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ABSTRACT: The highly demanded calcium acetate (Ca-
(CH;C00),) for biomedicine and various industries constantly
requires green and low-cost methods of synthesis. In the present
work, a sustainable approach to produce Ca(CH;COO), is
reported as a proof of concept, processing for the first time as a g ~
starting material the worldwide highly abundant Rapana venosa C-
shells, which is a neglected biogenic waste with high economical
potential due to the rich mineral and organic pigmentary content.
A green synthesis involving an eco-friendly acetic acid has been
optimized at room temperature, without any additional energy
consumption, and the resulting saturated Ca(CH;COO), solution i
was further slowly evaporated in three stages to obtain white =3 I A L
Ca(CH;COO0), crystalline powder, without impurity traces. '

Raman spectroscopy provided efficient structural information for

every step of the process control, during demineralization as well as end product validation. Yields as high as 87.5% of highly pure
Ca(CH;COO0), mass have been achieved from raw R. venosa shells, proving the uniqueness and economic viability of the method. X-
ray diffraction (XRD), scanning electron microscopy with energy-dispersive spectroscopy (SEM-EDX), and Fourier-Transform IR
spectroscopy (FTIR) analyses validated the final product identity, hydration status, crystalline morphology, and composition. The
purity of the resulting product suggests a high valorization potential of the abundant R. venosa shell in the context of the blue
bioeconomy and offers a cleaner and efficient method of Ca(CH;COOQ), production with important applications in relevant
industries.
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B INTRODUCTION carotenoids and polyenes, which could be further extracted
and processed.

The New Blue Economy concept regarding American ocean
coasts and the European Union Commission agenda

The invasive spread of the Rapana venosa (Valenciennes,
1846) gastropod around the globe has been deeply studied and
documented."” The most significant areas of invasion are the

Black Sea® and the Adriatic Sea basins,’ the North Sea,’ introduced the blue bioeconomy context'” as an important
Chesapeake Bay,® the Uruguayan and Argentinian coasts,” and and innovative action plan to overlook the nonregenerable land
its predatory characteristics and lack of direct competition sources and develop novel pharmaceuticals, nutraceuticals,
induced negative impact over the invaded ecosystems. Due to food additives, and livestock feeds from renewable marine
its worldwide spread, large amounts of shells are brought derivates, which, in many cases, highlighted more significant
ashore and discarded by fisheries and the seafood industry advantages. By implementing objectives included in the
sector, as the meat is harvested for economic purposes, ambitious plans, the significant issue of biogenic waste

commonly getting stored in municipal waste centers where
they contribute to air and soil pollution due to microbial
decomposition.

The rich mineral content of marine shells is widely
reported,””'" representing more than 90—95% calcium
carbonate polymorphs, mainly calcite and aragonite."' More-
over, a complex organic biomatrix is also present, giving
intricate colorations specific to the adaptation for the marine
environment; the pigments are composed of valuable

management could be dramatically minimized, as the
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Figure 1. Graphical sketch illustrating the green process of reusing Rapana venosa raw shell waste to produce calcium acetate of a marine source.

preponderant content of CaCOj; in marine shells makes their
processing as raw materials relevant in the rapidly developing
recycling economy. Although the seashells market sometimes
includes spectacular snail species,"” out of them many being
protected by current regulations, it is not the case of R. venosa,
due to its invasive character, rated among the worst 100
invasive species.14

Ca(CH;C00), is an inexpensive white crystalline powder
of calcium salt, commonly synthesized from nonrenewable
land derived sources of calcium carbonate, such as limestones,
marble, or other carbonate rocks, which are soaked in
concentrated solutions of acetic acid. This process implies
several negative environmental effects given by the operation
and exploitation of mines."~"”

A growing demand for Ca(CH;COO), by several industries
is showcased due to its various specific applications. In the
biomedical field, Ca(CH;COO), is administrated to patients
with hyperphosphatemia from chronic kidney disease for its
efficient and rapid phosphate binding characteristics."*™>°
Further, high solubility in water and slightly basic behavior in
aqueous solutions make Ca(CH;COO), an important additive
in the food industry as an acidity regulator.”" It also acts as a
filler agent for concrete fabrication, being added as a curing
accelerator while also im}aroving the strength and durability of
this building materials.”»*® In water treatment, this versatile
acetic salt is used to remove potentially pollutant phosphate
compounds from water, forming calcium phosphate precip-
itates.”

