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Abstract: Currently, the cultivation and harvesting of mollusks is a crucial activity worldwide.
However, this industry generates a large amount of mollusk shell waste disposed of in landfills,
causing environmental pollution. In addition, the companies linked to this item allocate large sums of
money to depositing the shells in authorized landfills. In South America, Chile is one of the leading
producers worldwide of scallop shell (Argopecten purpuratus) waste, creating a growing environmental
and financial problem in the country, especially considering that there has yet to be progress in the
development of new technologies that may reuse this waste in Chile. This study used different
techniques to completely characterize the northern Chile scallop shell waste’s physical and chemical
properties for the first time. The XRD result corresponded with calcite crystal structures (CaCO3), and
the XFR showed 97.68% purity. Three particle sizes were obtained: BS (595-100 um), MS (250-595 um),
and SS (<250 um). In addition, the potential use of these wastes to remove contaminants present in
water from the wine industry (caffeic acid) and some drinking water (arsenic(III)) was evaluated. The
powder with the smallest particle size (SS), which has a surface area of 1 m?/g, 0.0050 m3/g of pore
volume and pore diameter of 18.0 nm, removed 100.0% of CA and 23.0% As(III) in a pH condition
of 4.6. The results show that scallop shell waste can be used to treat water and reinforce polymeric
matrix composite materials to improve mechanical properties.

Keywords: scallop shells; wastes; caffeic acid; arsenic(III); water contamination

1. Introduction

Since the 1950s, global production from the fishing and aquaculture industry has
increased from 19 to 179 million tonnes by 2018, where at least 22 million were intended for
non-food uses like fishmeal and fish oil. Also, consumption is expected to increase by 15%
by 2030 [1]. This significant increase in consumption has generated a large amount of waste,
such as bones, scales, and shells. The shells, for their part, can constitute up to 75% of the
weight of the mollusk [2], being one of the wastes that the fishing and aquaculture industry
generates the most, which in 2018 represented 16% of this industry’s total production [3].

Mussels have had the greatest increase in production in the aquaculture industry,
followed by oysters, scallops, and pectens, among others [4]. However, the shells of those
mollusks have been dumped at sea or sent to landfill, leaving piles of shells through
the years where, at the moment, decomposition of the shells is carried out via special

Appl. Sci. 2024, 14, 3499. https:/ /doi.org/10.3390/app14083499

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app14083499
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0009-0000-0582-7929
https://orcid.org/0000-0002-2385-3503
https://orcid.org/0000-0002-1584-6901
https://orcid.org/0000-0003-2339-3719
https://orcid.org/0000-0002-2884-7882
https://orcid.org/0000-0001-5129-7164
https://doi.org/10.3390/app14083499
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14083499?type=check_update&version=2

Appl. Sci. 2024, 14, 3499

20f 18

treatments, like thermal decomposition or incineration that requires temperatures higher
than 1000 °C [5]. Nowadays, the term blue economy is a concept that seeks a sustainable
utilization of marine resources, beginning with the correct valorization of shell waste [6].
For that reason, many strategies of mollusk shell waste management and reutilization
have been proposed in different fields such as environmental applications, food and feed
additives, biomaterials, and construction [7].

In the case of Chile, the production of mollusks reached 406 thousand tons in 2020,
the country with the third highest production in the world [1]. Among the most frequently
farmed mollusks are the mussel (Mytilus chilensis), choro (Choromytilus chorus), cholla
(Aulacomya ater), Chilean oysters (O. chilensis), Pacific oysters (C. gigas), and the northern
oyster or scallop (Argopecten purpuratus) [8]. The latter is distributed from the coasts of
Nicaragua to the city of Valparaiso in Chile, but it is located mostly between the first and
the fourth region of Chile because the geography of these places benefits their growth. In
recent decades, this resource has seen a great demand, which is why various artificial crops
have been placed on the shores of those regions to sustain the commercial activity [9].

