 cm™), the peaks at 711 and 744 cm™ were used
to identify calcite and vaterite, respectively. We compared the inten-
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Fig. 4. Time course of FT-IR spectra of calcium carbonate crys-
tal; 300 mL of 0.1 M Na,CO, dropped at 6.0 mL/min with
dropping Asp solution at 2 mL/min.
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Fig. 5. The data of X-ray diffraction patterns of calcium carbonate
after 5 hr of reaction; (a) dropping speed of Asp (1 mL/min),
(b) dumping of Asp and (c) dropping speed of Asp (2 mL/
min).

sity of calcite (711 cm™) with that of vaterite (744 cm™). Calcite and
vaterite peaks appear in all the spectra, and the ratio of calcite to
vaterite decreases until 5 h.

Specific peaks of calcite and vaterite crystals are displayed by
XRD spectrometer. Fig. 5(a) XRD data is the result of crystallization
reaction when Asp solution was dropped with a velocity of 1 mL/
min. Only a specific calcite peak is observed in this data. Phase {104}
of calcite most sharply appears in XRD patterns and the other calcite
peaks are shown. All the reflections could be indexed to the calcite
phase (JCPDS: 04-0636). Fig. 5(b) shows the result when all Asp
solution was initially dumped in crystallization solution. Specific
peaks of vaterite are shown on {110}, {112}, {114} phase. All the
reflections could be indexed to the vaterite phase (JCPDS: 01-1033).
Dropping Asp solution with 2 mL/min leads to the XRD data on
Fig. 5(c). Fig. 5(c) shows that calcite and vaterite morphologies exist
together. We assumed that dropping Asp significantly affects the
formation of vaterite morphology in the initial stage, and the excess
amount of Asp results in unstable vaterite morphology. Dropping
Asp solution with low velocity (1 mL/min) less influences CaCO,
morphology. However, calcite and vaterite crystals formed together
when we added Asp with 2 mL/min.

Composition of calcite and vaterite morphology is identified in
detail by XRD spectrometer. Fig. 6 shows the history of CaCO; crys-
tallization, carried out by using 0.1 M CaCl, and 0.1 M Na,CO, and
dropping Asp solution with 3.4 mL/min. Calcite peak is only identi-
fied at 5 min. Vaterite peak appears at 30 min. Intensity of the vaterite
peak attains the highest value at 2 hr. Afterward, the intensity of
the vaterite peak slowly decreases as the crystallization reaction pro-
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Fig. 6. The change of X-ray diffraction patterns of calcium car-
bonate crystallized at pH=8.5; dropping speed of Asp=3.4
mL/min.
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Fig. 7. The change of ratio of calcite to vaterite with reaction time,
calculated by using XRD and FT-IR; dropping condition
same as Fig. 4.

ceeds. As the effect of dropped Asp solution becomes weak, un-
stable vaterite transforms to stable calcite. We calculate the ratio of
calcite to vaterite with the reaction time by the XRD data.

Fig. 7 illustrates that the ratio of calcite to vaterite (Xc) changes
with time under the condition of Na,CO; dropping at 6 mL/min and
Asp at 2 mL/min. We utilize XRD data to obtain peak intensities
(D) in Eq. (4) and calculate the ratio Xc. Xv means the percentage
of vaterite and Xc equals to 100 minus Xc. Eq. (6) explains the cal-
culation method by FT-IR spectral data, in which calcite and vaterite
peak areas are obtained by measuring the weight of the peak areas.
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Xc calculated by Eq. (5) and that by Eq. (6) have similar trend
in Fig. 7. Vaterite morphology increases and Xc consequently de-
creases until 50 min. After that, vaterite transforms to calcite so that
Xc increases. Owing to the continuous feeding of Asp, vaterite mor-
phology is generated and its speed higher than the transformation
speed to calcite. Hence the rise and fall of Xc could be observed
from 100 to 250 min. Xc value by FT-IR spectra fluctuates simi-
larly as the Xc by XRD data, but absolute Xc values by two methods
are not matched due to the irregular KBr pellet thickness for FT-IR
measurement. Xc value rises and falls once during 60 min in Ref.
29. Compared to the reference, we expect that Xc value could be
flexibly controlled by dropping amino acids and/or Na,CO; solution.

SUMMARY

An experimental method was devised to control the polymorphs
of calcium carbonate crystals by feeding amino acid solution. Studies
were also carried out based on the feeding of Na,CO,. Because so-
dium carbonate produces CO* in order to form CaCO; crystals, the
feeding of Na,CO, significantly affects CaCO, crystal morphology.

Since adding amino acids leads to vaterite morphology [22-24],
this study also confirmed vaterite morphology. While adjustment
of dropping velocity of Gly controlled the ratio of calcite to vaterite
[28], this study showed that the ratio of calcite to vaterite was regu-
lated by feeding of Asp and Na,CO,.

Polymorphs of CaCO, crystals were observed by SEM under
various dropping conditions of Na,CO, and Asp. Produced calcite
crystals at the initial reaction stage were significantly influenced by
feeding speed of Asp. Dropping of Na,CO; results in both calcite
and vaterite morphologies and shape of crystal is rough due to the
effect of Na,CO, feeding.
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