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Abstract: The preferential incorporation of carboxylic acids into aragonite and its effects on the crystal
growth and physicochemical properties of aragonite were systematically investigated using a seeded
co-precipitation system with different carboxylic acids (citric, malic, acetic, glutamic, and phthalic).
Aragonite synthesized in the presence of citric and malic acids showed a remarkable decrease in
the crystallinity and size of crystallite, and the retardation of crystal growth distinctively changed
the crystal morphology. The contents of citric acid and malic acid in the aragonite samples were
0.65 wt % and 0.19 wt %, respectively, revealing that the changes in the physicochemical properties of
aragonite were due to the preferential incorporation of such carboxylic acids. Speciation modeling
further confirmed that citric acid with three carboxyl groups dominantly existed as a metal–ligand,
(Ca–citrate)−, which could have a strong affinity toward the partially positively charged surface of
aragonite. This indicates why citric acid was most favorably incorporated among other carboxylic
acids. Our results demonstrate that the number of carboxyl functional groups strongly affects the
preferential incorporation of carboxylic acids into aragonite; however, it could be suppressed by the
presence of other functional groups or the structural complexity of organic molecules.

Keywords: aragonite; carboxylic acids; preferential incorporation; crystal growth; physicochemical
properties

1. Introduction

Aragonite occurs as calcium carbonate (CaCO3), which has three different anhydrous crystalline
polymorphs: the thermodynamically most stable rhombohedral calcite, the metastable orthorhombic
aragonite, and the hexagonal vaterite [1,2].

The crystal lattice of aragonite differs from that of calcite, and it comprises different shapes such as
needles or prismatic-like crystals with high aspect ratios [3–6]. As a result of the structural properties of
aragonite crystals, they can be used as raw materials in various industrial areas: rubber, plastic, textile,
filler for paint, pigment for papers [7–9], and additives to improve the brightness and transparency of
ceramics and pharmaceuticals [10]. In these various industrial fields, the crystal morphology and size
distributions of aragonite are considered important factors for enhancing industrial applications [11].
For this reason, precise control of the crystal properties of aragonite, such as the size, shape, and specific
surface area, is required for many technological applications [4,12].

Several previous studies have shown that the physicochemical properties of aragonite crystals
can be easily controlled by varying the synthetic conditions (e.g., temperature, pressure, aging time,
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concentrations of Ca2+ and CO3
2−, carbonization degree, diffusion, and presence of organic substances

or coexisting ions) [4,12–20]. Among them, the presence of organic ligands can lead to the formation of
biogenic calcium carbonates through biomineralization [19–21]. The resulting aragonite has complex
structures generally not found in inorganic crystals. For example, compared to that of aragonite formed
inorganically, an aragonite shell containing organic ligands has a work of fracture of over 3000 times [22].
Moreover, aragonitic nacre (with 5% organic material) shows remarkable mechanical properties [23,24].
For these reasons, the biomimetic design of calcium carbonates has been an interesting subject and has
intrigued many material scientists to date.

Until recently, many studies have focused on the synthesis of calcium carbonates in the presence of
organic acids, which have been reported to affect the crystal morphology, retard the crystal nucleation
and growth, and control the polymorphism of calcium carbonates [25–32]. In particular, the previous
studies using calcite confirmed that this organic effect was concentrated in certain organic acids
containing carboxylic functional groups [25–27]. They suggested that the inhibition of calcite growth
was due to the adsorption of carboxylic acids onto the calcite surface, and the inhibitory capacity of the
organic ligands depended on the number of carboxyl groups in the molecule. In addition, Reddy et al.
(2001) [25], who studied calcite growth in the presence of carboxylic acids with different structures
(linear and cyclic), showed that cyclic polycarboxylic acids were much more efficient for the inhibition
of calcite growth. This means that in addition to the number of carboxyl groups, the structural
conformation (aliphatic chain vs. aromatic ring) of organic molecules should be considered when
controlling the properties of calcium carbonates such as aragonite.

Considering the similarity of calcite and aragonite, aragonite is also expected to be significantly
affected by carboxylic acids. In addition, as confirmed in the studies on calcite, the effects of carboxylic
acids on the physicochemical properties of aragonite crystals could be different depending on the type
of the organic functional group (e.g., carboxyl group –COO(H) or amino group –NH2) or structural
conformation of organic molecules (e.g., chain or aromatic hydrocarbon structures). However,
research on the incorporation of organics into aragonite has been mostly conducted based on the
biologically originated aragonite, and the investigation of organic incorporation mechanism through
the systematic synthesis of aragonite under controlled conditions has not been reported yet. Compared
to calcite, for these reasons, the effects of the structural characteristics of organic acids containing
carboxyl functional groups on crystal growth and the physicochemical properties of aragonite crystals
have not been fully understood.