At the moment, northern scallop production in Chile is concentrated in just a third
of the companies founded at the beginning of this industry, and the industry is focused
on production volumes with the main challenge being to develop technology to reduce
production costs [10]. The Coquimbo region (IV region, Chile) has 93.9% of the national
production of northern scallops, which was 3654 tons in 2021 [11]. This mollusk is in great
demand due to its high nutritional value, being a good source of tryptophan, vitamin B12,
minerals, and an interesting amount of omega-3 fatty acids (EPA and DHA). It is mainly
exported, without shells or with only one of them, to countries such as France (87% of the
volume exported), Italy (6.7%), and Spain (3.3%) [12].

Consequently, this causes a large amount of shell waste in the region after the cleaning
and packaging process to be sold abroad. Therefore, scallop shells have become a problem
for artisanal fishermen and the region’s companies, who must pay thousands of dollars
(USD) annually to transport and dispose of the residue in authorized landfills. In addition,
a single company generates approximately 1000 tons of shells per year as waste, ending
in landfills and creating severe environmental problems. Over time, they decompose,
producing foul odors, contaminating the soil and the environment, and releasing toxic
gases such as NH3 and HpS [13]. These are just some of the reasons fisheries and aquaculture
are among the UN Sustainable Development Goals (SDGs), making it necessary to have
policies and actions promoting a circular economy and sustainable development [14].

Seashells are a composite biomaterial made up of 95-99% calcium carbonate (CaCOs3),
with different superimposed CaCOj layers, which are microstructures of calcite or aragonite,
and an external organic layer [15]. Since prehistoric times, seashells have been used by
many cultures as tools, ornaments, and artifacts [16]. Also, some of those developed a
currency based on seashells that facilitated trade, the purchase of food, and payment for
services [17]. Currently, they have different applications, such as being used in additives for
construction materials [18,19], construction of rural roads [20], animal feed supplements [6],
lime for industrial sectors [21], and additives for agricultural soils [22].

Other studies have found that the shell waste possesses antifungal properties [23];
in agriculture, they can prevent the loss of soil nutrients by leaching [24] and reduce
the accumulation of Cd in plantations of brown rice, oilseeds, and radishes [25,26]; in
contaminated mining soils, calcined shell waste can decrease the concentrations of Cd
and Pb [27,28]. Also, shell waste subjected to pyrolysis can eliminate 98% of phosphates
in wastewater [29], and adhering them to filtering processes can increase the removal
efficiency of COD, NH3-N, and phosphorus [30], remove methylene blue [31] and stabilize
or precipitate heavy metals in water, such as arsenic, nickel, and copper [32,33]. These are
some of the uses that are given to mollusk shell waste as a resource in another process or
product, promoting the circular economy:.

This work describes the physical and chemical properties of the northern Chile scallop
shell, specifically those produced in the Coquimbo region, which had not been previously
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reported in the literature. Such properties provide key information when defining possible
applications for this waste in different fields. Out of these possibilities, this study proposes
the application of scallop shell waste in water treatment processes, specifically the removal
of caffeic acid from wine distillery wastewater as well as the removal of arsenic III ions
from certain potable waters. Additionally, the correlation between pore size distribution
and water pH was evaluated in order to determine removal percentages of the selected
contaminants, which has yet to be reported in the literature.

2. Materials and Methods
2.1. Cleaning, Drying, Grinding and Sieving

The scallop shells from northern Chile were obtained in the IV region from a company
in the sector dedicated to farming, processes, harvesting, and marketing of this mollusk.
This shell waste was, in a first stage, washed to remove residues present such as sand and
organic materials. The washing process was carried out in a large enough container to
ensure a good distribution of the scallop shell waste; these were submerged in a sodium
hydroxide (NaOH, 97%, WINKLER, Santiago, Chile) solution at 4% for 24 h [34]. After, the
scallop shells were removed from this solution and were rinsed three times with abundant
distilled water (A, see Figure 1).

595 - 1000 pm
rinse ° '

<250 um

Y

Washing

(A)

3times Drying Grinding Sieving Scallops shell powder
destilated 100°C
H20 1lhrs
(B) ©) (D) (E)

Figure 1. Washing (A); drying (B); grinding (C); sieving of scallop shell waste (D); particle size
classification (E).

