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ARTICLE INFO ABSTRACT
Keywords: Shellfish aquaculture world production is constantly growing due to the increase in demand for
Clam shell seafood and reached over 18 million tons in 2022. The suitable management of the shell waste is
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one of the main environmental challenging issues as most of this waste is sent to landfills with
emanation of foul odors, pathogens proliferation and reduction of available space. However, the
conversion of this biowaste to new value-added materials could provide significant environmental
and economic benefits. Clam shell waste was the starting material for the synthesis of hydroxy-
apatite (CSHAP) applied as an adsorbent for Hg?" removal from aqueous solutions. Adsorption
experiments were performed in batch using simulated wastewaters prepared from HgCl, to
investigate the effects of contact time and initial Hg" concentration on the removal process.
Mineralogical composition, morphological features and elemental composition of CSHAP before
and after the experiments were investigated by XRPD, SEM-EDS and FTIR analysis. The con-
centrations of Hg?" and Ca2* in the solutions were analyzed by ICP-AES. The adsorption kinetics
of Hg?* was simulated with the pseudo-first-order rate model, the pseudo-second order model
and the intraparticle diffusion model. The results of the kinetics study showed that the Hg?"
adsorption followed the pseudo-second-order kinetics model and reached equilibrium within 40
min. The Langmuir model fitted the experimental results better than the Freundlich, Temkin and
Dubinin-Radushkevic isotherm models, with a maximum adsorption capacity of 65.8 mg/g which
is generally higher than other waste-derived adsorbents used for the removal of Hg?" ions from
water. The removal mechanism includes rapid surface complexation on CSHAP grains, followed
by a slow incorporation of the Hg?" ions in the crystalline structure. The results of this study
could contribute to delineate a new research direction for a more sustainable management of
clam shell biowaste.

1. Introduction

The linear economic system based on consumption-production-disposal relies on the unsustainable exploitation of large quantities
of energy, resources and materials. On the other hand, the circular economy system is recognized as a powerful integrative model
designed to address the problems that our society is facing regarding the exhaustion of resources and environmental pollution. This
economy model is rapidly affecting numerous segments of the economy, such as production, consumption and recycling [1]. At the
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basis of these concepts is the correct management of waste. Prevention, reduction and reuse must always be given priority. But when
this is not possible, recycling takes priority [2,3].

A production sector facing a constant increase in the volume of waste is shellfish aquaculture due to the growing demand for
seafood [4,5]. World production in 2022 was over 18 million tons [6] and Italy is among the top 10 countries in the world, with a
production of over 100,000 tons per year (about 0.7 % of the total) [4,7]. In shellfish aquaculture, one of the key factors is the
management of shells, which make up to 75 % of the total organism weight [4]. Most of this waste is sent to landfills, favoring the
proliferation of pathogens, bad smell and reduction of available space [4,8-10]. However, considering that the shells are composed of
95-99.9 % of calcium carbonate [4], the ideal solution would be to recycle and reuse this waste as a raw material for the production of
new materials, with significant environmental and economic benefits. The production of useful biomaterials starting from this food
waste is a consolidated example of a circular, efficient, sustainable and economical process of waste management, from recycling to its
reintegration into production cycles [11,12]. The use of calcium carbonate obtained from shell waste is the most suitable alternative to
the use of calcium carbonate of geological origin for the production of biomaterials such as, for example, hydroxyapatite (HAP) for the
sustainable treatment of toxic metal-polluted waters, also helping to reduce the impact of mining on natural reserves of phosphate
rocks [11,13-16].

Hydroxyapatite is a mineral with the formula Ca;o(PO4)¢(OH); belonging to the phosphate-calcium apatites and is widely used for
the removal of toxic metals from polluted water and soil [17,18]. The main removal mechanisms are processes of adsorption, ion
exchange, dissolution-precipitation and surface complexation [19-21]. HAP is very efficient in the immobilization of metals such as Cr,
Pb, Cd, Ni, Zn, Cu, Co and Mn [22,23].