Therefore, we designed a seeded co-precipitation system for growth of aragonite in the
presence of different types of carboxylic acids considering the number of carboxyl groups, structure,
and arrangement of functional groups to investigate the effects of carboxylic acids on the crystal
properties of aragonite. Furthermore, we performed speciation modeling to explain the possible
mechanism(s) of confirmed preferential incorporation of certain carboxylic acids into aragonite, because
the form in which the organic acid exists (i.e., metal–organic complexes or organic species) is relevant
for the incorporation into carbonate mineral during crystallization [33,34].

This is the first systematic investigation using a seeded co-precipitation method on (1) the
incorporation of carboxylic acids into synthetic aragonite and (2) the subsequent changes in the crystal
properties of the co-precipitated aragonite.

2. Materials and Methods

2.1. Materials

All reagent grade chemicals were purchased from Sigma-Aldrich Korea (Seoul, Korea) and used in
this study without further purification. Calcium chloride dihydrate (CaCl2·2H2O), sodium bicarbonate
(NaHCO3), sodium carbonate (Na2CO3), sodium chloride (NaCl), magnesium chloride hexahydrate
(MgCl2·6H2O), and six different types of carboxylic acids (citric, malic, acetic, glutamic, and phthalic)
were used for the synthesis of aragonite seed and aragonite co-precipitated with carboxylic acids.
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Analytical grade hydrochloric acid (HCl, 37%) and sodium hydroxide solution (NaOH, 50%) were
also used to adjust the solution pH. DI (de-ionized) water with a resistance of 18.2 mΩ was used in
all experiments.

The carboxylic acids used in this study were classified into three cases, and their characteristics
are shown in Table 1. Case 1 was composed of acetic acid, malic acid, and citric acid, which have
different numbers of carboxyl functional groups (1, 2, and 3 of COO(H), respectively); this was used to
confirm the effects of the number of carboxyl functional groups on the growth and crystal properties
of aragonite. Case 2 was composed of malic acid, glutamic acid, and phthalic acid, which have two
carboxyl functional groups and other different functional groups (i.e., hydroxyl or amino groups) and
organic structures (i.e., carbon chain or cyclic structure) to confirm the effects of various functional
groups as well as the structure and weight of different organic molecules on the growth and crystal
properties of aragonite.

Table 1. Characteristics of the organic acids used in this study.

Organic Acids
Molecular

Formula and
Weight (g/mol)

Number of
Carboxyl Groups

(COOH)

Acid Dissociation Constants Structural Formula
pK1 pK2 pK3

citric acid
(Case 1)

C6H8O7
(192.12) 3 3.13 4.76 6.40
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2.2. Synthesis of Organic Co-Precipitated Aragonite

2.2.1. Aragonite Seed Preparation

Before the co-precipitation experiment to obtain the organic co-precipitated aragonite,
size-controlled pure aragonite to be used as an aragonite seed was prepared through a constant-addition
method [33]. The synthetic method is briefly described as follows. First, 0.007 M NaHCO3, 0.1 M
NaCl, and 0.05 M MgCl2·6H2O were dissolved in 3.5 L of DI water with vigorous stirring using a
Teflon-coated magnetic bar. Thereafter, 0.007 M CaCl2·2H2O solution was injected into the bicarbonate
solution for 1–6 h at a constant rate (0.1 mL/min) using a multi-racks syringe pump to saturate the
reaction solution with respect to aragonite. The solution temperature was maintained at 25 ± 0.1 ◦C
using a hotplate magnetic stirrer with a temperature sensor (C-MAG HS7/ETS-D5, IKA, Staufen,
Germany) during all experiments. Then, the mixture of solution and precipitates was separated using
a cellulose nitrate membrane with a 0.45-µm pore size, and the filtered solid sample was dried in an
oven at 60 ◦C for 12 h and stored in a desiccator for characterization and co-precipitation experiments.
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2.2.2. Co-Precipitation Experiment