Subsequently, the cleaned scallop shells were dried at 100 °C for 1 h using a drying
stove QUIMIS Q314M230, San Felipe, Chile (B). The scallop shells were located with their
concavity upwards and uniformly inside the stove. Then, the samples were ground in a
grinder (C) and sieved with varied sieve sizes (D) to obtain the ranges of sizes particles
reported in Table 1 (E).

Table 1. Sieved sample labeling for different particle size ranges of scallop shell waste used.

Sample Codification Particle Size Range (um)
Big size BS 595-1000
Medium size MS 250-595
Small size SS <250

2.2. Characterization of Scallop Shell Waste

The morphology of the scallop shell powders was determined using a JEOLT T-300,
Osaka, Japan scanning electron microscope (SEM) operated at an acceleration voltage
of 15-25kV. The chemical composition of the material was obtained by X-ray fluores-
cence spectroscopy (XRF) using a Rigaku ZSX Primus II type (WDS), Monterey, CA, USA
equipment was used with rhodium radiation without standardization. Specific surface
area and pore size distribution of scallop shell waste powders were determined by nitro-
gen adsorption—desorption isotherms at 77 K using the Brunauer-Emmett-Teller (BET)
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analysis and by the Barret-Joyner-Halenda (BJH) method, using a Micromeritics 3Flex
version 4.02 adsorption analyzer. The crystallinity and phase of the scallop shells pow-
ders were identified by X-ray diffraction (XRD) using a Bruker D4, Massachusetts, USA
powder diffractometer equipped with a Lynexe detector and operated with Cu Ko radi-
ation, using an angular range between 3 and 70° 2theta with a step of 0.02. The thermal
stability and decomposition of scallop shells were determined using differential scanning
calorimetry (DSC), Mettler Toledo 822e equipment, Columbus, Ohio, USA. with 40 pm
aluminum capsules using the ASTM D3418 standard. In addition, thermogravimetric
analysis (TGA) of the materials was performed with a TA model Q50 using the ISO 11358
standard. The functional and anchoring groups on the surface of the scallop shells powders
were identified by Fourier-transform infrared spectroscopy (FTIR) using a thermo Spec-
trum 65 FTIR spectrometer, Santiago, Chile. mail spectrometer with an MCT detector at a
resolution of 1 cm~! and 32 scan.

2.3. Caffeic Acid Removal Tests

The removal percentage of caffeic acid and arsenic(Ill) was evaluated using different
particle size ranges of scallop shell waste reported in Table 1. To a borosilicate glass batch
reactor was added 250 mL of 10 ppm caffeic acid (CA) solution. Subsequently, 500 ppm
of scallop shell waste with different diameter ranges of BS, MS, and SS (see Table 1) were
added. The suspension was stirred in the dark until 180 min for BS, MS, and SS, respectively.

The reactor’s temperature was maintained at room temperature by recirculating tap
water through the reactor double jacket while stirring was continuously provided. Samples
of 10 mL were taken every 10 min until 180 min were complete. All samples were filtered
using a nylon membrane with a pore of 0.22 um to remove scallop shell waste.

The removal percentage of caffeic acid was determined using a UV-visible Evolution
220 Thermo Scientific, Mundelein, IL, USA. Absorbance spectra measures were obtained
between 200 and 500 nm. In addition, the CA removal percentage was determined using
high-resolution liquid chromatography (HPLC) using an Agilent Infinity 1260 chromato-
graph equipped with a UV-vis diode array detector and a C-18 reverse column. A mixture
of acetonitrile:water /formic acid (%) (13:87) was used as a mobile phase, with a flow rate
of 0.7 mL min~! by 12 min. Caffeic acid was determined at a holding time of 8.9 min,
setting 324 nm as the wavelength to calculate the pollutant (CA) removal percentage by this
technique. Tests with each diameter of scallop shell waste (BS, MS, and SS) were performed
three times.

2.4. Arsenic(III) Removal Tests

To remove arsenic(Ill), the same system used to determine caffeic acid removal was
used. Into this system was added 300 mL of a 1.6 ppm arsenic(IlI) solution. Subsequently,
500 ppm of scallop shell waste with different diameter ranges of BS, MS, and SS (see Table 1)
were added. Samples of 30 mL were taken every 10 min until 60 min were complete. All
samples were centrifuged for 15 min at 4500 rpm to remove scallop shell waste.