Increased industrial applications will require an easy, low-
cost, and environmentally sustainable synthetization approach
for raw materials. Green methods of Ca(CH,COO),
production using eggshells or oyster shells’*” were
extensively discussed, resulting in the most common
monohydrate form. Thus, exploring the possibility of
processing R. venosa biomass for Ca(CH;COO), production

becomes a highly relevant topic, due to its worldwide invasion
and lack of references on shell morpho-chemical structure,
which could potentially lead to better invasion management
and decrease in coastal biogenic waste. This approach will not
require energy consumption in the demineralization process, as
the shells are processed intact, which could also be proven
economically viable.

In the present work, an eco-friendly chemical approach is
developed for the smart reuse of the R. venosa gastropod shell
waste without grinding, powdering, or other energy-con-
sumption process, for the effective production of high-quality
calcium acetate, marking this study as the first report of the
valorization method for this specific and abundant biogenic
material. The morpho-chemical characteristics of the product
are demonstrated using Raman technology, which is suitable
for entire process control from raw waste to final product and
validated by complementary techniques such as Fourier-
transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), and scanning electron microscopy with energy-
dispersive spectroscopy (SEM-EDX), as well as the elemental
analysis. Our preliminary investigations on this species™
indicated that the Ca(CH;COO), quality from gastropod
shells is superior to that resulting from crustaceans
demineralization and deserves more analytical attention due
to its potential for the upscaled process of economic
importance.

B MATERIALS AND METHODS

R. venosa specimens were collected from the Romanian coasts
of the Black Sea, from a touristic beach near the city of
Nvodari (44°18'07.4" N, 28°37'38.4” E) during December
2023. Three specimens were randomly selected from the
statistically relevant collected stock of shells featuring different
pigmentation. Intense orange-pink and blue dominant
pigmented shells were separately treated since the different

https://doi.org/10.1021/acsomega.4c04138
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Figure 2. Raman spectra of starting material (Rapana venosa raw shells) and of the soft fragments detached during demineralization process control
after 14 days in acetic acid bath, for both orange and blue pigmented shells, as indicated in each spectrum. Photos of the (A) (1) blue Rapana
venosa specimens during demineralization, and after 14 days of treatment are showed in inset; (2) lateral view and (3) ventral view; (B) Detached
demineralized organic layer details showing soft fragment featuring a strip pattern of light-dark brown appearances and responsible for the
characteristic Raman signal of two broaden bands, at 1120 and between 1489 and 1514 cm™, under 532 nm excitation.

pigmentation may induce different chemical behaviors within
the demineralization approach. Before immersing the entire
shells in a demineralization bath of 9% acetic acid solution, a
cleaning process for the removal of soft tissue residues and
other attached sand or debris has been carefully conducted.
Two separate glass containers, each comprising 180 mL of a
9% acetic acid solution, were prepared. The first container
accommodated a sizable R. venosa shell with a vivid orange
pigmentation (as illustrated in Figure 1), weighing 25.6 g,
while in the second container, two shells exhibiting blue
interior pigmentation, with a cumulative mass of 28 g, were
immersed.

The demineralization process was held under constant
monitoring for 2 weeks at room temperature until the
achievement of Ca(CH;COO), solution saturation. Solid
detached shell residues comprising organic counterparts were
filtered using slow flow rate (25 mL/min) paper filters, and the
final Ca(CH;COO), solutions were slowly heated below 40
°C using hot plates in three volumetric stages to obtain an
accurate quantitative evaluation on the yielded solid Ca-
(CH;COO0), crystals. Initially, 1 mL of each solution was
subjected to evaporation from the respective sample and
denoted from now on calcium acetate from orange (CAO) and
blue (CAB) shells. Next, 30 mL of solution from each sample
was subject to a second crystallizing process, resulting in the
second batch of products (CAO 30 mL, CAB 30 mL), and
finally, the leftover volume of demineralization solutions
underwent the same procedure to result the third batch of
products (CAO 149 mL, CAB 149 mL), thus, three distinct
batches of synthesized Ca(CH;COO), being independently
obtained during the demineralization process, which allowed
to conclude on the eventual difference among process steps
and timing.