Different concentrations of 0.1, 0.5, and 1.0 mM of each carboxylic acid were added to the
individual reaction vessel containing 700 mL of initial growth solution that contained 0.007 M
CaCl2·2H2O, 0.007 M NaHCO3, 0.1 M NaCl, 0.05 M MgCl2·6H2O, and 0.1 g of the pre-synthesized
pure aragonite seed. The saturation index (SI) of this initial growth solution was 1.44, indicating that
the solution is supersaturated with respect to aragonite (Supplementary Materials Figure S1) [33].
Then, 60 mL of Ca solution (0.3 M CaCl2·2H2O + 0.1 M NaCl with 0.1–1.0 mM carboxylic acid) and
60 mL of CO3 solution (0.3 M Na2CO3 + 0.1 M NaCl) were injected to the growth solution using a dual
syringe pump (Legato 200/78-8300, Sercrim Labtech, Seoul, Korea) at a constant rate of 0.1 mL/min
for 10 h. Throughout the experiment, dust-free clean air, produced by passing air through a glass
tube containing DI water, was injected into the growth solution through a micro-bubbler to maintain
equilibrium with CO2 (g) in air during the process. As a result, the pH of the mixed solution was
kept at approximately 8.3 throughout the co-precipitation experiment, even in the different carboxylic
acids (see Figure S2; the pH is slightly higher than 8.3 in the presence of citric and malic acids, but the
difference is not significant). The temperature of the mixed solution was maintained at 25 ± 0.1 ◦C
with stirring at 200 rpm. At the end of the experiment, precipitates were filtered using a 0.45-µm
membrane filter, thoroughly rinsed several times with DI water adjusted to pH 8.3, and dried at 60 ◦C
for 12 h for characterization. The organic co-precipitated aragonite samples synthesized in the presence
of citric, malic, acetic, glutamic, and phthalic acids were labeled citric-arag, malic-arag, acetic-arag,
glutamic-arag, and phthalic-arag, respectively. The sample to compare the effect of the presence
of carboxylic acids was synthesized under the same condition without organic acid and labeled as
the control.

2.3. Characterization

The mineral phase and crystallinity of the synthesized aragonite seed samples were confirmed by
powder X-ray diffraction (PXRD, SmartLab, Rigaku, Tokyo, Japan) using Cu-Kα at 40 kV and 100 mA
with a 0.01◦ step size and a 0.5 ◦/min scan rate. To refine the structural parameters of the co-precipitated
aragonite samples synthesized in the presence of different types of organic acids with 0.1 g of aragonite
seed, additional PXRD analysis was performed on a Bruker D8 Advance diffractometer (D8 Advance,
Bruker, Billerica, MA, USA) equipped with a LynxEye® XE-T 1D detector with 192 channels. The 2θ
angle covered from 5 to 70◦, with a scanning angle step size of 0.015◦ and a time step of 0.250 sec.
The powder sample was placed on an XRD sample holder using the side-loading method to minimize
the preferential orientation of certain crystal planes of the sample by top pressure. Furthermore,
Rietveld refinement was performed on the XRD data using the program BGMN with the help of the
graphical user interface software Profex-4.2.1 [36,37]. The experimental XRD profile was modeled with
a Lorentzian function under the conditions of anisotropic crystallite size as well as anisotropic micro
strain. Crystallite size was determined from anisotropic peak broadening of the (111) reflection using
the internal algorithms, which were embedded in the program BGMN. The quality of refinements was
evaluated with the goodness of fit (see Table 2), which was below 1.3, confirming the reliability of the
computed models.

The crystal morphology of the samples was confirmed using field emission scanning electron
microscopy (FE-SEM, 250FEG, FEI, Hillsboro, OR, USA). SEM analysis of each sample coated with
platinum was conducted at an accelerating voltage of 15 kV. High-resolution transmission electron
microscopy (HR-TEM, Tecnai 20, FEI, Hillsboro, OR, USA) and selected area electron diffraction (SAED)
pattern analyses were conducted on a single aragonite crystal sample at an accelerating voltage of
200 kV to obtain high-resolution images and reciprocal lattice patterns. The average particle size and
distribution of aragonite seeds were measured by a particle size distribution analyzer (PSD, ELSZ-1000,
Otsuka Electronics Korea, Seongnam-si, Korea) using a mixed solution of 0.01 g solid powder dispersed
in 5 mL of ethanol solvent. The possible co-precipitation of carboxylic acids with aragonite was
investigated by high-performance liquid chromatography (HPLC), Fourier transform-infrared (FT-IR),
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and thermogravimetric and differential scanning calorimetry (TG-DSC) analyses of the precipitates.
The contents of the incorporated carboxylic acids in the co-precipitated aragonite samples were
measured by HPLC (1200 series, Agilent Technologies, Waldbronn, Germany) at the Korea Institute of
Science and Technology (KIST) [34]. Briefly, each organic co-precipitated solid sample was treated with
1 M of HCl to dissolve the solid sample and ionize the organic acid contained in the solid into liquid
phase. The measured organic concentration in solution was converted to mass unit and expressed as
the weight percent (wt %) based on the used mass of the solid sample. The FT-IR spectra of the samples
were obtained in an absorbance mode with a range of 4000–400 cm−1 on an ATR-FTIR spectrometer
(Agilent Technologies, Inc., Santa Clara, CA, USA). TG-DSC analysis was performed using a thermal
gravimetric analyzer (SDT Q600, TA Instruments, New Castle, DE, USA) under air conditions at a
heating rate of 5 ◦C/min. The speciation of organic acids in each experimental condition was calculated
using the geochemical modeling software PHREEQC (version 2.18, U.S. Geological Survey, Reston, VA,
USA) with the database minteq.v4.dat containing various organic species data [38].