The removal percentage of arsenic(Ill) was determined using a colorimetric method
using a UV-visible Evolution 220 Thermo Scientific. The colorimetric method uses a 30 mL
sample aliquoted into a 125 mL frosted Erlenmeyer. After, 70 mL of deionized water
was added. A total of 20 mL of concentrated sulfuric acid was added to the same flask
and cooled in a water bath to room temperature. At the same time, 0.0100 g of silver
diethyldithiocarbamate (DDCT Ag) was weighed in a beaker and dissolved with 5 mL
of pyridine; this solution was placed in an arsenic(IlI) absorption tube, 16 g of granular
zinc was added to the frosted Erlenmeyer and connected to the absorption tube, ensuring
proper sealing with a clamp (see Figure 2).

The system was left under moderate agitation for two hours. Finally, the absorbance
of the solution contained was determined in the range of 450 and 650 nm, setting 523 nm
as the wavelength to calculate the arsenic(Ill) removal percentage by this technique. Tests
with each diameter of scallop shell waste (BS, MS and SS) were performed three times.
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Figure 2. System used for colorimetric determination of arsenic(III).
3. Results

3.1. Characterization of Scallop Shell Waste

Results of the X-ray fluorescence spectroscopy (XRF) analysis show that all samples
are mainly composed of calcium in the form of calcium oxide (CaO), which represents
more than 97% of the shell composition (Table 2). Therefore, the scallop shell waste are an
attractive bio-resource of high-purity calcium carbonate, as shown in various studies of
other bivalve shells worldwide [35].

Table 2. Chemical composition of scallop shell waste powder obtained with X-ray fluorescence (XRF).

Oxide (%)
CaO 97.68
SiO, 0.08

Na,O 0.81

F6203 0.10
SO3 0.35
SrO 0.33
MgO 0.21

AlLO3 0.03
P>05 0.40

The crystal structure of the analyzed scallop shell powders (Figure 3) confirms the
composition obtained by the XRF technique. These powders have a single phase and
correspond to a rhombohedral calcite crystal structure calcite because the diffraction peaks
coincide satisfactorily with the JCPDS 05-586 card. The most representative peaks are
located at angles (20) 23.06°, 29.41°, 31.42°, 35.97°, 39.4°, 43.17°, and 47.48°, corresponding
to planes (112), (104), (006), (110), (113), (201), and (018), respectively.

It has to be noted that the scallop shells possess a pure calcite CaCOj3, which differs
from most other shells that present an aragonitic phase, and a large part of the species
at a global level present both polymorphs, but with an ergonomic predominance [36].
The scallop shell from northern Chile has the same calcite crystalline phase present in
commercial CaCOj3; coming from limestone rocks. This scallop shell waste can be used for
practically the same industrial applications that use commercial CaCOj3 [37].

In order to determine the thermal behavior of the scallop shell waste powder, it
was subjected to differential scanning calorimetry (DSC) with a dynamic variation of
temperature at a scanning speed of 10 °C/min. Figure 4 shows that the shell waste powder
accumulates heat steadily as the temperature it is subjected to increases. This endothermic
behavior can be attributed to the moisture of the organic matter present on the sample.
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Figure 3. X-ray diffractogram (XRD) of scallop shell waste powder.
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Figure 4. Differential scanning calorimetry (DSC) of scallop shell waste.

Thermogravimetric analysis (TGA) shows the decomposition periods of scallop shell
waste powders (Figure 5). In the beginning, the thermogram exhibits a loss of 2.13% in
weight coming from the organic matter that seashells have within them, which remains in
the crushed samples despite the shells having been washed previously [38].

After 600 °C, a strong reduction in weight can be seen, corresponding to the thermal
decomposition of calcium carbonate up to 688.35 °C. Due to the fact that scallop shell waste
has very few impurities, it can be assumed that the resulting sample is calcium oxide (CaO),
and 42.23% by weight is released as carbon dioxide (CO,) into the environment, as shown
in Equation (1) [39].
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Figure 5. Thermogravimetric analysis (TGA) of scallop shell waste.

