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Abstract: The oyster shell is a valuable calcium resource; however, its application is limited by its
high NaCl content. Therefore, to establish the use of oyster shells as a viable resource, conditional
experiments were conducted to select optimum parameters for NaCl removal. For this purpose, we
compared leaching methods with batch and sequential procedures, determined the volume of water
used for washing, and evaluated the mixing speed. The batch system removed NaCl when washed
for >24 h over a shell to water ratio of 1:5. Results from the batch experiments confirmed that washing
twice can completely remove NaCl from the shells on a like-for-like basis. Additionally, the efficiency
of washing was sequentially evaluated in terms of the number of washing cycles. Compared to batch
experiments, continuous washing could remove NaCl in approximately 10 min at a shell to water
ratio of 1:4. We found that regardless of the washing methods, the volume of water used for washing
is key for enhancing NaCl removal. Consequently, increasing the volume of water used for washing
coupled with a proper sorting of fine particles can help enhance the purity of calcium, which will
enable the use of oyster shell as an alternate Ca-resource.
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1. Introduction

Opysters are widely used as part of a healthy diet, as they help improve immunity and
in the rapid absorption of zinc and iron; moreover, increased awareness of their health
benefits has led to an increase in the consumption of oysters [1]. As of 2017, 639 tons
per year of Pacific oysters are produced in Asia, which constitutes approximately 92% of
the global oyster market [2]. An oyster comprises about 14% oyster meat and 86% shell;
during oyster processing, the shells are disposed as waste into the sea or buried into the
ground [3,4]. Shells buried into the ground pose problems, as they produce leachates and
odors. Furthermore, the organic matter in the shells discarded into the sea may pollute
the ocean ecosystem. Hence, there is a need for a rapid establishment of policy support
to address the substantial increase in the number of shells generated at present and in the
future. Moreover, it is desirable to utilize shells as resources without disposing them as
waste, as they can contribute to an environmental and economic circular economy [5,6].
Both Korea and Southern Brazil have suggested recycling of shells for environmental
benefits; as of 2018 [6,7], Japan has recycled 140,000 tons of oyster shells to improve
the environment of fishing farms and to enhance the sediment quality by establishing
underwater plants [8]. Taiwan generates 34,000 tons of oyster shells, whose disposal into
the environment causes sanitation, pollution, and protection issues [9].

Oyster shells have been disposed as waste along the coast of Korea [10]; however,
after the amendment of the Framework Act on Resources Circulation in 2022, the status
of oyster shells has been changed from waste to resources to help control the influx of
impurities such as organic residues. Nevertheless, there are two challenges associated with
the application of oyster shells as an alternative to industrial material such as limestone:
(i) the levels of impurities equivalent to those of limestone and (ii) the demand for a massive
quantity [11-13].
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Opyster shells are subjected to physical and chemical treatments before they can be used
as high value-added resources [4]. However, their consumption as a calcium substitute
is minimal, because only a meagre percentage is applied during the dark fermentation of
cement waste [14,15]. Previous studies indicate that the oyster shell content in concrete
cannot exceed 15% [4]; the suggested concentration in dark fermentation is less than
8% [15]. Thus, the limited application of oyster shells in the construction industry cannot
fundamentally help in the recycling of the neglected oyster shells (NOSs). Oyster shells have
also been used in water treatment, as they are considered as absorbents that help remove
phosphorus and nitrogen compounds [11,15,16]. However, their absorption capacity is
minimal at ~228.15 mg-P/kg-oyster shell, and the recovered absorptive materials are
generated as secondary waste [17].

There is a massive demand for calcium compounds such as CaCO3; and Ca(OH);
as they are commonly used for acid gas treatment; moreover, several studies have been
conducted on SOy removal using CaCOs [18,19]. This process involves two stages where
CaCOg; reacts with SO4 to produce gypsum (CaSO4-2H;0) as the final product, as shown
in Equation (1). Oyster shells can be used as a substitute for limestone, which would
effectively address the over-exploitation of limestone in the environment.