Toxic metal pollution of water and soils is a global environmental problem due to the carcinogenic properties of metals, bio-
accumulation in organisms and the fact that they are not biodegradable [24-26]. Among toxic metals, mercury is one of the most
dangerous pollutants worldwide, the main toxicological effects of which include neurological damage, paralysis, blindness and
carcinogenesis [25]. Since the nineteenth century, with the intensification of mining activities and industrial production, the content of
this element in water, soils and sediments has increased exponentially [27].

Mercury occurs in the environment in three main forms: elemental mercury (Hg®), inorganic mercury (Hg?") and various organic
forms, among which the most widespread is methylmercury (CH3Hg). It is estimated that between 250,000 and 1,000,000 tons of
mercury are present in the environment [28]. The main natural sources are volcanic emissions, weathering of rocks, forest fires and
evaporation from soil and water. In addition, the use of fossil fuels, mining activities, the treatment of minerals and the production of
cement, are among the major anthropogenic sources of mercury and contribute two thirds of the total. In fact, it is estimated that
anthropogenic activities would have led to the accumulation of about 86,000 tons of mercury in the soil and in the waters [28]. Unlike
many toxic metals such as Cd, Pb, Cu and Zn, Hg removal processes using HAP have so far received little attention in the scientific
literature [22,29].

To the best of our knowledge, this is the first experimental study to evaluate the adsorption capacity of Hg from aqueous solutions
by HAP synthesized from clam waste shells (Ruditapes philippinarum) (CSHAP). Batch experiments were carried out to evaluate the
effects of contact time and the initial concentration of Hg?" on the efficiency of metal removal by the phosphate amendment. The
Langmuir, Freundlich, Temkin and Dubinin-Radushkevic equations and various kinetic models were applied to evaluate the adsorption
process. The results of this study showed that the transformation of a waste into an adsorbent suitable for toxic metal remediation can
contribute also to the environmentally friendly management of clam shell waste.

2. Materials and methods
2.1. Materials

Analytical grade reagents from Sigma Aldrich Chemical Company were used in this study. Double distilled water was used for the
solutions. Waste clam shells were collected from restaurants in Rome, Italy. The shells were rinsed with distilled water and oven-dried
at 105 °C for 24 h. The crushed shells were sieved to obtain a homogeneous particle size of 100 pm and then stored in a desiccator.
CSHAP was produced following the procedure previously described [20,23]: in a solution of HNOg3 the shell powder was stirred
(600-800 rpm) at room temperature for 1 h. The following reaction occurred:

CaCOj3 + 2HNO3 — Ca(NO3)y(aq) + CO5 + Ha0 1

The precipitation of CSHAP was obtained adding dropwise a H3PO4 solution to the Ca(NO3)2(aq) solution, controlling the pH to 10
using a solution of NH4OH, according to the following reaction:

10Ca(NO3)y + 6H3PO4 + 20NH4OH — Ca;(PO4)g(OH)5) + 20NH4NO3 + 18H50 @
The suspension was maintained at boiling temperature for 1 h, then at room temperature for 24 h and finally filtered to collect the

precipitated CSHAP.

2.2. Sorption experiments

A total of fifty batch sorption experiments were executed at 25 + 2 °C. Hg" solutions were prepared dissolving HgCl, in double
distilled water. CSHAP (0.2 g) was mixed with Hg" solution (100 mL) in Nalgene beakers and stirred at 300 rpm, along with
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appropriate blank. The specific experimental setup was optimized based on the results of our preliminary kinetics experiments.