Therefore, through this analysis, it is possible to observe the thermal behavior of
calcitic CaCOj from scallop shells for future applications. Also, a promising bioresource
of calcium oxide can be obtained through calcination, a material used for desulfurization,
cement manufacturing, as a catalyst to produce biofuels, and as an antimicrobial agent,
among others [40—43].

CaCO3; — CaO + CO, (1)

Figure 6 shows the images of scanning electron microscopy (SEM). These images show
different magnifications of the scallop shell waste powders obtained for the different ranges
of particles studied (BS, MS, and SS). All the powders showed a similar morphology. The
morphology of all the scallop shell waste is amorphous. These forms are distributed from
fine particles (SS) to more elongated particles (BS), just as smaller particles are found as the
amplitude increases used with the microscope.

The morphology presented by scallop shell waste powders is similar to “whiskers”;
this name is given to thin structures with a greater length to diameter ratio than what is
usually seen. A study shows that by using “whiskers” as reinforcement in the manufacture
of composite materials, these “whiskers” improve the mechanical properties of bending,
tension, and impact of the obtained polymeric composite materials [44].

SEM images show no differences in the shape of the BS, MS, and SS samples. Never-
theless, there is a decrease in the particle size between the three sizes.

Figure 7 shows the FTIR spectrum of the obtained CaCOs3 SS powder. From the FTIR
spectrum profile, it is possible to observe the three characteristics absorption bands of
calcite-CaCOs, located at 712 em 1, 870 cm ™!, and 1390 cm !, ascribed to the vibrations of
C-O stretching of the CO432™ [45,46].

The most representative absorption peak at 1390 cm ! is attributed to amorphous
calcium carbonate. Also, no bands were observed in the range of 3100 to 3500 cm ™!,
associated with the presence of OH- groups.

Figure 8 shows isotherms of scallop shell waste. The three analyzed materials (BS, MS,
and SS) present type IVa isotherms because they show a loop of hysteresis. The hysteresis
loop accompanies capillary condensation, which is H3 type; these loops are given by
non-rigid aggregates of plate-like particles [47,48]. The SEM images of the analyzed
materials confirms the presence of this characteristic. Table 3 reports textural analysis,
specifically specific superficies, pore volume, and average pore diameter of the three
materials analyzed.
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Figure 6. SEM of scallop shells powder. Row 1, 2, 3, 4 and 5: BS, MS, and SS at x27, x95, x1.2k,
x2.3k, and x3.0k, respectively.
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Table 3. Textural properties of different particle size ranges and capacity of average contaminants
removal percentages for scallop shell waste, p < 0.0001.

Sample Surface Area Pore Volume  Average Pore CA Removal  As(ITII) Removal
P (m?/g) (cm3/g) Diameter (nm) Percentage (%)  Percentage (%)
BS 3 0.0055 7.6 0.0+ 0.0 10.0 £ 0.6
MS 4 0.0095 10.4 88.0 £ 1.6 17.0 £ 0.2
SS 1 0.0050 18.0 100.0 £ 0.0 23.0£0.3
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3.2. Remotion of Water Waste Contaminants

Water decontamination tests using scallop shell powder were performed with the
objective of defining a potential application for this type of waste. Two of the main
contaminants of Chilean waters were selected, the first being Caffeic Acid (CA), which
is a compound commonly found in wastewater produced by vitiviniculture [49-53]. The
second contaminant selected is Arsenic in the form of As(Ill), which is present in soil and
water bodies [54,55], as well having been found in potable waters [56,57].

Figure 9 shows the removal percentage of caffeic acid (CA) and arsenic(III) obtained
using different particle size ranges of scallop shell waste (BS, MS, and SS) for 20 and 80 min,
respectively. In Figure 9, scallop shell waste with a small diameter (SS) presents a high
removal percentage of contaminants. In addition, the waste with a big particle diameter (BS)
presents practically zero removal percentage. This behavior can be explained by textural
properties (Table 3). The standard deviation (SD) shows no significant differences between
the results obtained, which demonstrates that they are precise and reproducible.