3. Results and Discussion

3.1. Characterization of Aragonite Seeds

The crystal properties of aragonite samples prepared with different aging times were analyzed to
determine the optimum conditions for the synthesis of aragonite seeds of suitable size. It is important
to use a small-sized seed to confirm the effects of carboxylic acids on the growth of aragonite crystals
because the incorporation of carboxylic acids into aragonite can affect the surface structure, morphology,
and ultimately the crystallinity of aragonite crystals during co-precipitation. Therefore, considering
the known growth mechanism of aragonite with respect to aging time [6,8], aragonite seeds were
synthesized at different reaction times (1, 2, and 6 h) under our experimental conditions.

Figure 1 shows that the positions of the XRD peaks of all samples were consistent with those
of an aragonite reference (JCPDS No. 01-078-4339) without a secondary phase, which indicates that
pure aragonite was formed. However, the XRD peak intensity related to the crystallinity of the
sample changed distinctively with reaction time. The increased XRD peak intensity with reaction time
indicates that the crystallinity of the synthesized aragonite was increased. When the epitaxial-oriented
overgrowth of a single crystal is satisfied, the regularity of the crystal lattice structure increases.
Therefore, considering the constant addition of the Ca solution at a slow rate into the growth solution
supersaturated with respect to aragonite, this increase in the crystallinity of aragonite with reaction
time could be explained by an increase in crystal size through crystal growth [39].
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of organic acids.

The crystal growth is also shown in the SEM images for different samples synthesized at different
reaction times (1 to 6 h) (Figure 2). The samples showed similar dandelion flower-like shaped particles
composed of many needle-like aragonite crystals. Lee et al. (2015) reported a similar spherical growth
mechanism in the previous study on the effects of aging time on strontianite (SrCO3), which has an
orthorhombic crystal system similar to aragonite. Such spherical growth behavior by the aggregation
of many needle-like crystals could be attributed to a kind of self-organization in order to reduce surface
energy [18,40,41]. Despite showing a similarity in shape, the samples in the present study showed
different particle size, the diameter of the aggregates being approximately 2–4 µm, 4–8 µm, and 5–10
µm at 1, 2, and 6 h, respectively. It was mentioned earlier that aragonite crystals with smaller sizes
are more suitable for seeds in order to clearly demonstrate the effects of carboxylic acid. Although
the aragonite synthesized at 1 h has a smaller particle size, the amount produced (i.e., yield) was not
sufficient to be used as a seed for the series of systematic co-precipitation experiments. Therefore, a 2-h
reaction time was selected for the seed preparation condition. The average particle size of aragonite
seeds prepared by repeating five times at 2-h aging time was 6.54 µm (Figure 3), which is as depicted
in the SEM image (Figure 2B).
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3.2. Characterization of Organic Co-Precipitated Aragonite

3.2.1. XRD

Figure 4 shows the XRD patterns of the aragonite seed (2-h-aged) and the aragonite samples
synthesized by the seeded co-precipitation method (seed + overgrowth) under the different types of
1-mM carboxylic acid conditions with 0.1 g of aragonite seed. The refined structural parameters and
crystallite sizes of the as-synthesized aragonite samples were calculated by Rietveld refinement with
the XRD data and are listed in Table 2.

Although there is a difference in intensity, all synthesized samples exhibited the typical XRD
pattern of aragonite (JCPDS No. 01-078-4339), indicating that aragonite was formed in our experimental
condition without any other mineral phases. In addition, the values of the structural parameters of all
samples were within the ranges of 4.960–4.963 Å (a-axis), 7.966–7.978 Å (b-axis), and 5.746–5.749 Å
(c-axis), which are consistent with the experimental values: a = 4.960 Å, b = 7.964 Å, and c = 5.738 Å [42].