For the kinetics study, solutions containing 100 mg/L of Hg were used, collecting samples at different contact time in the range
0-180 min and filtered using 0.20 pm Nucleopore polycarbonate membrane filters. In subsequent sorption experiments optimized
parameters were used. The experiments were conducted using Hg solutions at metal concentrations in the range 50-500 mg/L, this
range being relevant for polluted waters derived from industrial or mining activities [30,31]. For a detailed investigation of the
removal mechanism ten experiments were extended up to 12 weeks. The pH of the solutions was measured before and after the
interaction period; however, no pH adjustment was applied during the sorption experiments to mimic the conditions of industrial
wastewater treatment, where pH control is often unnecessary or difficult to obtain. Moreover, a back-ground electrolyte was not used.
All the experiments were performed in duplicates to ensure accuracy, reliability and reproducibility of the collected data.

2.3. Characterization

X-ray powder diffraction (XRPD) analyses of CSHAP before and after Hg sorption were carried out on a parallel-beam Bruker AXS
D8 Advance, operating in transmission in 6-6 geometry (Department of Earth Sciences, Sapienza University of Rome, Italy). The in-
strument is fitted with an incident-beam Gobel mirror, a position-sensitive detector (PSD) VANTEC-1 set to a 6° 20 aperture, and a
prototype of capillary heating chamber. Data were collected in step-scan mode in the 4-80° 26 angular range (CuKa), using a step size
of 0.0219° 260 and a counting time of 10 s.

A FEI-Quanta 400 scanning electron microscope (SEM-EDS) operating at 20 kV, with X-ray energy-dispersive spectroscopy
(Department of Earth Sciences, Sapienza University of Rome, Italy) was used to investigate the morphological features and the
chemical composition of the samples.

FTIR spectra of CSHAP reacted at different Hg concentrations (50, 100, 150, 300 and 500 mg/L) after 3 weeks were analyzed by
Fourier transform infrared spectroscopic (FTIR). Each sample was deposited onto a diamond compression cell and analyzed in
transmission mode by a Thermo Nicolet iS50 FTIR spectrometer coupled with a Continuum IR microscope. The analyses were per-
formed using a 15x objective, the background was acquired on the diamond cell close to the sample before each spectrum, and a
minimum of three points have been collected for each sample. The spectra were acquired in the range 4000-650 cm ™, at the spectral
resolution of 8 cm ™! and 40 scans.

The concentrations of Hg>" and Ca®" in the solutions after the sorption experiments were analyzed by inductively coupled plasma
atomic emission spectrometry (ICP-AES) with a Varian Vista RL CCD Simultaneous ICP-AES spectrometer (Department of Earth Sci-
ences, Sapienza University of Rome, Italy). Analytical detection limits for Hg?" and Ca?* were 0.04 and 0.03 mg/L respectively and
analytical errors were estimated in the order of 3 %.

The Hg removal efficiency (%R) and the adsorption capacity (q.) were calculated with the following equations [32]:

%R = [(Cp — C.)/Cp] x 100 (1a)
ge = (Co-Ce) x V/M (2b)

where g, is the amount of Hg removed from the solution per gram of CSHAP (mg/g), Cp and C, are initial and final concentrations after
equilibrium (mg/L), V is the volume of the solution (L) and M the mass of CSHAP (g).
During the sorption experiments the change in the concentration of hydrogen ions was measured using a pH 510 Eutec pH-meter.

Table 1
Adsorption models used in this study and relative parameters.
Isotherm Equation Parameters
Langmuir C 1 N Ce C, (mg/L) = the metal concentration at equilibrium
ge bgmax gmax ge (mg/g) = the amount of metal adsorbed at equilibrium

Gmax (mg/g) = the maximum adsorption capacity
b (L/mg) = the Langmuir adsorption constant

Freundlich 1 Kp (mg/g) = the Freundlich constant related to adsorption capacit;
logge = logK + n logCe n (g/Lg) i the Freundlich constant related to adsorption intensity Y
Temkin RT RT R (8.314 J/mol/K) = the universal gas constant
9 = ﬁln KT+ ﬁln Ce T (K) = the absolute temperature ’
br (J/mol) = the Temkin constant related to the heat of adsorption
Kr (L/g) = the Temkin constant related to the equilibrium binding energy
Dubinin-Radushkevich Ing, = InX,, - e Xm (mg/g) = the theoretical saturation adsorption capacity
& =RTIn(1 + 1/C,) S (mol?/J?) = the activity coefficient related to mean adsorption energy
1 & = the Polanyi potential
N @ E (kJ/mol) = the mean adsorption energy