100 100.0

®
©
o

80

Caffeic acid

Caffeic acid

60

40 -

Removal percentage (%)

23.0

20

S As(lll)
=
o

Caffeic acid
As(lI) |;
As(lll)

o
o

vs)
w

MS SS
Scallop shells podwer size

Figure 9. Removal percentage of caffeic acid and arsenic(Ill) using different particle size ranges of
scallop shell residues (BS, MS, and SS).

In order to understand the adsorption process between the scallop shell residues and
the caffeic acid contaminant, experiments were carried out by using crushed shell powder
with a small particle size (SS) and subjecting them to different operational definitions. This
study will, therefore, focus on the effect that variable pH, shell powder concentration, and
contaminant concentration have on the adsorption process.

Table 4 shows the removal average percentage of caffeic acid by different SS-sized
shell powder concentrations. The SD shows no significant differences between the results
obtained, and the results indicate that, while adsorption percentages do not deviate sig-
nificantly between samples after 90 min, they do vary after 20 min, with the 1000 ppm
sample having the highest adsorption percentage amongst samples. This behavior clearly
suggests that increasing the concentration of northern scallop shell residue would hasten
the removal of caffeic acid from the system in this study.
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Table 4. Adsorption percentage and pH variation after 90 min using different northern scallop shell
concentrations, p < 0.0001.

Sample Concentration = Adsorption (%)  Adsorption (%) Starting pH Final pH

(ppm) 20 min 90 min
200 542+ 04 85.4+0.3 4.6 7.0
500 744 £0.5 98.5+0.2 4.5 6.8
1000 842 +04 98.6 £0.2 4.6 9.1

It is also important to note that caffeic acid adsorption reaches its maximum value after
80 min, as results from the 500 ppm and 1000 ppm samples are almost identical, with 98.5%
and 98.6%, respectively, and remain constant until the end of the experiment at 90 min,
implying that the majority of caffeic acid has already been adsorbed by the shell residue.
This, in turn, means that increasing shell residue concentration above 500 ppm becomes
unnecessary for this system.

Furthermore, increasing residue concentration to 1000 ppm has an effect on final
sample pH, increasing it well above the limit allowed by international law regarding water
reuse. Final pH values of the other two samples are both within the 6.5 to 8.0 range required
by law.

The post-adsorption pH increase is caused by the calcium carbonate that makes up the
scallop shells, as it is an oxysalt that increases pH in contact with water, therefore increasing
system pH as the shell residue concentration increases.

Results are presented as mean =+ standard deviation. We compared CA removal
percentage and As(III) removal percentage among the three surface area groups (BS, MS,
SS) by means of an unifactorial ANOVA model (Table 3). We did likewise for adsorption
(Table 4), comparing three levels of sample concentration. Removal percentage of caffeic
acid at different initial pH values was compared by a multiple linear regression model,
considering time in logarithmic scale.

Initial sample pH and its effects on adsorption rates were also studied. Removal
percentages remain low at pH 3.0 (34.1 £ 0.6%) and pH 8.0 (57.7 & 0.6%), while pH values
for 4.6 and 6.5 yielded adsorption percentages of 100.0 &= 0.0% and 97.3 & 0.4%, respectively.
It is important to note that the adsorption process slows down at pH 6.5, meaning that this
pH value would be most useful in a situation where contaminants need to be removed in a
controlled manner, as shown in Figure 10.

100

©
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Adsorption (%)
3
1

N
o
1

20

0 g T T d T d T T
0 20 40 60 80 100

Time (min)

Figure 10. Removal percentage of caffeic acid at different initial pH values; pH and time effect are
statistically significant (p < 0.0001).
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The initial pH value selected for this study was of 4.6, as it allows for a faster caffeic
acid adsorption rate while also needing no previous adjustments to sample pH.

The adsorption behaviors seen in Figure 10 can be explained by calcium carbonate’s
point of zero charge value of 8.3 [58]. Below this point, the carbonate compound’s surface
charge remains positive, while at pH values above 8.3, surface charge becomes negative.
Furthermore, a pH 3.0 caffeic acid solution has a neutral charge, which makes its adsorption
onto the shell residue difficult. Increasing pH to 5.0 negatively polarizes caffeic acid by
about 70%, and further increasing pH to 7.0, caffeic acid polarization increases to about
100%, making it easier for it to be adsorbed onto the shell residue’s surface.