Independently, a control product consisting of a geogenic
Ca(CH;COO0), was synthesized, by dissolving 1 g of standard
geogenic CaCO; (CAS 471-34-1, > 99% purity) in S mL
aqueous solution of 11% acetic acid. The resulting mixture was
stirred magnetically at a controlled temperature for 60 min,
evaporated, and subsequently resulted white, crystalline
powders were dried in an oven at 60 °C for 24 h.

Elemental analysis of the Ca(CH;COO), samples was
carried out using a Thermo Flash EA 1112 CHN analyzer.

Raman spectra acquisition was performed on the raw waste
shells to check their corresponding calcite-aragonite con-
formity, then during the process, to verify the decrease of the
carbonate signal along the demineralization progress, and the
three batches of the resulted Ca(CH;COOQ), crystals products,
using a Renishaw InVia Confocal Raman system, employing a
785 nm diode laser line excitation, having the nominal power
of 300 mW and equipped with one Vis/NIR optical objective
of 20x, Spectra were collected with 1 cm™ spectral resolution,
and the parameters were optimized in Wire 3.4 acquisition
software. For calibration, an internal silicon wafer was
employed.

XRD patterns of the resulted crystalline batches were
recorded using a Bruker D8 Advance diffractometer in Bragg—
Brentano geometry, with a Cu tube with A = 0.15418 nm, Ni
filter, and a Lynx Eye detector. Corundum (NIST SRM1976a)
is used as an internal standard. The data were collected on a
5—70° 20 interval at a 0.02° 20 step, with each step measured
for 0.5 s. The identification of mineral phases was performed
with the Diffrac Eva 2.1 software (Bruker AXS) using the
PDF2 (2012) database.

A Shimadzu FTIR IRSPIRIT with a QATR-S accessory,
holding a single-reflection integration-type ATR module with a
diamond prism, has been used to record the FTIR spectra of
the biogenic Ca(CH;COO), batches in the 650—4000 cm ™
spectral range, performing 80 accumulations per spectrum with
4 cm™" spectral resolution.

SEM-EDX imaging was carried out using a SU8230 Hitachi
ultrahigh resolution cold-field emission scanning electron
microscope. This instrument enables the acquisition of both
topographical and compositional information with a feature
resolution of up to 1 nm under optimal conditions. Prior to
analysis, samples were securely affixed to SEM holders from
Hitachi, which consisted of aluminum holders with M4 threads
covered by 3 mm thick carbon discs. Additionally, a Quorum
QIS0T sputtering sample coater, capable of controlled gold
sputtering with a thickness of 10 nm (density 19.32 g/m?) at a
rate of 14 nm/min, was utilized in the process.

The resulting data set was subjected to extensive processing
and analysis using the OriginPro 2024 software package from
Originlab Corporation, Northampton, Massachusetts, USA.

https://doi.org/10.1021/acsomega.4c04138
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Figure 3. Raman spectra of resulted Ca(CH;COO), crystalline powder from three batches from the demineralization bath along the process,
denoted as stock 1, 2, and 3, as indicated. Crystals exhibited coexisting hydration states, featuring vibrational peaks of Ca(CH;COO),-H,0 and
Ca(CH;C00),-0.5H,0, with shared spectral signatures indicating varying hydration levels, as shown in the zoom of the water bands range. Rapid
evaporation favored lower hydration forms, while slower evaporation resulted in the dominance of the monohydrate salt, as indicated by Raman

peaks.

B RESULTS AND DISCUSSION

Prominent signs of demineralization have been displayed on
the R. venosa shells after 2 weeks of immersion in the
CH;COOH aqueous solution and illustrated in Figure 2A,
evident through an intensive shell interior depigmentation,
appearance of through holes, and exterior side shell layer
detachment, which indicated important characteristics of the
gastropod shell morphology, such as the absence of a
homogeneous organic layer used by marine specimens for
mineral scaffold development. In addition, the detachment of
exterior brown patterned soft fragments indicated a clear
organic layer separation from the outer shell surface. Since the
organic composition of the R. venosa shell species is not
reported, this process provided robust support information for
further devoting dedicated study in understanding the organic
tiny and intricate distribution within the mineral dominant
composition.