HzSO4 + CaC03 + 0.502 + HgO <~ C02 + CaSO4 + 2H20 (1)

Interestingly, Lim et al. [18] found that the efficiency of flue gas desulfurization (FGD)
increased with the addition of NaCl. SO, removal increased up to 52% under Ca/S =2
with the addition of 3.2% of NaCl, whereas it was relatively low at 32% in the absence of
NaCl [20]. The sulfidation of CaO with alkali NaCl was much higher than that of CaO
without alkali NaCl, as shown in Equation (2) [21]:

HzSO4 + CaCO3 + 2NaCl + Na2804 + CaC12+ HzO + COZ (2)

However, when the sulfidation temperature was over 750 °C with the inclusion of
sodium, the higher sodium concentration led to a greater spreading resistance ratio for sul-
fidation. As NaCl-CaSOy partially melts under high temperature, the liquid phase present
locally blocks the pores. In other words, a higher sodium concentration increases gas
spreading resistance in the pores [22]. Furthermore, the gypsum (CaSO4-2H,0) recovered
after FGD is high in sodium, which limits its conversion into viable products. Additionally,
previous studies have reported that NaCl impurities affect the degree of limestone calcina-
tion [23-26]. Therefore, the use of oyster shells as a viable resource requires the removal of
NaCl.

To overcome the existing limitations, in the present study, we investigated washing
processes of oyster shells to convert them into useful resources.

2. Materials and Methods
2.1. Oyster Shell Sample Collection

Opyster shells were collected from an open-air yard in Tongyeong, South Korea, where
shells are stored outdoors for over six months to generate shell fertilizer; this facilitates the
natural washing out of NaCl from the shells. The shell separates the luggage rope using a
cylindrical centrifuge, and in this process, some of the shell is crushed. The speed of the
centrifuge is about 250 rpm, and the size of the crushed shell is about 5 cm or less. The
NaCl content in these shells is expected to be lower than in those generated freshly at the
shucking place.

2.2. Oyster Shell Samples Subjected to Washing Process
2.2.1. Batch Washing
To identify the characteristics of NaCl removal from the oyster shells, an elution exper-

iment was conducted using batch as well as sequential reactions. The batch experiment
was conducted with 500 g of shells in a container by washing them with tap water, varying
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the ratio of the volume of tap water from one to six times the weight of the shells; the
different ratios of 1:1, 1:3, 1:4, 1:5, and 1:6 were denoted as B-OWR1 to B-OWR6 (B-OWR,
batch-oyster shell to tap water ratio). Each oyster shell sample was agitated with the corre-
sponding volume of tap water at 100 rpm at room temperature. Most of the experiments
were conducted at 100 rpm, but the effect of rpm was investigated by changing the rpm
to 200.

2.2.2. Continuous Washing

In the continuous washing process, oyster shells were washed once, and the tap water
used for elution of NaCl from the shells was removed, followed by the addition of new tap
water. The washing and elution steps were repeated six times per sample. The samples
were agitated for 1 min; the reacted solution was recovered after solid-liquid separation by
filtration. The ratios of tap water used for the washing steps were maintained the same as
those used for batch washing; the different ratios were denoted as C-OWR1 to C-OWR6
(C-OWR, continuous-oyster shell to tap water ratio). The number of elution processes was
determined based on the concentration of NaCl obtained with each wash.

2.3. Estimation of NaCl Leachates

Considering that the oyster shells were not washed with tap water during shucking,
the concentrations of leached dissolved ions from the shell could be associated with those of
seawater components. The NaCl content of the tap water eluted after batch or continuous
washing was estimated indirectly using electrical conductivity (EC) (Pro 30, YSI, Yellow
Springs, Ohio, USA). From the measured EC values, the NaCl content in the shells was
calculated according to Equation (3) [27]:

Total dissolved solids (mg/L) = k x Electrical conductivity (liquid — tap water) 3)
(uS/cm) x SSR

where k is conversion of NaCl from the observed TDS value, that is 0.064, and SSR is the
solution to solid ratio.

2.4. Analysis of Oyster Shell Particle Size and Chemical Composition

Shells recovered after washing were classified based on their particle size and chemical
composition. The particle-size of the shells that ranged from 0.2 mm to 5 mm were classified
using standard sieves. Chemical compositions of the shells before and after washing were
identified using X-ray fluorescence spectroscopy (XRF-1800, Shimadzu, Kyoto, Japan), and
an X-ray diffractometer (XRD-6100, Shimadzu, Kyoto, Japan) was used to analyze the
mineral phases.