On the other hand, at a pH value of 8.0, calcium carbonate’s surface charge is almost
neutral; therefore, the seashell residue’s capacity to adsorb contaminants begins to decrease,
as the primary intermolecular forces acting at this point are Van der Waals forces.

In addition, high adsorption percentages were observed at pH values of 4.6 and 6.5.
This can be explained by the seashell residue’s surface being positively charged while the
caffeic acid contaminant is negatively charged at this pH range, as shown in Figure 11,
enabling the adsorption process through an electrostatic interaction between shell residue
and contaminant.

0 0 o
N-"“oH NN SN0 A
HO HO o o)
OH rKa 4.8 oH DpKa8.6 H pKall2 o~
8.3
48 [8.6 112 PH
P e e e e e e R R e (s e e e e o material

surface
Figure 11. Surface charge of calcium carbonate and caffeic acid at different pH values.

Table 5 shows the variation in contaminant concentration during the adsorption tests
over a timespan of 90 min. The removal percentage of a starting caffeic acid concentration
of 10 ppm is 69.2%, while doubling that initial concentration to 20 ppm yields a removal
percentage of 34.9%, an efficiency reduction of almost 50%, which suggests that a 500 ppm
sample of shell residue may only remove up to 10 ppm of caffeic acid at a time, leaving the
rest in solution due to the saturation of the material’s surface.

Table 5. Effect of contaminant concentration on adsorption percentage and pH variation.

Caffeic Acid Concentration (ppm) Adsorption (%) Starting pH Final pH
10 69.2 +04 44 6.8
20 349403 44 8.7

The final pH values in Table 5 show that increasing the caffeic acid contaminant’s
concentration also increases pH. All conditions analyzed in this work determine that
500 ppm of shell residue are needed in order to remove 10 ppm of caffeic acid out of a
water sample, as well as a pH value of 4.6 and a timespan of 90 min, allowing for high
adsorption percentages of the contaminant on the seashell powder.

Conversely, arsenic removal testing did not include setting new operational defini-
tions, as the studies on this subject were directly carried out on water meant for human
consumption, and thus working conditions were defined by their characteristics. The ad-
sorption mechanism for this system consists of arsenic ions gathering on the shell residue’s
surface. Initially, these ions interact with the material’s surface through electrostatic forces,
subsequently diffusing through its pores until finally settling down on the capillary spaces
of the material used as an adsorbent [59-61].

Table 6 shows a comparison between the removal percentages obtained in this work
and those of materials commonly used in wastewater treatment for these specific contam-
inants. Results indicate that northern scallop shell waste has a high potential in water
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decontamination applications, as many of the adsorbents reported on Table 6 are either
synthetized by using several chemical reactives [62-66], have a high energy consump-
tion [67-71], or require large infrastructures [69-72] compared to scallop shell waste, which
is processed at a low energy cost and does not require complex infrastructure nor any
additional chemical reactive.

Table 6. Comparison of capacity of contaminants removal percentages of Chilean scallop shell waste
with other adsorbents.

CA Removal Percentage As(ITI) Removal

Adsorbent pH (%) Percentage (%) Reference

BS 43 0 10.0 This work

MS 43 88.0 17.0 This work

SS 43 100.0 23.0 This work
Chitosan 5.0 12.0 - [73]
Magnetic Activated Carbon 3.0 97.0 - [74]
Polystyrene Crosslinked with Divinylbenzene - 91.0 - [75]
TiO,-Mt-Ce-Mn 7.0-8.0 - 97.88 [64]
Fe304,@Cu/Ce 5.0 - 75.0 [68]
Chitosan 8.5 - 71.7 [70]
Chitosan 5.0-10.0 - >95.0 [72]

Figure 12 shows the pore size distribution of the different particle size ranges of scallop
shell waste (BS, MS, and S5) used in this study, which was determined by the Barret-Joyner—
Halenda (BJH) method. It can be seen that the removal percentage of caffeic acid (CA)
and arsenic(Ill) is higher in the material with a lower surface area (SS). However, the pore
size distribution (nm) plays an important role as BS and MS materials have larger specific
surfaces, but according to pore size distribution, the pores in these materials present sizes
between 3 and 12 nm, much smaller than the SS material (7.5 and 30 nm). The BS and MS
samples exhibited a much more limited pore size distribution, presenting pores only up to
20 nm.