The Raman spectra were acquired on detached shell
fragments of soft consistency, as seen in Figure 2B, after 14
days of acetic acid immersion using 785 nm nonresonant
excitation confirming the expected absence of the ~1085 cm™
(1,(CO;™*) symmetric stretching mode of calcium carbonate
mineral, thus, indicating is dissolution (Figure 2). The only
present component of the R. venosa shell after demineralization
comes from the organic biomatrix, composed of a combination
of unsubstituted polyenes, with vibrational bands visible at
1129 em™" (,(C—C) stretching mode), and 1489—1515 cm™
(v1(C=C) stretching mode), suggesting that after the CaCO,
dissolution reaction with CH;COOH for the sustainable
production of Ca(CH;COOQ),, the byproduct consists in an
insoluble organic component, rich in pigments, which could be
further utilized, making important steps in achieving complete
biogenic shell waste valorization.

The absence of main v,(CO;™2) is noted from samples
undergoing demineralization and highly fluorescent behavior is
highlighted, indicating successful CaCOj extraction in reaction
with the 9% CH;COOH solution. The visual appearance of the
shells after 14 days in the demineralization bath is shown in
Figure 2, where detached soft layer fragments consisting of
organic leftovers are highlighted for two samples, the orange

37089

pigmented specimen (CAO), and the blue pigmented shells
(CAB). The observed Raman bands from the stripped light-
dark brown alternance pattern appearance (Figure 2) indicated
two broadened bands, at 1120 and between 1489 and 1514
cm™), under 532 nm excitation. These bands are characteristic
to polyene pigments and suggest multiple contributions. Since
the pigments of this shell species and their different coloration
are yet unstudied, a dedicated study on this aspect will be
addressed in more detail elsewhere.

As the green demineralization process did not require
additional energy consumption and gastropod shells were
processed intact, this method of synthesis becomes important
due to its economic viability. The resulting Ca(CH;COO),
yield was observed as higher in the CAB samples, specifically
87.5%, whereas the CAO sample highlighted 72.2% yield, thus
15.3% lower.

Raman spectroscopy was the main analytical tool used to
qualitatively assess the resulted Ca(CH;COO), crystals after
each evaporation step of the three batches (1, 30, 149 mL),
and the results were compared with Raman spectra of geogenic
Ca(CH;COO0), in order to highlight any modifications in peak
position or intensity, as showed in Figure 3.

Each sample of the resulting crystals revealed the coexistence
of two degrees of hydration specific for Ca(CH;COO),, with
vibrational peaks of Ca(CH;COO),-H,0 and Ca-
(CH;C00),0.5H,0. In all acquired spectra, vibrational
peaks shared between the two forms are observed at ~476
em™! p,(OCO) (in plane bending of acetate anion), v,(C=
C) (asymmetric C—O stretching in acetate) being split in two
bands at 1560 and 1600 cm™, 1673 cm™' v(C=O0)
(stretching of carbonyl), and the methyl group’s symmetric
and asymmetric stretching vibrations (v,(CH;) and v,,(CHj;))
at 2928 and 3009 cm™'.*”

Furthermore, the four samples, two from the first (1 mL)
and two from the second batch (30 mL), respectively (CAO 1
mL, CAO 30 mL, CAB 1 mL, CAB 30 mL) showed a higher
half-hydrate concentration presence as revealed by the Raman
bands at 619, 644 cm™ p,,(OCO) (out of plane OCO
bending), 669 cm™' §,(OCO) and §(OCO) (symmetric OCO
bending and twisting), 925, 947, 954, and 960 cm™' v(C—C)

https://doi.org/10.1021/acsomega.4c04138
ACS Omega 2024, 9, 37086—37093
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Figure 4. Measured X-ray diffractograms of calcium acetate samples obtained from the second batch of volumetric evaporation of bathing solution
(CAO 30 mL and CAB 30 mL), with specific diffraction peaks of Ca(CH3C0O0)2-0.SH20 and low intensity peaks of Ca(CH;C0O0)2-H20 in
CAB 30 mL samples. The PDF 01-088-8991 pattern is shown as a comparison.

