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Abstract—Oyster shells are abundantly available in nature without eminent use and are dumped into landfills in vast
quantities. Their improper disposal causes environmental problems, resulting in a waste of natural resources. Recycling
shell waste could potentially eliminate the environmental problems and, moreover, convert the waste into high-value-
added products, such as synthetic precipitated calcium carbonate (PCC), which can be obtained from oyster waste and
which is used to enhance the mechanical properties of various materials. It can also be used as a filler material in the
plastic and paper industries. This study presents a simple method for the extraction of aragonite needles from oyster
shell waste via a carbonation process. The obtained aragonite-precipitated calcium carbonate (PCC) is characterized by
XRD and SEM, which is used to assess the morphology and particle size. Using the proposed process, oyster shell
waste powder was calcined at 1,000 °C for 2 h, after which the calcined shell powder was dissolved in water for hydra-
tion. The hydrated solution was mixed with an aqueous solution of magnesium chloride at 80 °C and CO, was then
bubbled into the suspension for 3 h to produce needle-shaped aragonite PCC. Finally, aragonite-type precipitated cal-
cium carbonate was synthesized from the oyster shell powder via a simple carbonation process, yielding a product with
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an average particle size of 30-40 pm.
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INTRODUCTION

In developing economies across the Pacific region, aquaculture
has become the fastest growing industry for producing animal
protein [1], and global aquaculture production expanded at an
average annual growth rate of 6.2% from 2000-2012 (compared to
only 10% from 1980-1990). For the decade 2012-2022, aquacul-
ture is forecasted to grow between 29 and 50% [2]. China is the
largest mollusk producer, accounting for approximately 83.4% of
worldwide production. Table 1 shows mollusk production by coun-
try (shell tons) for the year 2013 [3]. This intensive production,
however, generates a large amount of shell waste, estimated at an
average of 270,000 tons/year [4], and more than 70% of shell waste
is dumped into natural waters and landfills, causing strong and
unpleasant odors as a result of the decomposition of fresh mus-
cles attached to oysters [5].

On the southern coast of South Korea, oyster shell waste is
dumped into coastal areas as a by-product of the marine aquacul-
ture industry. A large amount of oyster shell waste is generated in
landfill sites, which creates problems for fishermen in terms of col-
lection, securing of landfill sites, and the transport of oyster shells
[6]. In addition, oyster shell waste causes many environmental prob-
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Table 1. Mollusks culture production (with shell, tons) by country
(Source: Adapted from reference - 3)

Producer Molluscs (Tones)  Percentage (%)
China 12728046 83.4
Japan 332460 2.2
Republic of Korea 291024 1.9
Chile 252528 1.7
Thailand 217467 14
Viet Nam 179163 1.2
Spain 164976 1.1
United states of america 160458 1.1
France 156980 1.0
Italy 110645 0.7
Others 668875 4.4
World 15262622 100

lems, including public water pollution, damage to the natural land-
scape, and health/sanitation problems.

Specific problems caused by oyster shell waste include increased
amounts of shell waste, the pollution of marine ecosystems due to
landfill spillover, offensive odors due to negligence, increased costs
and expenses incurred due to necessary treatments of oyster shell
waste, and less demand for recycled materials (e.g., filler, fertilizer)
from oyster shells. Oyster shell waste has become a serious prob-



226 C. Ramakrishna et al.

lem, and in most cases, the shell waste is disposed of or dumped
in fields and/or public water sources. Waste left to sit for a long
time can create noxious odors as a consequence of the decay of the
remaining attached muscles or the decomposition of salts into gases
such as H,S, NH;, and amines.

Approximately 30% to 50% of collected oysters are actually uti-
lized, with the remaining shell waste discarded [7]. Thus, the recy-
cling of oyster shell waste is an emerging issue for the mariculture
industry. The utilization of oyster shells as a sorbent for incinera-
tion and desulfurization processes is potentially very useful in marine
ecosystems, preventing damage to the natural landscape and miti-
gating sanitation/health problems [8]. Environmental engineering
research has been conducted in China and Japan on oyster shell
waste recycling processes, but research on oyster shell waste in rela-
tion to water purification processes remains limited [4].

Oyster shells are not simply aquatic waste material but are poten-
tially a valuable resource for new industries. Oyster shells are used
as a construction material and as sludge conditioners, eutrophica-
tion control materials, soil conditioners and fertilizers [9-11]. The
main component of oyster shell powder is CaCO;, which is con-
verted to CaO by heat treatment. It exhibits antibacterial activity
[12] and effectively kills some of the most pathogenic viruses, such
as Escherichia coli O-157:H7 [13].