Pseudo-first-order log(ge — qt) — log ge — —1t q: (mg/g) = the amount of metal adsorbed at time ¢
2.303 t (min) = contact time
k; (1/min) = the pseudo-first-order rate constant of adsorption
Pseudo-second-order t_t n 1 k2 (g/mg min) = the pseudo-second-order rate constant of adsorption
qt ge k2ge2
Intraparticle diffusion qu=kit®® + 1 k; (mg/g min®®) = the intraparticle diffusion rate constant

I (mg/g) = provides information about the thickness of the boundary layer
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2.4. Adsorption isotherms

The experimental data at equilibrium was fitted using the models of Langmuir [33], Freundlich [34], Temkin [35] and
Dubinin-Radushkevich [36] which are described in Table 1.

The Langmuir isotherm model, one of the most used for quantifying adsorption capacity of various adsorbents, is based on single-
layer coverage on the surface of the adsorbent and no interaction between the adsorbed molecules [37]. The Langmuir parameters can
be used to calculate the constant R; which provides information about the affinity between adsorbent and adsorbate and can be
expressed as:

1

T1+bCi ®

Ry
where C; (mg/L) is the initial concentration of Hg2+ ions. The R, values suggest the type of adsorption: irreversible (R, = 0), favorable
(0 < Ry, < 1), linear (R = 1) or unfavorable (R; > 1) [38].

The Freundlich isotherm model is applicable to multilayer adsorption on heterogeneous surfaces, with interaction between the
adsorbed molecules [37]. The linearity of adsorption is indicated by the value of the Freundlich n constant: linear (n = 1); the
adsorption is a chemical (n < 1) or physical (n > 1) process [39].

The Temkin isotherm model assumes a linear decrease of the heat of adsorption with the coverage of the adsorbate. The model
ignores the very high and low amount of concentrations [37].

The Dubinin-Radushkevich (D-R) isotherm model is based on the assumption that a relationship between adsorption and the
volume of the adsorbent pores occurs. Commonly, it is applied to describe physical or chemical adsorption [37,38]. The values of the
mean adsorption energy E (kJ/mol) provide information about the nature of adsorption process: values in the range 8-16 kJ/mol
suggest that the adsorption occurs through ion-exchange, values of E < 8 kJ/mol indicate that the adsorption process is physical, values
of E > 16 kJ/mol suggest that the adsorption is chemical [39].

2.5. Adsorption kinetics

The adsorption kinetics of Hg?>" was simulated with the Lagergren pseudo-first-order rate model [40], the pseudo-second order
model [41] and the intraparticle diffusion model [42] which are reported in Table 1.

The pseudo-first-order rate model assumes that the adsorption takes place exclusively at specific sites and does not involve any
interaction between the absorbed ions. The maximum adsorption corresponds to a monolayer on the surface of the adsorbent [43].

The basic assumption of the pseudo-second order model is that the metal adsorption can be described by a second-order rate
equation [43].

The intraparticle diffusion model assumes that the film diffusion can be overlooked and the rate-limiting step is intraparticle
diffusion. Then the adsorbate uptake is proportional to the square root of time [42].