(C—C stretching in acetate anion), 1338, and 1353 cm™

5,(CH;) (symmetric bending of methyl group), 1423 cm™'
8,s(CH;) (asymmetric bending of methyl group), and 1475
em™ 1, (CO) (asymmetric stretching of acetate). The third
batch (CAO 149 mL, CAB 149 mL) clearly indicated a
monohydrate Ca(CH;COO), dominance with peaks at 641
cm™! pOP(OCO), 685 cm™' 5,(0OCO) and 6(0OCO), 928, and
943 cm™ 1(C—C), 1347 cm™ §,(CHj;), 1413 cm™ §,(CH,),
and 1472 cm™! 1, (CO).

As preliminary information, a similar synthesis from R.
venosa shell randomly selected from the shore was previously
performed to offer an overview in comparison with the
Ca(CH;C0O0), byproduct resulted from demineralization of a
crustacean species, specifically Callinectes sapidus, to produce
transparent polymer foils.”® Here, Raman spectroscopy results
also indicated that the low volume of evaporated aqueous
solution produced hemihydrate dominant Ca(CH;COO),
crystalline powder with vibrational spectra similar to that of
geogenic Ca(CH;COO),, while the byproduct produced from
the blue crab appeared as a mixture of monohydrate form and
calcium hydrogen acetate. The current results regarding the
hydration status of the obtained calcium acetate from the
present shell stock are consistent with the preliminary data.”®

Although the first four samples (CAO 1 mL, CAO 30, CAB
1, and CAB 30 mL) appear to be Ca(CH;C0O0),-0.5H,0
dominant, low intensity bands of Ca(CH;C0OO0),-H,0O from
945 and 1474 cm™" are still visible in their respective Raman
spectra. Similarly, in the third, upscaled batch (CAO 149 mL,
CAB 149 mL), weak bands of Ca(CH;C0OO),-0.5H,0,
specifically 617, 667, 926, 950, 960, and 1421 cm™' are
present, suggesting a coexistence, but rather in variable
concentrations, which could be explained due to the difference
in the evaporation rates given by the different volumes of
Ca(CH;COO0), aqueous solution. The rapid evaporation rate
of 1 and 30 mL samples led to crystal formation of a lower
degree of hydration of Ca(CH;COOQ),, which shares a H,0

molecule between the Ca(CH;COO), molecules in the
crystalline structure, when the slow evaporation process of
149 mL solution samples led to the favored formation of the
monohydrate salt.

Elemental analysis % calcd. found for Ca(CH;COO),
monohydrate, C,HgOsCa (MW 176 181 g/mol): C 27.27%
(27.17%); H 4.58% (4.34%).

FTIR spectra (Figure S1 from the Supporting Information)
were acquired on Ca(CH;COO), crystals resulting at each
evaporation step. The vibrational signal specific to the
Ca(CH;COO0), anion is observed with vibrational bands at
618 and 670 cm™' p,,(0OCO), 943 ecm™ v(C—C), 1024 cm™
Pop(CH;), 1412 and 1452 cm™ 1 (C—0), and 1540 cm™
1,(C—0). Additionally, from the third batch (CAO 149 mL
and CAB 149 mL) solid samples resulted after the last stage of
evaporation, a broad FTIR band in the 2840—3670 cm™" range
becomes visible due to r,(OH) and v, (OH) stretching
vibrations of H,O molecule offering a clear indication on the
degree of hydration of the Ca(CH;COO), crystals. Fur-
thermore, while this feature is missing from the FTIR spectra
of CAO 1 mL, CAO 30, CAB 1, and CAB 30 mL, a higher
concentration of low hydrated Ca(CH;COO),, mainly Ca-
(CH;C00),-0.5H,0, is present in the first batch of samples.