The recycling of oyster shell waste is a viable alternative to its
normal disposal. De-Alvarenga et al. [14] conducted a life cycle as-
sessment (LCA) for oyster waste in southern Brazil. To reduce the
amount of shell waste, major resources have been spent on devel-
oping possible applications. However, until recently, the use of oys-
ter shells has been limited to calcium supplements and soil con-
ditioners. Long-term effort is needed to develop potential recycling
processes for oyster shell waste to reduce environmental problems.

The major component of oyster shells is calcium carbonate, which
has a structure composed of three layers: an outer layer made of
chitin, an inner layer consisting of both calcite and aragonite, and
an interbedded layer with protein molecules. The average compo-
sition of the minerals in the shell is approximately 90% calcite and
10% aragonite [15]. Fig. 1 shows the total content of CaCO; (wt%
of a dry sample) present in limestone and oyster shells and the rel-
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Fig. 1. Mineralogical composition of limestone and oyster shells
total content of CaCO; and the relative abundance of calcite
and aragonite (Source: Adapted from reference 15).
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ative abundance of both calcite and aragonite.

Precipitated calcium carbonate (CaCOj) is the most widely used
inorganic filler for polymers [16]. Oyster shell waste consists mainly
of CaCO; (approximately 95%) with a small amount of bio-mac-
romolecules, such as proteins, glycoproteins and polysaccharides
[17,18], and may be feasible as a commercial filler for polymers with
unique mechanical properties [19]. Recycled shells are widely uti-
lized as a filler material in the polymer industry. Corni et al. [20]
reported that nacre from Pinctada shells has high tensile strength
(140-170 MPa) and a high Youngs modulus (60-70 GPa), imply-
ing its usefulness for improving the mechanical properties of poly-
mers. Chong et al. [21] prepared composite materials with recycled
polyethylene and oyster shell powder for enhanced mechanical prop-
erties compared to those of neat polyethylene. Lin et al. [22] pre-
pared scallop shell/polypropylene (PP) composites; their results in-
dicated that the incorporation of shell powder greatly increased the
impact strength of PP. However, it was also found that an excessive
addition of CaCO; could decrease the impact properties of PP [23].

Li et al. [24] reported higher elongation at the break point as
well as good tensile strength, yield strength and yield strain of poly-
propylene composites filled with bio-aragonite compared with com-
mercial CaCOs. Additionally, de-Melo et al. [25] found that the
incorporation of mollusk shell waste with high-density polyethylene
could increase the degree of crystallinity and stiffness. Recycling
shell waste offers many advantages in various fields. However, nat-
ural limestone with purity levels exceeding 90 wt% of CaCO; is usu-
ally used in waste water treatment processes. Similarly, oyster shells
consist of 90 to 95 wt% CaCO;, making this material an excellent
alkalinity source for waste water treatment purposes.

Our main objective was to synthesize needle-shaped aragonite-
precipitated calcium carbonate (PCC) from oyster shell waste via a
simple carbonation process. The PCC can then be utilized as a filler
material for improving the mechanical properties of products in
the plastics and paper industries.

EXPERIMENTAL PROCEDURE FOR ARAGONITE
SYNTHESIS FROM OYSTER SHELL WASTE VIA A
CARBONATION METHOD

The starting materials were MgCl, of 95% purity (Junsei Com-
pany, Japan), oyster shell waste (Namhae, South Korea), and pure
CO, gas (Jeil Gas Company, South Korea).

We used oyster shell waste collected from waterfront areas in
Namhae, South Korea, and cleaned with alcohol and water to re-
move impurities attached to the surfaces. The cleaned and dried
oyster shells were milled using comminution equipment until a
fine powder was obtained with a particle size of less than 100 pm.
This fine oyster shell powder was calcined in an electric furnace at
a constant temperature of 1,000 °C for 2 h, which was increased to
this point at a rate of 10 °C/min.

The calcined raw materials were mechanically ground for 1h
until the particle size was less than 70 pm. The fine powder was pro-
cessed to hydration (40 g/lit) with distilled water at 80 °C for 1 h and
filtered with a 200 mesh. The filtrate was collected and washed three
times with distilled water and filtered again with a 325 mesh and
dried at 80 °C for 12 h.
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Fig. 2. Calcium carbonate synthesized by carbonation process.

After the hydration and filtering process, we obtained 25 g of a
dried Ca**-rich oyster shell fine powder, which was then used as a
Ca®* source for the carbonation process to synthesize calcium car-
bonate. During this process, 25 g/lit of the dried calcium-rich oys-
ter shell powder was added to 0.6 M of a magnesium chloride
solution, and gaseous carbon dioxide (CO,) was injected into the
MgCl,-Ca**-rich oyster powder suspension at pH 8-10 for a 3h
carbonation reaction to form a calcium carbonate precipitation, as
shown in Fig. 2. The carbonation reaction began with the hydra-
tion of carbon dioxide and the ionization of calcium hydroxide.
The calcium and carbonate ions reacted together to form a calcium
carbonate precipitate. The effects of the carbonation temperature,
reaction time, and carbon dioxide flow rate on the morphology of
the resulting product were investigated.