Compared to the XRD pattern of the used aragonite seed (2-h), those of the control sample
(formed by the overgrowth of seed in the absence of carboxylic acid) showed a remarkable increase in
crystallinity corresponding to the increase in crystallite size from 79.3 to 136.4 nm without significant
changes in the structural parameters (Table 2). This means that aragonite crystal was epitaxially
overgrown at the (111) plane of the substrate (i.e., aragonite seed) without significant changes in the
lattice structure of aragonite [43]. In contrast, those of the organic co-precipitated aragonite samples
synthesized in the presence of carboxylic acids that have different numbers of carboxyl functional
groups (i.e., Case 1, see Table 1) showed a distinctive difference (i.e., decrease) in crystallinity, and
this was dependent on the number of carboxyl functional groups. In addition, the crystallite sizes
of aragonite formed in citric acid and malic acid were 27.4 and 54.3 nm, respectively, which were
significantly smaller than those of control sample (136.4 nm), indicating a retardation of crystal growth
by the two carboxylic acids. In addition to the dramatic reduction of crystallite size, citric-arag
(aragonite co-precipitated with citric acid) showed a slight change in structural parameters (i.e., a-, b-,
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and c-axes). Although our XRD data were acquired by a conventional XRD equipment and caution is
needed in interpretation, we believe that the slight change in the structural parameters for citric-arag is
meaningful. These results indicate that the crystallite size and the crystal lattice of aragonite formed in
the presence of carboxylic acids can be affected by the number of carboxyl functional groups.

However, glutamic acid and phthalic acid, which have different functional groups and hydrocarbon
structures with malic acid (Case 2), showed no significant changes in crystallinity even though they
have two carboxyl groups. This probably indicates that the presence of amino functional groups in
the glutamic acid and different hydrocarbon structures (e.g., cyclic) in phthalic acid can attenuate the
effects of carboxylic acid on the crystallinity of aragonite.
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Table 2. Refined structural parameters and crystallite sizes of the used aragonite seed and the organic
co-precipitated aragonite samples.

Sample Type of
Aragonite

Structural Parameters a (Å) Crystallite size b

(nm)
Rwp

c Rexp
d GOF e

a-axis b-axis c-axis

arag seed (2-h) 4.9630(9) 7.969(17) 5.747(11) 79.3 ± 1.3 7.17 6.22 1.15

control 4.9629(7) 7.966(12) 5.7470(9) 136.4 ± 3.1 8.16 6.93 1.18

citric-arag 4.960(29) 7.978(58) 5.749(36) 27.4 ± 0.5 7.11 5.68 1.25

malic-arag 4.962(14) 7.969(25) 5.749(16) 54.3 ± 0.7 8.14 6.37 1.28

acetic-arag 4.9625(7) 7.966(13) 5.747(00) 127.1 ± 2.8 7.81 6.63 1.18

glutamic-arag 4.9627(8) 7.966(14) 5.746(10) 100.7 ± 1.7 7.87 6.85 1.15

phthalic-arag 4.9624(8) 7.966(15) 5.746(10) 111.3 ± 2.3 7.85 6.65 1.18

Note: The refined structural parameters and crystallite sizes were obtained through Rietveld refinement on the
XRD data. The (values) included in the structural parameters indicate the error range. a Length of a, b, and c-axes.
b Estimated size of aragonite crystallite calculated from the (111) reflection. c Weighted sum of squared residuals.
d Possible minimum value for Rwp. e Goodness of Fit, GOF = Rwp/Rexp.

3.2.2. TEM/SAED

Figure 5 shows TEM images and SAED patterns of co-precipitated aragonite samples synthesized
at different types of carboxylic acids with 1 mM concentration. The control sample (Figure 5A)
shows a needle-like single crystal that can gather together to form a spherulite structured particle as
observed in the SEM images (see Figure 6A). The SAED pattern of the control sample shows a regular
arrangement of diffraction spots (white points), which are related to the series of electrons diffracted
on the crystal plane. This means that the control sample has a constant lattice and symmetry structure
and consequently high crystallinity by the epitaxial crystal growth.
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Figure 5. TEM images (left) and selected area electron diffraction (SAED) patterns (right: derived from
the middle images, which are the magnified left TEM images) for the co-precipitated aragonite samples.
(A) Control, (B) citric-arag, (C) malic-arag, (D) acetic-arag, (E) glutamic-arag, and (F) phthalic-arag.

In contrast, significant changes in the crystal shape and lattice structure were observed in the
aragonite samples synthesized in the presence of carboxylic acids, with different numbers of carboxyl
groups (i.e., Case 1, see Table 1). The citric-arag sample synthesized in the presence of citric acid
(Figure 5B) was observed to have many small crystals attached to an aragonite seed (dark black in the
left image). This is in contrast to the control sample, which showed aragonite overgrowth through
the successive extension of the seed surface lattice structure, indicating that the epitaxial growth of
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aragonite crystals was strongly inhibited due to surface poisoning by the adsorption of citric acid
on the aragonite seed [14,32,44]. Instead, new small aragonite crystals formed by co-precipitation
with citric acid were attached to the surface of the pre-existing aragonite seed. According to previous
studies, interactions with citrate cause the large defect in the surface structure of calcite [45]. During the
crystallization of carbonate minerals, this can lead to the partial lattice disorder that can be confirmed in
SAED patterns [46,47]. Thus, it is thought that the irregular SAED pattern with weak diffraction spots
and the polycrystalline concentric circles in the citric-arag sample possibly indicate that the growth
in the direction of crystal planes was strongly inhibited due to the citrate induced-defect structure
accompanying with the significant disorder. Such polycrystalline properties were also observed in the
aragonite samples synthesized in the presence of malic acid and acetic acid (Figure 5C,D)). However,
when the number of carboxyl groups in the used carboxylic acids decreased (i.e., citric 3 > malic 2
> acetic 1), the following tendency was clearly observed: (1) a single aragonite crystal grew more,
(2) polycrystalline concentric circles in the SAED pattern became faint, and (3) diffraction spots were
more evident and regularly arranged with less disorder in crystal lattice.