3. Results and Discussion
3.1. Physical Properties of Neglected Oyster Shells

This study evaluated the basic characteristics of NOSs near Tongyeong, South Korea.
The NaCl content of NOSs was measured considering the number of repeated experiments,
which were repeated more than six times at B-OWR6 for 24 h. As shown in Figure 1,
the NaCl content of shells varied depending on the duration. From the result values, the
average of the measured values repeated six times was used and the moisture content of
sampled shells was measured as 1.22% =+ 0.03 on average.
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Figure 1. NaCl content of neglected oyster shells in B-OWRG6 for 24 h.

Chemical analysis of the oyster shell samples using XRF indicated CaO, SiO,, Na;O,
503, and MgO as the major constituents, and the average of the measured values repeated
six times was used. As shown in Table 1, the presence of Na, Mg, and Mg in the shells
suggests that major elements of the seawater could be captured when oysters grow in
their habitat. Meanwhile, Al, Fe, and Si were believed to have originated from marine
sediments [28,29].

Table 1. Chemical composition of neglected oyster shells (NOSs).

Chemical Composition NOSs (%)
CaO 812+ 1.6
C 141+ 07
Si0, 14403
Na,O 0.7+02
SO; 0.6 +0.1
MgO 05+0.1
ALOs 02+0.1
P,0s 02+0.1
Fe, O3 0.2+0.1
SrO 02100
K,0O 0.1+ 0.0
TiO; 0.0 £ 0.0

However, Cl was not detected in the XRF analysis. Because NaCl was regarded as
the major salt, the XRF results suggest that NaCl was possibly washed out owing to its
high water solubility (up to 36%). In fact, oyster shells in this study were obtained from
a fertilizer production facility, where shells were left outdoors for more than six months,
indicating that the high level of Cl in the shells had been washed away naturally, and hence,
it was not detected.

3.2. Removal of NaCl Using Washing Methods

Since washing efficiencies could be attributed to the physical properties of the oyster
shells, the washing method was tested based on the volume of water used, washing
duration, and mixing speeds.

3.2.1. Batch Washing

As previously mentioned, NaCl is highly soluble in water; therefore, its leaching
would depend on the volume of water used in the washing step. Figure 2 illustrates the
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leaching properties of NaCl from the shells with elapsed time depending on the volume of
water, and the average of the measured values repeated three times was used.
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Figure 2. Neglected-oyster shell to water ratio (OWR) depending on elution time. (a) NaCl elution
concentration and (b) NaCl elution rate. B-OWR, batch-oyster shell to water ratio.

With respect to the volume of water, the absolute value of eluted NaCl was relatively
higher when the water to shell ratio was higher (Figure 2a). However, it was observed that
the elution volume of NaCl increased among samples with a smaller ratio of water used
for washing (OWR < 4.0). In addition, the leaching of NaCl increased with an increase
in elution time in general, except for the OWR of 5. However, no substantial effect was
observed when a large ratio of water (OWRs of 5 and 6) was used. We observed a relatively
higher absolute elution value when shells were washed for a relatively longer time at OWRs
> 5 than that when washed at lower OWRs (Figure 2b). NaCl was eluted into the water
during the initial reaction, which indicates that the concentration of eluted NaCl depends
on the volume of water used for washing. Hence, it could be inferred that continuous
washing for shorter periods was more effective as it enhances NaCl removal from the shells.
The average NaCl content in the shells was 1.22 wt.%, and the removal efficiencies are
shown in Table 2. The average of the measured values repeated three times was used. The
batch system sufficiently removed NaCl residues from the shells under a B-OWR of >5.
However, some differences persisted depending on the volume of washing water used.

Table 2. Maximum NaCl elution volume depending on water.