RESULTS AND DISCUSSION

During this carbonation process, the MgCl, concentration, tem-
perature, reaction time, and carbon dioxide flow rates play a key role
in the synthesis of aragonite calcium carbonate.

1. MgCl, Effect on the Formation of Aragonite via the Carbon-
ation Process

Aragonite crystal can be prepared from solutions containing cal-
cium (Ca™) and carbonate (CO;3") ions through the carbonation
process. During this carbonation reaction, the formation yield of
aragonite is significantly increased with an increase in the amount
of MgCL, up to a concentration of 0.6 M. The presence of magne-
sium (Mg’") ions is most effective for the formation of aragonite,
and it suppresses calcite nucleation as well as the growth of calcite
crystals. Fig. 3 shows the total yield of the product formation with
an addition of 0.6 M MgCl, [26].

However, when the MgCl, solution was added with a high con-
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Fig. 3. Changing the formation yield of products with the addition
of 0.6 M MgCL,.

centration, Mg™* ions were ionized from the solution as the reac-
tion time increased. During the aragonite synthesis process, many
Mg"™* ions became incorporated into the Ca** ion sites of the calcite
lattice, leading to the production of Mg-calcite. Calcite and Mg-
calcite structures have similar hexagonal shapes, but Ca™ (0.99 A°)
and Mg™* (0.66 A°) have an ionic radius difference of (0.33 A°). The
concentration of Mg™* ions increased in the reaction mixture solu-
tion, with many more of the smaller Mg’* ions displaced by the
larger Ca®" ions from calcite, becoming incorporated into the Mg-
calcite lattice. As a result, the concentration of the Mg”* ions in-
creased, and the Mg-calcite also increased, which led to the avail-
ability of Ca”" ions at a high concentration for the synthesis of ara-
gonite needles, and, consequently; an increase in the yield of aragonite
[27].

2. Effect of the Temperature

Temperature is one of the key determining factors in the forma-
tion of aragonite. The first experimental measurement of this tem-
perature coefficient was found on the basis of the inorganic preci-
pitation of aragonite or an aragonite-calcite mixture from seawa-
ter in a temperature range of 0 °C to 80 °C [28]. The phase transi-
tion of aragonite to calcite in marine shells and coral occurs at a
lower temperature [29]. Some results show that aragonite is syn-
thesized at room temperatures when the Kitano method is applied
from a supersaturated solution of calcium bicarbonate in the pres-
ence of additives or self-assembled monolayers [30], with this even
achieved at slightly elevated temperatures in other work [31]. Uni-
form needle-shaped aragonite particles with a mean length of 45
pm and an aspect ratio of roughly 10 were obtained at 3 h of aging
in a mixed solution containing 0.25 mol CaCl, and 0.75 mol urea
at 90 °C by a homogeneous precipitation process without an adjust-
ment of the pH [32]. Many researchers have investigated the de-
pendency of the temperature on the formation of aragonite PCC
and aragonite whiskers [33-35].

The aragonite form of CaCO; is a thermodynamically metasta-
ble crystalline structure that can easily transform into a calcite phase
in an aqueous solution. However, the present work reveals needle-like
aragonite synthesis when gaseous CO, is injected into an aqueous

Korean J. Chem. Eng.(Vol. 34, No. 1)
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Fig. 4. XRD analysis of needle shape aragonite synthesis from oys-
ter shell waste by carbonation process at different tempera-
tures.

mixture solution of oyster shell powder and an MgCl, solution at
different temperatures (60, 70 and 80 °C). The formation of arago-
nite is increased with an increase in the temperature to 80 °C by
the carbonation process, and the formation of needle-like aragonite at
80 °C with 50 cc carbon dioxide flow rates is clearly observed via
an XRD analysis, as shown in Fig. 4. In addition, Fig. 5 shows the
morphology of the aragonite needles according to scanning elec-
tron microscopy results.
3. Effect of the Reaction Time

Many reports have analyzed different time effects on the carbon-
ation process. Ge et al. [36] reported that at a carbonization time
of 0.5h, calcite and vaterite were synthesized. When the carbon-
ization time was extended to 1-1.5h, the calcite phase was trans-
formed into aragonite and vaterite. However, when the carboniza-
tion time was extended to 2 h, pure aragonite was synthesized, and
the aragonite content gradually increased. Additionally, the vater-
ite content initially increased and then decreased. Similarly, the
calcite content also decreased with an increase in the carboniza-
tion time. After a carbonization time of 4 h, the aragonite content
was 81.35%, the calcite level was 4.56%, and vaterite was found at
a rate of 14.09% indicating that increasing the carbonization time
to 4 h is most helpful for the formation of aragonite.