XRD patterns are showcased in Figure 4 and were acquired
from the second-stage samples where 30 mL of Ca-
(CH5COO0), solution was evaporated (CAO 30 mL and
CAB 30 mL). The synthesized geogenic Ca(CH,;COO),
produced as reference material is composed only of the
Ca(CH;C00),-0.5H,0 form. The common peaks in the
diffractograms obtained from the R. wvenosa derived Ca-
(CH;COO0), indicate a dominant presence of the tetragonal
hemihydrate form in both orange and blue patterned shell
samples analyzed, fairly similar to both PDF cards 00-019-
0199 and 01-088-8991.°" In the case of the CAB 30 mL
sample, diffraction peaks at 20 = 9.02 and 23.5° were assigned
to the monohydrate form based on PDF 00-019-0200 and data
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Figure S. SEM-EDX images of CA samples resulted after the second stage of evaporation, (A) CAO 30 mL and (B) CAB 30 mL, showing intricate
acetate crystals ultramorphology of compact rough microconglomerates. Energetic bands from CA are present in the EDX spectra with a minimal

signal from impurities.

from Bette et al.’” in very low concentrations, observation
sustained by Raman spectroscopy results.

As per resulted diffraction patterns and considering the well-
correlated results from Raman and FTIR analyses which totally
revoke the presence of any other polysaccharides or proteins,
only highly crystalline Ca(CH;COO), was obtained as a high-
quality product by immersing intact R. venosa shells in a
CH,;COOH low concentrated bath.

The SEM images of Ca(CH;COO), crystals reveal
particular aspects of their specific ultrastructure. Crystals
resulted from the R wvenosa derived solution have both
compact spiky and microboulder conglomerate morphology
(Figure SA,B).

Calcium acetate samples from both orange and blue
pigmented shells presented similar elemental composition, as
revealed by EDX, consisting of Ca, C, and O, with considerably
small traces of nitrogen (<0.1 wt %). The lack of any inorganic
impurities, which tend to appear in the final product in
industry due to the use of limestones as raw materials and
often require further processing to be removed, strongly
suggests that employing R. venosa shells as a main source of
calcium carbonate leads to the production of Ca(CH;COO),
crystals with the highest degree of purity.

B CONCLUSIONS

The present study demonstrates for the first time the potential
utilization of R. venosa shells as a primary source of calcium
carbonate to produce Ca(CH;COO),, with specific applica-
tions in the biomedical industry. The demineralization process
of the biogenic material in CH;COOH solution immersion
was carefully monitored over a 14 day period, resulting in shell
degradation, calcium carbonate dissolution, and subsequently,
efficient recovery of Ca(CH;COOQ), white crystalline powder
from demineralization bath solution.

Spectral analysis using Raman spectroscopy, FTIR, and XRD
revealed the formation of highly pure Ca(CH;COO), crystals
following induced evaporation. SEM-EDX results further

demonstrated the production of compact conglomerates of
calcium acetate with minimal impurities.

The idea of using waste biological material for calcium
acetate preparation is to relieve pressure from conventional
methods of calcium acetate production, which are based on
limited resources and are energy intensive. In that regard, using
biological waste material as a source for calcium acetate
production reduces cost and environmental impact in
comparison with conventional methods of using limestones
or other calcium-carbonated rocks. Previous studies reported
different maximum yields of calcium acetate using different
waste biological materials and optimizing the preparation
process, in particular acetic acid solution concentration.”>™>’
Calcium acetate obtained from eggshells had a maximum
experimental yield of 96.5% with 100% acetic acid theoretical
concentration; from scallops, it was 87.05% using 60% acetic
acid concentration, and from oyster shells, it had a maximum
yield of 93% with 68.91% acetic acid concentration. In
comparison, we used a less concentrated acetic acid solution
(9%) and achieved a maximum yield of 87.5%.

Utilizing R. venosa waste shells in the presented process
aligns with the goals of the blue bioeconomy agenda,
facilitating the recycling and valorization of otherwise
discarded marine waste commonly deposited in municipal
centers. This approach represents a promising step toward
sustainable resource utilization and environmental conserva-
tion efforts.

Green, sustainable, efficient, and high-quality production of
calcium acetate from waste shells of aragonite-calcite mineral
polymorphs is demonstrated, and a new product proposed as
“marine calcium acetate” would be of high demand for
pharmaceutical, food, and cosmetics industries as well for the

biomedical field.
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