3. Results and discussion
3.1. CSHAP characterization

The XRPD patterns of the starting CSHAP are in agreement with crystalline HAP (JCPDS card no. 09-0432) (Fig. 1a). After Hg
adsorption for 3 weeks, the XRPD patterns are different for the various Hg concentrations (Fig. 1b). In particular, the variations of 260
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Fig. 1. XRPD patterns of CSHAP before (a) and after (b) the interaction for 3 weeks with solutions containing 50, 100, 150, 300 and 500 mg/L Hg.
The corresponding crystallographic diffraction lines of standards are plotted for comparison purposes.
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indicate a gradual expansion of the structure of the CSHAP unit cell, suggesting a progressive entry of Hg?" ions into the crystal
structure of the mineral. This finding agrees with those of previous studies [44], suggesting a slow mechanism of incorporation of Hg?*
ions into the crystalline structure of the phosphatic adsorbent after the fast surface complexation on the CSHAP grains in the first step
of the process. Furthermore, we observe the appearance of better defined and higher intensity peaks (for example at about 70° and
83/84° 20) in the 300 and 500 mg/L patterns. However, despite the evidence of a principle of modification of the crystalline structure
of the phosphate amendment, it was not possible to verify the actual formation of a new crystalline phase.

SEM analysis has been used to examine the morphological characteristics and external surface texture of CSHAP grains before and
after Hg removal (Fig. 2). Before adsorption, CSHAP particles are clumped together showing a sheet or flake-like structure with sizes
ranging from 20 to 30 pm (Fig. 2a). After the removal of Hg, the grains exhibit a smooth and uniform morphology (Fig. 2b) indicating
that dissolution-precipitation processes play a significant role in the removal mechanism. The EDS spectra of the starting CSHAP
particles show peaks of Ca, P and O (Fig. 2¢). Upon interaction with Hg solutions strong Hg peaks appear in the spectra (Fig. 2d). EDS
dot maps show the distribution of Ca, P and Hg in CSHAP grains (Fig. 3a—d). Ca and P are distributed on the entire surface of the grains,
while Hg is abundantly and uniformly distributed on the CSHAP particles.

FTIR spectra of synthetized CSHAP and that at contact of Hg show the characteristic bands of phosphate groups (Fig. 4). Partic-
ularly, bands at about 960 cm ™! are due to phosphate symmetrical stretching or v1; whereas phosphate asymmetric stretching or 13
mode is identified by the bands between 1030 and 1100 cm~! [45]. The band at 877 cm™! was ascribed to HPO%‘ [46], which
characterizes non-stoichiometric HAP deficient of Ca, however the broad shape of this band could hide a vibrational frequency of
carbonate ions. The doublet around 1440 and 1650 cm ™! (along with that hidden at 873 cm_l) can be attributed to carbonate ions
substituted in apatite structure [47]. The hydroxyl stretching, at about 3568 cm ™ is reconnected to intermolecular H bonds as well as
that broad absorption band between 3000 and 3500 cm ! [48]. Finally, the bands at about 820 and 1340 cm~! were attributed to
nitrate groups probably from synthesis residuals. CSHAP samples reacted at different Hg concentrations after 3 weeks show similar
absorption bands (Fig. 4). The composition of the reacted sample is not homogeneous, indeed spectra collected in different points show
different intensity of the same bands. Phosphate and OH bands remain, whereas that of carbonate at 1458 cm ™' disappears [49]. At
higher Hg concentrations the samples were analyzed at 4, 8 and 12 weeks. Also in this case, spectra collected in different points show

20.00 kV[12.1 mi

DualBSD | 20.00 kV

Fig. 2. SEM images of CSHAP grains (a) before and (b) after Hg removal. EDS spectra of the (c) starting CSHAP particles showing peaks of Ca, P and
O and (d) after Hg removal showing Hg peaks.
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Fig. 3. SEM image (BSE) of CSHAP after Hg24r removal (a), EDS mapping dot analysis for Ca, P and Hg (b-d).
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Fig. 4. FTIR spectra of synthetized CSHAP and CSHAP reacted with 100 mg/L Hg>" after 3 weeks. Phosphate, carbonate and nitrate groups have
been labeled in the spectrum. Absorption bands at 1379, 1458, 2838, 2873, 2920 and 2958 cm ! are due to the membrane filters.
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different intensity of the same bands, confirming again a not-homogeneous composition. The composition is the same of those pre-
viously reported, highlighting no changes in the structure of the compound.