Samples Elution NaCl (%) Washing Efficiency (%)
B-OWR1 0.76 & 0.07 63 £ 0.06
B-OWR3 0.99 £+ 0.02 81 £ 0.03
B-OWR4 1.00 + 0.03 82 4 0.04
B-OWR5 1.20 £0.07 99 £ 0.06
B-OWR6 1.20 £0.03 99 £ 0.02

Figure 3 shows leaching of NaCl from the shells based on the mixing speed and the
average of the measured values repeated three times was used. Leaching patterns of
NaCl were very similar regardless of mixing speeds of 100 and 200 rpm. However, the
amount of NaCl leached from the shell at 200 rpm was approximately 20% higher than that
at 100 rpm. Leaching concentrations of NaCl at 200 rpm increased from the start of the
reaction and eventually reached up to 80%. This indicates that over 90% of NaCl removal
efficiency relies on the volume of water, even though leaching properties primarily rely on
the mixing speed.
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Figure 3. NaCl elution concentration (left arrow) with elapsed time at B-OWR3 with different mixing
speeds. The bar chart is difference between values 100 rpm and 200 rpm (right arrow) with elapsed
time at B-OWR3.

These results indicate that the volume of water used for washing is key for effective
removal of NaCl from the surface of oyster shells. The removal efficiency of NaCl from the
shells reached over 90% when the OWR was >5.0 (Table 2).

3.2.2. Continuous Washing

Figure 4 shows the washing efficiencies for each washing step by continuous washing
of oyster shell samples and the average of the measured values repeated three times was
used. Leaching of NaCl from the shell was proportionate to the number of washing steps.
The amount of leached NaCl at the first step was over 63-96% depending on the OWR.
As shown in Figure 2 and Table 2, over 90% leaching was observed when the OWR was
>5. Considering that the NaCl removal efficiency reached 90% by sequentially washing
the shells twice even at a first OWR, a continuous washing method would help reduce the
volume of water used for washing.

1.5

1st Batch = 2™ Batch

1.2 . - - = e

0.9
0.6

0.3

NaCl elution concentration (%)

0.0

C-OWR1 C-OWR3 C-OWR4 C-OWR5 C-OWR6

Figure 4. NaCl elution concentration via first and second batch system with various OWRs.

In the present study, we comparatively performed shell washing under different OWRs
to reduce the reaction time. OWRs were chosen at two, three, and four times water volumes.
The washing steps were repeated 10 times sequentially, as shown in Figure 5a, which also
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shows the unit mass of leached NaCl from the shells at every single step. As confirmed by
batch experiments (Figure 2), a high concentration of eluted NaCl was observed during
the early stages of washing steps (up to three times) and reduced gradually reaching
nearly zero after six washes. The leaching patterns observed were similar regardless of
OWRs; however, the total amount of leached NaCl differed largely under varied OWRs.
The average of measured values repeated three times was used, as shown in Figure 5b.
C-OWRA4 had the highest value of 11.1 g/kg-OS among the three samples, which is 2.2-fold
higher than that of C-OWR?2, implying that volume of water is the key factor that controls
washing properties.

1.2

2 4 6 8 10

Continuous washing time (number)

Total NaCl elution concentration (%)

o | (0
0.8
0.6
0.4
0.2
0.0

C-OWR2 C-OWR3 C-OWR4

Figure 5. Amount of NaCl elution with continuous washing steps at different OWRs. (a) Changes
in NaCl concentration as a function of washing steps. (b) Total NaCl elution concentration after 10
times of sequential washing.

We observed a substantial difference in NaCl leaching properties between the batch
and continuous experiments. Assuming that the percentage of maximum eluted NaCl
could be approximately 1.2%, leaching rates of NaCl at B-OWR5, B-OWR6, and C-OWR4
are repeated three time and indicated in Table 3. The maximum values (1.2%) of C-OWR4
were reached at 10 min, whereas batch experiments (B-OWR5 and B-OWR6) were 15 times
more time consuming and utilized larger volumes of water to achieve the maximum elution
value. As a result, the leaching rates of NaCl from the shells seem to be more affected by
the volume of water than the duration of washing periods.

Table 3. Comparison of the optimum conditions between the batch and continuous systems.