Contrastingly, glutamic-arag and phthalic-arag samples synthesized in the presence of glutamic
and phthalic acids (Figure 5E,F) showed similar crystal morphology to the needle-like pure aragonite
crystal with regular SAED patterns (Figure 5A). This means that glutamic acid and phthalic acid do
not significantly affect the growth of aragonite crystals and the crystal lattice. These TEM/SAED results
are consistent with the XRD results, which show that the carboxylic acids with two carboxyl groups
(malic acid) have a great influence on the growth and structural properties of aragonite crystals, but the
effects are strongly suppressed by the presence of amino groups or cyclic structures.

3.2.3. HPLC

HPLC analysis was performed on the aragonite samples synthesized under the conditions of
different types and concentrations of carboxylic acids to measure the quantitative amount of carboxylic
acids in the aragonite samples (see Table 3). Interestingly, other carboxylic acids were not detected,
although the content of citric and malic acids increased with their concentration in the synthetic
solution. In addition, the amount of citric acid incorporated increased steadily from 0.23 to 0.65 wt %
as the carboxylic acid concentration in the synthetic solution increased from 0.1 to 1.0 mM, but malic
acid reached a maximum at 0.19 wt %. These results can support the XRD and TEM/SAED results,
which showed a disorder in the lattice structure of carbonate mineral upon the incorporation of citric
and malic acids [34]. Therefore, it is suggested that only the two carboxylic acids can be favorably
incorporated into aragonite, and this tendency is stronger in citric acid than malic acid.

Table 3. The incorporated contents of carboxylic acids in the organic co-precipitated aragonite samples
measured by HPLC.

Concentration of a
Carboxylic Acid in

Synthetic Solution (mM)

The Incorporated Contents of Carboxylic Acids in Aragonite Samples (wt %)

Control Citric-
Arag

Malic-
Arag

Acetic-
Arag

Glutamic-
Arag

Phthalic-
Arag

0.1 - 0.23 0.04 0.01↓ 0.01↓ 0.01↓

0.5 - 0.53 0.19 0.01↓ 0.01↓ 0.01↓

1.0 0.01↓ 0.65 0.19 0.01↓ 0.01↓ 0.01↓

3.2.4. SEM

Figure 6 shows the morphology of the co-precipitated aragonite samples. The control sample
formed in the absence of carboxylic acid showed a flower-like particle approximately 30 µm in diameter,
which was fabricated by the aggregation of many needle-like or prismatic-shaped aragonite crystals
(Figure 6A). This is about five times the size of the aragonite seed (see Figure 2B), and it indicates
that the pure aragonite formed in the absence of carboxylic acid was overgrown from the seed during
the co-precipitation experiment [48]. Compared to the control sample, the citric-arag sample showed
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distinctive changes in crystal morphology. The flower-like particle shape with many needle-like or
prismatic single crystals shown in the control sample changed to a grape-cluster-like particle shape
with a bumpy surface (Figure 6B). Such morphological changes were also observed in the malic-arag
sample, which also reduced the crystallinity of the sample (Figure 6C). However, this tendency was
stronger in the citric-arag than in the malic-arag. On the other hand, the acetic-arag, the glutamic-arag,
and the phthalic-arag samples showed no significant changes in crystal morphology (Figure 6D–G),
although there was a small difference in the aspect ratio. Based on these SEM results, it can also
be confirmed that the Case 1 carboxylic acids, which contain different numbers of carboxyl groups
in the structure, have the greatest influence on the crystallinity as well as the crystal morphology
of the co-precipitated aragonite. In addition, these effects increase with the number of carboxylic
acid groups and decrease when there are other functional groups (i.e., an amino group) or cyclic
structures in the structure. These SEM observations, along with the XRD, TEM/SAED, and HPLC
results, indicate that the crystallinity and crystal shape of synthesized aragonite can be significantly
changed by incorporation of the carboxylic acids into aragonite, especially in the presence of citric and
malic acids.
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3.2.5. FT-IR