0.0008
0.0007 -

! ——BS
0.0006 - MS

0.0005 - ——SS
0.0004 -
0.0003 -
0.0002 -

0.0001

dV/dw Pore volume (cm?3/g-nm)

0.0000 -

-0.0001

' ’ v L | ' v L |
1 10 100
Pore width (nm)

Figure 12. Pore size distribution using different particle size ranges of scallop shells residues (BS, MS,
and SS).
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The present study shows a direct correlation between the textural properties of scallop
shell waste, especially with pore size distribution, and the removal of contaminants in the
water. A larger pore size favors a high removal percentage of target contaminants caffeic
acid and arsenic(Ill) from water, regardless of the specific surface area of the material.
Properties such as morphology, chemical composition, and functional groups do not
strongly affect the removal of pollutants using this waste as material for water treatment.

3.3. Potential Use of Scallop Shells Residues for Composite Materials

Results obtained over the course of this work regarding the characterization of north-
ern Chile scallop shell powders show that this waste has a low processing cost as well as
high purity. Moreover, it is a promising material for the development of composite materi-
als, as the morphology of these powders is similar to those used for coating protections [76]
and for the development of a novel geopolymeric matrix composite reinforced with basalt
fiber [77]. Alam and Chowdhury [78] obtained a novel material composed of an epoxy
matrix reinforced with CaCO3-Al,03-MgO-TiO, /CuO, wherein they demonstrated that an
increase in CaCOj3 improved certain physical properties of the material, namely tensile and
flexural strength, as well as impact resistance. DSC and TGA curves for the CaCOj used in
their work are very similar to those obtained for northern Chile scallop shells. The DSC
curves by Fombuena et al. [34] shows that shell waste powder does not precipitate when
used as reinforcement in the manufacture of epoxy resin matrix composite materials.

Kota et al. [79] increased CaCOj3 by 5%, obtaining a hardness increase of 3.14% and a
40% increase to the elastic modulus of a hybrid composite material composed of a poly-
meric matrix reinforced with glass fiber and polyphenylene sulfide. Echeverria et al. [80]
improved the mechanic properties of a bio-composite material containing bivalve mollusk
seashell (Verenidae) extracted from the shores of Australia, and the CaCO; they used had a
pore size comparable to that in the present work. Wang et al. [81] obtained a 22% increase in
tensile stress and a 17% increase in bending strength on a starch/fiber foaming composite
material using a similar particle size to the ones in this work, as well as FTIR peaks of
875 cm 1.

4. Conclusions

For the first time, this study uses different techniques to determine the properties of
scallop shell waste from northern Chile. This characterization allows us to define potential
applications for this waste, especially in the manufacture of composite materials to promote
a circular economy.

These wastes can also be used as material for water treatment due to their morphology,
chemical composition, thermal stability, and surface functional groups. It was determined
that the SS granulometry (<250 pum) of the scallop shell waste shows the best removal
percentages of caffeic acid (100.0%) and arsenic III (23.0%) from water.

Tests developed using SS granulometry showed that the best conditions for favor-
able removal of the phenolic compound from water were using a pH close to 4.6 and a
concentration of 500 ppm of scallop shell waste from northern Chile.

Properties such as morphology and chemical composition do not significantly affect
the removal of target contaminants using scallop shell waste as a decontaminating material.
Therefore, high removal percentages of such compounds can be largely attributed to the
pore size distribution of the shell powder, being a key property for this process regardless
of specific surface areas in each material.

To sum up, the results show that it is viable to use scallop shell waste generated in
northern Chile to remove contaminants present in wastewater of the wine industry (caffeic
acid) and drinking water (arsenic III).
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