3.2. Effect of contact time on adsorption

The Hg removal efficiency (eq. (1)) of CSHAP rapidly increases with contact time, reaching equilibrium in about 40 min with %R of
94.6 % (Fig. 5a). The removal of Hg?" ions occurs in two phases: an initial rapid stage (first 40 min) followed by a slow stage until
equilibrium is reached. The rapid initial Hg?* uptake was determined by the numerous available vacant active sites on the surface of
CSHAP particles and the high concentration gradient between Hg?* in solution and metal ions on the CSHAP surface [50]. The slower
removal efficiency in the final stage (40-180 min) resulted from the reduced concentration of metal ions in the solution and the
decreased availability of active sites on the CSHAP particles.

3.3. Effect of initial Hg*" concentration on adsorption

Increasing the initial Hg?>" concentration resulted in a higher amount of adsorbed metal ions (eq. (2)) until the equilibrium was
reached (Fig. 5b). Thereafter, as all the active sites on CSHAP surface were occupied by Hg?" ions, the adsorption of Hg?* seems to no
longer depend on the initial metal concentration. The removal of Hg>" was accompanied by an increase in the concentrations of Ca%*
in the solutions. However, the weak correlation (R? = 0.4254) between the amount of Hg2+ removed and the that of Ca®>" released in
the solutions and the Hg/Ca molar ratios lower than 1 indicates that ion exchange only partially contributed to the overall removal
mechanism, along with rapid surface adsorption of Hg>* ions on the surface of CSHAP grains as reported in previous studies [51,52]. In
this view, the results suggest a two-stage process for Hg adsorption. The first stage involves the rapid surface complexation on the
CSHAP adsorbent, followed by the partial ion exchange with Ca ions within the crystalline structure during the second stage.

3.4. Adsorption study

The experimental data fit better the Langmuir and D-R isotherm models (R? = 0.9998 and 0.9488, respectively) than the Freundlich
(R? = 0.7501) and Temkin (R? = 0.8030) models (Table 2, Fig. 6a and b). The strong fitting of the Langmuir model indicates that ng+
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Fig. 5. Effect of contact time (a) ([Hg2+] =100 mg/L, CSHAP = 0.2 g, T = 25 + 2 °C) and initial metal concentration (b) ([Hg”] = 50-500 mg/L,
CSHAP = 0.2 g, T = 25 + 2 °C) on the removal of Hg>* by CSHAP.



Table 2
Langmuir, Freundlich, Temkin and Dubinin-Radushkevich models parameters for the adsorption of Hg?>* on CSHAP.

Langmuir Freundlich Temkin Dubinin-Radushkevich
Imexp (Mg/8) Gmcal (Mg/8) b (L/mg) R? K (mg/g) n (g/L) R? br (J/mol) Ky (L/g) R? Xin,cal (Mg/8) b (mol®/kJ%) E (kJ/mol) R?
64.9 65.8 0.3227 0.9998 25.0207 4.7687 0.7501 276.5147 13.7894 0.803 61.1359 1.0010°° 707.11 0.9488

0 32 1PDUSIN S

SLES€2 (+20Z) 0T uofoH
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ions formed a homogeneous monolayer coverage on CSHAP particles. This is further corroborated by the close match between the gpm,cat
value of the Langmuir model (65.8 mg/g) and the gm,exp value (64.9 mg/g). The differences in the maximum adsorption capacity
between the Langmuir and D-R models depend on the different definition of the maximum adsorption capacity [53]. Indeed, the value
of the D-R model is lower than that of the Langmuir model as X;, represents the maximum adsorption capacity at the total specific
micropore volume of the adsorbent, whereas g, refers to monolayer coverage [54].