Figure 7A shows the FT-IR spectra of the co-precipitated aragonite samples. The FT-IR spectrum
of the control sample shown in Figure 7B is consistent with the previously reported spectra of
aragonite [49–51]. The two characteristic absorption peaks positioned at 700 and 713 cm−1 are assigned
to the carbonate υ4 vibration of aragonite. The strong peak at 855 cm−1 is assigned to out-of-plane
bending υ2 vibration, whereas the peak at 1083 cm−1 corresponds to the symmetric carbonate υ1

stretching vibration. The other strong peak centered at 1460 cm−1 is assigned to asymmetric carbonate
υ3 stretching vibration and considered to be the major feature of the carbonate ion. The weak peak
at 1787 cm−1 is attributed to the combined peak of υ1 and υ4 vibrations. This result reveals that the
control sample synthesized in this study shows typical aragonite properties.
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Interestingly, the aragonite samples co-precipitated with carboxylic acids showed a slight decrease
in the absorbance intensity but were almost similar to those of the control sample (Figure 7A).
Phillips et al. (2005), who studied organic ligand co-precipitation with calcite using NMR spectroscopy,
reported that calcite grown by a seeded constant-addition method can contain about 1 wt % of
citrate [52]. This was proved by Lee and Reeder (2006), who studied the role of citrate during Co(II)
co-precipitation with calcite using thermogravimetric analysis (TGA) and FT-IR [33]. Although the
amount of citrate (0.65 wt %) in our citric-arag sample is less than the reported value (1 wt %) and
close to the detection limit of FT-IR, making it difficult to clearly confirm the change, two indirect
evidences of citrate incorporation were confirmed in the FT-IR spectra. First, the weak shoulders
positioned near 1455 cm−1 (indicated by *) are within the banding range corresponding to the typical
stretching modes of the carboxyl group, indicating the existence of citrate in the citric-arag sample [33].
Second, the broad feature around 3300 cm−1 might be attributable to the stretching modes of structural
water [53], which could have been inserted together during the process of citrate incorporation into the
aragonite structure [33,34]. These FT-IR results can support the fact that citrate was incorporated into
the aragonite structure.

3.2.6. TG-DSC

The TG-DSC profiles of the control and citric-arag samples are presented in Figure 8. During the
TG analysis (Figure 8A), the control sample exhibited a first slight weight loss in the range of 85−110 ◦C
and a second weight loss of around 324.6 ◦C, owing to the dehydration of physically adsorbed
water and crystal water in aragonite, respectively [54]. In contrast, the citric-arag sample showed a
more significant weight loss up to 324.6 ◦C, which might be due to the introduction of more water
molecules into the distorted structure of aragonite (CaCO3) together with citrate incorporation [52,55].
In addition, a strong endothermic peak at 439.3 ◦C was observed in the DSC profile of the citric-arag
sample (Figure 8B), and it exhibited a greater weight loss (0.75%) than the control sample (0.11%)
in the temperature range of 422.5−455.8 ◦C. Similarly, Lee and Reeder (2006) also confirmed that
citrate-incorporated calcite, which is another polymorph of CaCO3, had ≈1% total weight loss between
375 and 550 ◦C, and they suggested that this is attributable to the decomposition of the incorporated
citrate in the calcite structure [33]. Considering the similarity of TG analysis results between the two
studies, it is possible that the sharp endothermic peak at 439.3 ◦C in the DSC profile of the citric-arag
sample could be attributed to the decomposition of citrate, which was incorporated into the aragonite
structure during crystallization. Interestingly, the difference in weight loss of 0.64% between the
control sample (0.11%) and the citric-arag (0.75%) in the temperature range (422.5−455.8 ◦C), in which
significant weight loss occurred due to citrate decomposition, agreed well with the citric acid content
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of 0.65% measured by HPLC (Table 3). These results also support the fact that citrate was incorporated
into the aragonite structure.
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3.3. Theoretical Speciation Modeling

To further explain why different types of carboxylic acids have different incorporation properties
into aragonite, species calculation for the used carboxylic acids was carried out. In this study, as shown
in Table 1, the carboxylic acids with each pKa value (pKa3 = 6.40 for citric acid; pKa2 = 5.20 for malic
acid; pKa1 = 4.76 for acetic acid; pKa2 = 4.07 for glutamic acid; pKa2 = 5.51 for phthalic acid) were fully
deprotonated because the pH of the mixed solution was kept at ≈8.3 during the co-precipitation (Figure
S2). This means that some of the deprotonated carboxylic acids can exist in the form of Ca–organic
ligand complexes (i.e., chelate). According to the previous studies, the metal chelate complex species
such as (Ca–citrate)− can be strongly involved in its incorporation into carbonate minerals such as
calcite or siderite [33,34,52]. Therefore, we deduced that the Ca–organic ligand complexes have an
important role in the incorporation of carboxylic acids into aragonite.