Samples Elution Time (min) NacCl Elution (%) NaCl ]?},;I/tll:;n Rate
B-OWR5 1440 1.20 £+ 0.07 0.05 £ 0.02
B-OWR6 1440 1.20 £ 0.03 0.05 £ 0.01
C-OWR4 10 1.14 £+ 0.02 6.73 £ 0.01

3.3. Particle Size of Washed Shells and Changes in Mineral Composition

The particle size distributions are depicted in a parabolic shape, accounting for 70% of
coarse grains over 5.0 mm, and the average of measured values repeated three times was
used in Figure 6a. The particle size for raw shells indicated that particles >1 mm accounted
for 78% and those >5 mm in the coarse-grains accounted for 70%.
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Figure 6. Properties of particle size of washed neglected oyster shells (NOSs). (a) Particle size
distribution. (b) Results of X-ray diffractometer (XRD) analysis of washed NOSs with different
particle sizes. (c) CaO contents of washed NOSs with different particle sizes. (d) Al,O3, SiO,, and
Fe;O3 contents of washed NOS with different particle sizes.

The NOSs were assessed using an XRD, and the patterns are represented in Figure 6b.
Mineral composition of separated shells analyzed by XRD analysis confirmed that the
main mineral was CaCOj regardless of the particle size; some quartz was observed in the
fine-grained particles [30]. These results were averaged three times and agreed with those
of XRF; the main element found in particle sizes of over 0.2 mm was Ca, which accounted
for >98% (Figure 6¢). The content of CaO increased as the particles became coarser, and Si,
Fe, and Al were relatively more enriched in the finer particles. Generally, these elements
are the main components (Al,O3, SiO;, and Fe;O3) of the soil, suggesting that marine
sediments could be recovered together with oyster shells from oyster aquacultural points.
In Figure 6d, these results were averaged three times, the composition of Si, Fe, and Al
were relatively more concentrated in the finer particles, and the content of these impurities
clearly increased in particles <2 mm.

3.4. Leaching Experiment

Total component analysis results by elution test were compared for the washed and
unwashed shells (Table 4). Although some differences were observed depending on the
particle size, Na and ClI contents in washed shells clearly decreased by 77-93%. With the
exception of Zn, heavy metals were not detected and decreased with increasing particle
size. Some Na content remained after washing, which is likely because some seawater
components are captured when oysters grow. Nonetheless, given that impurities in shells
were relatively concentrated in particles, it is important to apply washing conditions
considering the particle size to improve washing efficiency. Therefore, the sorting of
particle size helps to remove impurities and NaCl simultaneously, as most of the impurities
are confined to the finer particles. These results indicate that it is important to remove the
impurities along with salts to use shells as Ca resources and selectively utilize fine-grained
shells of >1.0 mm.
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Table 4. NOSs and washed NOS components under different particle size by elution test.

A Washed Shells
Components As-Received
0.4-0.5 mm 1.0-2.0 mm >5.0 mm

Na (%) 0.017 0.004 0.003 0.001

Cl (%) 0.007 0.000 0.000 0.000
As (mg/kg) 0.00 0.00 0.00 0.00
Cd (mg/kg) 0.000 0.00 0.00 0.00
Hg (mg/kg) 0.00 0.00 0.00 0.00
Pb (mg/kg) 0.00 0.00 0.00 0.00
Cu (mg/kg) 0.00 0.00 0.00 0.00
Zn (mg/kg) 9.49 12.23 7.55 0.00

4. Conclusions

The results of our study indicate the elution efficiency of NaCl with varied OWRs
under the batch and continuous systems and different washing speeds and particle sizes.
To completely elute out NaCl in one wash, at least five times as much water and 24 h
mixing is required under the batch system. The NaCl elution is effective under a higher
OWR where elution time can be minimized. The optimum NaCl elution efficiency of
NOSs was predicted at an OWR of over 5, with an agitation time of 10 min and under a
continuous washing system. Furthermore, because the NaCl proportion mainly constitutes
fine particles, selective washing of particles > 1.0 mm would increase washing efficiency.
Larger particles of NOSs may benefit and be enhanced by the elution efficiency of NaCl
The washing speed is proportional to washing efficiency; otherwise, the elution efficiency
according to the washing speed has a limitation in that the elution time would be longer in
a batch system than in a continuous system. In conclusion, the washing process is essential
for use neglected-oyster shells as a resource and materialize, and the use of the neglected
oyster shells is a very important consideration for solve environmental problems.
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