Information of the favorable adsorption process of Hg?" ions by CSHAP is provided also by the values of the separation factor R;
(eq. (3)) ranging from 0.006 to 0.058 [39]. In addition, the values of the Freundlich constant n between 1 and 10 suggest favorable
adsorption and high affinity between Hg?' ions and CSHAP [38].

The value of the mean adsorption energy E (707.11 kJ/mol) higher than 16 kJ/mol indicates that chemisorption is the dominant
mechanism [55].

The better fitting of Langmuir and D-R models than the Freundlich and Temkin suggests a uniform binding energy on the CSHAP
surface, with Hg?" ions not interacting or competing with each other.

The maximum adsorption capacity g,, of CSHAP has been compared with that of various waste-derived adsorbents used for the
removal of Hg2+ ions from water (Table 3). Although different experimental conditions make difficult direct comparisons, the results
show that the proposed adsorbent has a remarkable Hg? removal capacity. Its primary advantage is the abundance of the starting
material and the simplicity of the preparation method.

3.5. Kinetic study

The pseudo-second-order model well described the adsorption of Hg2+ onto CSHAP (Rz = 0.9994) (Table 4, Fig. 7), with the ge ca
value closely matching the experimental value (46.0 and 47.2 mg/g, respectively). This suggests that the overall adsorption process
involves chemisorption, with valence forces involving electron sharing or exchange between adsorbent and adsorbate [39].

The kinetics results were also analyzed using the intraparticle diffusion model. However, the very low correlation coefficient (R? =
0.1354) indicates that this model does not adequately describe the Hg?>" adsorption process, implying that internal diffusion was weak
during the adsorption process. In this view, other mechanisms such as surface complexation and ion exchange played significant roles
in the Hg?* adsorption process.

3.6. Current strategies for shell waste valorization

Today valorization of waste is a fundamental concept of circular economy, from environmental, social and economic point of view.

0 50 100 150 200 250
C. (mg/L)

4.00

Inq,

3.50

0 100000 200000 300000 400000 500000 600000 700000
&2 (J/mol)?

Fig. 6. Adsorption isotherms for Hg2+ adsorption onto CSHAP; (a) Langmuir, (b) D-R models.
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Table 3

Comparison of Hg2+ adsorption capacities for various waste-derived adsorbents.
Adsorbents qm (Mg/g) Reference
Candlenut activated charcoal 214.36 [56]
Corn straw biochar 269.08 [571
Camel bone charcoal 28.24 [58]
Sugar cane bagasse 13.60 [59]
Rice husk-activated carbon 55.87 [60]
Peach stone activated carbon 59.50 [61]
Fish scales HAP 227.27 [62]
CSHAP 65.8 This study

Table 4
Kinetics parameters of pseudo-first-order, pseudo-second-order and intraparticle diffusion models for Hg*" adsorption on CSHAP.
Pseudo-first-order model Pseudo-second-order model Intraparticle diffusion model
Geexp (M8/8)  Qecal (mg/g) ki (I/min)  R? Gecal (mg/g)  ka(g/mgmin)  h R? ki (mg/g min®%) I R?
47.2 6.8 0.0106 0.3760 46.0 0.0182 36.200 0.9994 0.0743 43.27 0.1354
5
4
3
o
=

0 20 40 60 80 100 120 140 160 180
Time (min)

Fig. 7. Pseudo-second-order kinetics for adsorption of Hg?" onto CSHAP.

In this view, mollusk shell waste can be given value following different approaches including, for example, the conversion to calcium
oxide, the use of shell powder in biomedicals or in cosmetics, the application of crushed shells as a liming agent for the neutralization of
acidic soils and as a construction material for aggregate and mortar mixes [4]. Generally, for both environmental and economic as-
pects, these valorization strategies are exploited in areas where large amounts of shell waste are produced.