The speciation modeling results for the different carboxylic acids are presented in Figure 9, showing
the predominance of species as a function of pH. In Case 1, carboxylic acids and most of the citric acid
species exist as (Ca–citrate)−, while malic acid exists as 80% of (Ca–malate)0 and 20% of (malate)2−,
and acetic acid is composed of 70% (acetate)− and 30% (Ca–acetate)+. The species percentage (%) of
Ca–organic ligand decreases in the order citric acid > malic acid > acetic acid, which is consistent with
the number of carboxyl groups and the order of the amount of incorporation (see Table 3). According
to Geffroy et al. (1999), when calcite (CaCO3) is hydrated in water, there is a substantial number of
positive sites in the crystal surfaces [56]. This means that the more negatively charged Ca–organic
ligand complex has a stronger affinity to the positively charged aragonite surface and can be readily
incorporated into the surface lattice structure of aragonite crystals. In the speciation modeling of
Case 1 carboxylic acids, the (Ca–citrate)− complex has a negative charge, whereas (Ca–malate)0 and
(Ca–acetate)+ have a neutral charge and positive charge, respectively. Therefore, considering the
predominance of Ca–organic ligands and their electrostatic attraction–repulsion to the crystal surface,
it could be explained that the incorporation of Case 1 carboxylic acids into aragonite is favorable in the
order of citric acid > malic acid > acetic acid.
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positioned at pH 8.3.

In Case 2, carboxylic acids, glutamic acid, and phthalic acid have the same number of carboxyl
groups but different types of functional groups (amino groups) or organic structures (cyclic) compared
to malic acid. The amino group of glutamic acid was not deprotonated because of the higher pKa
value (pKa3 = 9.47) than the mixed solution pH of 8.3; hence, most of the glutamic acid existed as
(H-glutamate)− or (CaH–glutamate)+. The percentage of (CaH–glutamate)+ species was less than 30%,
and the species while bearing a positive charge may not easily bind to the aragonite surface owing to
electrostatic repulsion. This may explain why glutamic acid was not incorporated into the aragonite.
Meanwhile, most of the phthalic acid species exists as (Ca–phthalate)0, but it has a neutral charge as
well as a hydrophobic aromatic ring structure with no sites for the further attachment of either Ca2+ or
CO3

2− (see Table 1). It was thought that the incorporation of phthalic acid into aragonite was difficult
owing to such electrostatic contributions and hydrophobic structural character.

The results stated above explain why citric acid among the various carboxylic acids was most
favorably incorporated into aragonite. The favorable incorporation of citric acid inhibited the growth of
aragonite crystals and caused a dramatic change in the crystallinity and crystal morphology compared
to other carboxylic acids. In our co-precipitation experiment using a seeded constant-addition method
in the presence of carboxylic acids, the possible mechanism for the preferential incorporation of citric
acid into aragonite was deduced as the following three-step process (Figure 10). (1) Chelation: Citric
acid in the growth solution is fully deprotonated at pH 8.3, exists as (citrate)3−, and is coupled with
Ca2+ ions to form metal–organic complex, (Ca–citrate)−. (2) Adsorption: Some of the (Ca–citrate)− can
be adsorbed on the surface of aragonite seed crystals, mainly Ca2+ of (Ca–citrate)− is bound to CO3

2−

on the surface of aragonite seeds [33]. (3) Co-precipitation: When an additional reaction solution with
a high concentration of Ca2+ and CO3

2− is introduced, aragonite crystal is overgrown at the periphery
site where (Ca–citrate)− is pre-adsorbed.
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4. Conclusions

The effects of the preferential incorporation of carboxylic acids on the crystal growth and
physicochemical properties of synthetic aragonite were investigated. The methodology involved a
systematic study through a seeded co-precipitation experiment in the presence of carboxylic acids,
various liquid- and solid-state characterizations, and speciation modeling interpretation. The aragonite
crystals were synthesized in the presence of different carboxylic acids, and significant differences were
observed in their growth and the physicochemical properties such as crystallinity, crystal morphology,
and chemical composition (i.e., organic content). These differences reflect that the number and type of
functional groups as well as the structural conformation are important factors for the incorporation of
carboxylic acid groups. Based on speciation modeling, the predominance of the negatively charged
metal–organic complex, (Ca-citrate)−, which has a strong affinity to the aragonite surface, was suggested
as one of the reasons why citric acid could be most favorably incorporated into aragonite among
the used carboxylic acids. The investigated incorporation properties and mechanisms of various
carboxylic acids will provide valuable information to explore the applicability of aragonite in various
industrial fields as well as improve the understanding of crystal growth through the biomineralization
of aragonitic crystals.
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