We analyzed different time effects on the carbonation process.
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Fig. 6. XRD analysis of aragonite needle at different carbonation
time durations.

In this process, we observed needle-like aragonite synthesis when
gaseous CO, was injected into an aqueous mixture solution of
oyster shell powder and an MgCl, solution at different time dura-
tions (2, 2.5 and 3 h) at a constant temperature. The aragonite nee-
dles obtained after a reaction time of 3 h by the carbonation pro-
cess were confirmed in the XRD results (Fig. 6), and aragonite nee-
dle morphology shown in Fig. 7 was confirmed in scanning elec-
tron microscopy (SEM) images.
4. Effect of the Carbon Dioxide (CO,) Flow Rate

The carbonation process was in an aqueous medium, and differ-
ent CO, gas flow rates between 40 mL/min to 100 mL/min at 80°C
were assessed. However, after a certain limit, the higher flow rate
no longer had any effect. The main reason, CO, molecules mobility
was higher in the water [37]. The CO, gas flow rate (50 mL/min) was
suitable for embedding with unreacted calcium hydroxide crystals
and other calcium carbonate polymorphic phases that appeared. This
can be clearly observed from the XRD analysis at different CO, flow
rates, as presented in Fig. 8 and Fig. 9, which show scanning elec-
tron microscopy (SEM) images of the needle-shaped aragonite cal-
cium carbonate created with different CO, flow rates.
5. Effect of the Aragonite PCC Yield Obtained via the Carbon-
ation Process with Different Times, Temperatures and CO,
Flow Rates

The total obtained aragonite yield by the carbonation process

Fig. 5. Effect of different carbonation temperatures on the morphology of aragonite needles, determined by scanning electron microscopy.
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Synthesis of aragonite-precipitated calcium carbonate from oyster shell waste via a carbonation process and its applications 229

Fig. 7. Effect of different carbonation time durations on the morphology of aragonite needles, determined by scanning electron microscopy.
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Fig. 8. XRD analysis of aragonite needles at different CO, flow rates.
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Fig. 9. Effect of different CO, flow rates on the morphology of ara-
gonite needles by scanning electron microscopy.

mainly depends on the temperature, reaction time and CO, flow
rate. In this process, we used 40 g of calcined oyster shell powder
processed via hydration, filtering and drying, as described in the
experimental procedure. From this, we obtained 25 g of purified
calcium-rich dried oyster shell powder, which was used as a Ca™
source for carbonation to synthesize aragonite.

After the carbonation process, the needle-like aragonite yield
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Fig. 10. Aragonite yield weight (g) changes with different tempera-
tures, time and CO, flow rates.

increased gradually (23.5, 24.6 and 26.5 g) with an increase in the
temperature (60, 70 and 80 °C) at a carbon dioxide flow rate of 50
mL/min for a 3 h reaction. Similarly, the reaction time also affects
the aragonite yield; hence, the carbonation reaction time duration
was increased gradually (2, 2.5 and 3 h) at 80 °C, and, simultane-
ously; the synthesis of aragonite also increased (22, 23.8 and 26.5 g).

Carbon dioxide (CO,) also plays a key role in the formation of
aragonite; thus, the CO, flow rate was increased from 40 mL/min
to 100 mL/min gradually for a 3 h reaction time at 80 °C. A high
amount (26.5 g) of aragonite was synthesized at a CO, flow rate of
50 mL/min. The aragonite yield was slightly decreased with an in-
crease in the CO, flow rate to 100 mL/min by the carbonation pro-
cess. These results indicate that a low carbon dioxide flow rate is
most suitable for aragonite synthesis. Fig. 10 clearly indicates that
the aragonite yield changes after the carbonation process with dif-
ferent experimental parameters.

CONCLUSION

Needle-like aragonite was synthesized from oyster shell waste by
a simple carbonation procedure. Aragonite needles with a width of
3 um and a length of 40 um were formed by feeding 50 mL/min
of CO, gas into 25g of a calcium-rich solution from oyster shell
powder with 0.6 M MgCl, at 80 °C for 3 h (a carbonation process
without any additives). The morphology of CaCO; is sensitive to
the MgCl, concentration, carbonation time, CO, flow rate, and

Korean J. Chem. Eng.(Vol. 34, No. 1)
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carbonation temperature. Increasing the Mg concentration, reac-
tion time and temperature for the carbonation process promotes
the formation of CaCO; with a needle-like morphology. However,
oyster shell waste is reused as substitute material, and its effect
must be evaluated as it contains a high amount of CaCO; and
fewer organic matrices; hence, it is better to use it directly instead
of limestone for the synthesis of needle-shaped aragonite by a car-
bonation process. These results demonstrate that needle-shaped
aragonite crystals synthesized from oyster shell waste under opti-
mized conditions have a strong potential for use in industrial applica-
tions, including as a filler material in plastics and papermaking.
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