Shell can be used as calcium supplement for livestock for bone health and to increase the quality of eggshells. Several studies
showed that shell-derived calcium carbonate can replaces limestone for this purpose [4,63]. However, today this type of valorization is
limited to farms in proximity to shell waste production for both environmental and economic benefits mainly associated with distance
and transportation costs. Moreover, the use of powdered waste shells for calcium supplementation has to be carefully evaluated for the
safety issues due to possible trace amounts of heavy metals in the shell for bioaccumulation [4,10].

Another important use of shell involves the neutralization of acidic soils to reduce acidity and improve fertility. In this way, shell
waste can replace the mined limestone that is usually used as liming agent for this treatment [64,65]. However, environmental
concerns are associated with the high temperatures and operational procedures of the calcination of waste shells to obtain lime [4,10].
Moreover, a further environmental question is represented by the possible release of heavy metals due to the shell dissolution
occurring in the neutralization reaction [10].

Many studies focused on the application of shells as materials used in construction, pigments, fillers, etc. showing that the market
price of powdered CaCO3 ranges from 60 to 66 USD per ton for coarse particles to 14,000 USD per ton for ultrafine powder, usually
applied to enhance the features of plastics and rubber [66]. In particular, the use of waste shells in concrete contributes in the
management of the waste and in reducing natural limestone quarrying [4]. However, waste shells need pretreatment such as washing
and calcination that use significant amounts of energy and resources, thus resulting in further environmental issues [10]. Moreover,
the distance between shell waste sources and processing facilities to produce powdered CaCOs is a key factor in shell valorization as
construction materials [4].

Mollusk shells are biomaterials with features similar to those of human bones and teeth; therefore, this waste can be the starting
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source of CaO for the synthesis of calcium phosphate ceramics to be used for bone regeneration and dental applications [67,68].
Anyway, some shell waste-derived biomaterials have been currently produced only in laboratory scale and further investigation is
necessary for the evaluation of their economic and environmental costs [4,10].

Finally, numerous studies showed that shell waste can be used as a precursor raw material for the production of low-cost HAP to be
used for wastewater treatment and bone-related applications [10,69,70]. This route to produce HAP has numerous advantages over
current production methods including low-cost precursors, simple synthesis procedure, low energy consumption, low temperature
synthesis and high yield and purity, as well as the reduction of the environmental impact of disposed shell waste [10,69,71].

These few examples showed that shell waste valorization provides significant environmental and economic advantages and can
contribute to reducing the impact of mining activities for the exploitation of natural resources such as limestone and marble.

4. Conclusions

This study showed that clam shell waste can be utilized as a raw material to sustainably synthesize a high-capacity adsorbent for
removing Hg from polluted water. The Hg removal capacity of CSHAP has been evaluated in experiments carried out in batch at
varying contact times and initial metal concentrations. The rapid adsorption process reached equilibrium in about 40 min where the
Hg removal efficiency was about 95 %. The results of XRPD analysis indicated a gradual expansion of the unit cell of CSHAP as a
function of the contact time due to the progressive incorporation of Hg ions into the crystalline structure. The removal of Hg resulted in
a smooth morphology of the CSHAP grains, suggesting that dissolution-precipitation phenomena play a role in the overall removal
mechanism. Moreover, new strong Hg peaks appeared in the EDS spectra after the reaction with the Hg containing solutions. The
adsorption kinetics followed the pseudo-second-order model and the experimental data fitted better the Langmuir and Dubinin-
Radushkevich isotherm models, showing a maximum adsorption capacity of 65.8 mg/g. The Hg removal mechanism involves rapid
surface complexation on CSHAP grains, followed by a slower incorporation of Hg ions into the crystalline structure via ion exchange
with Ca. The Hg removal capacity of CSHAP is remarkable when compared to other waste-derived adsorbents, with the primary
advantage being the huge availability of the raw material along with the simplicity of the production process. This study highlighted
that converting waste into an effective adsorbent for Hg remediation not only addresses water pollution but also contribute to the
sustainable management of clam shell waste.
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