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ARTICLE INFO ABSTRACT

Keywords: To ascertain their potential for heavy metal pollution remedy, we studied the adsorption mech-
Scallop shells anism of cadmium onto scallop shells and the interactions between the heavy metal and the shell
Biosorbents

matrix. Intact shells were used to investigate the uptake and diffusion of the metal contaminant
Adsorption onto the shell carbonatic layers, as well as to evaluate the distribution of major and trace elements
Water remediation in the matrix. LA-ICPMS measurements demonstrate that Cd is adsorbed on a very thin layer on
LA-ICPTOFMS the inner and outer surfaces of the shell. Structural and thermal analyses showed the presence of
9 wt.-% of a CdCO3 phase indicating that the adsorption is mainly a superficial process which
involves different processes, including ion exchange of Ca by Cd. In addition, organic components
of the shell could contribute to adsorption as highlighted by different metal uptake observed for
shells with different colours. In particular, darker shells appeared to adsorb more contaminant
than the white ones. The contribution of the organic shell components on the adsorption of heavy
metals was also highlighted by the element bulk content which showed higher concentrations of
different metals in the darker specimen. Raman spectroscopy allowed to identify the pigments as
carotenoids, confirmed by XRD measurements which highlighted the presence of astaxanthin
phases. The results presented here provide new insights into the Cd adsorption mechanism
highlighting the important contribution given by the organic components present in the biogenic
carbonate matrix. Furthermore, the high efficiency of Cd removal from water by scallop shells,
supported by adsorption kinetic and isotherm studies, has been demonstrated.

Heavy metals

1. Introduction

Environmental pollution caused by heavy metals is one of the major global problems leading to adverse effects on ecosystems,
biodiversity, and human health [1]. Among the heavy metals, cadmium (Cd) is one of the most toxic pollutants even at low con-
centrations. Furthermore, Cd has been classified as human carcinogen by the International Agency for Research on Cancer [2]. The
main source of Cd pollution in surface waters is anthropogenic. On a global scale, smelting of non-ferrous metal ores has been regarded
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as the largest anthropogenic source of Cd for the aquatic environment [3]. Cd tends to accumulate in the sediments by adsorption or
precipitation as insoluble salts [4]. However, under certain conditions Cd can be mobilised and its concentration in the aqueous
medium can increase. This is particularly the case when the salinity of the water body increases, and dissolved Cd is stabilised in
solution through the formation of chloro-complexes [5].

Among the most common physical and chemical approaches for the removal of heavy metals from water, adsorption is an effective
and economic technique, offering flexibility in the design and operation, and a vast variety of adsorbent materials [6-10]. In the last
years, the use of natural or waste materials as adsorbents has been widely studied to favour eco-friendly approaches in environmental
remediation applications [11]. Among the waste products generated by food industry, mollusc shells appear to have composition and
structure characteristics which are suitable for the removal of heavy metals dissolved in water bodies.

In fact, many studies had reported the capability of molluscan or crustacean shell powder to adsorb heavy metals from water
aqueous matrices considering the effect of the adsorbent grain size [12-14], different CaCOj3 shell structure [15], or after the adsorbent
material had been acid-pretreated [16] or calcined [17-19]. It has been demonstrated by Tudor et al. (2006) [20] that some seashells
are more efficient in the uptake of Pb and Cd compared to non-biogenic calcareous materials. Mollusc shells can also be employed as
marine sediment amendments for immobilisation of potentially toxic elements, in this way the water and sediment quality would be
improved without introducing extraneous materials in the lagoon system, since they are native of the area of interest. Furthermore,
adding biogenic carbonate in marine sediments could possibly mitigate the effect of sea acidification, as suggested by Drylie et al. [21].
The use of mollusc shells for environmental remediation can contribute to improve the sustainability of shellfish farms since they are
classified as waste material, and as such they require adherence to applicable policies and procedures to be correctly disposed [22]. In
addition, the accumulation of heavy metals in mollusc shells ca be an important environmental indicator for evaluating water pollution
by these contaminants; their concentrations in shells provide a time-integrated degree of metal availability, over long periods of time,
thus providing an archive of past seawater. Therefore, shells can provide a more precise symptom of pollution and environmental
change than soft tissue, due to the possibility of investigating the incorporation of elements over time of shell formation [23-26],
higher preservation potential even after the organism’s demise, and relatively cheap and easy storage. Besides, the lower metal
concentrations in the shells with respect to soft tissue can be overcome by the development of sensitive analytical techniques [27,28].

The evaluation of the interactions of dissolved metal contaminants with the mollusc shell matrix and its components would provide
additional information on the mechanism of the metal uptake process and can contribute to the development of the use of shells as
bioadsorbents and bioindicators in environmental remediation and monitoring fields, respectively.

Herein, we present a study on the investigation of the mechanism of Cd adsorption and diffusion in the scallop shell carbonatic
layers employing different analytical techniques, considering the interaction of heavy metals not only with the carbonate phase, but
also with organic components present in the matrix. To detect the spatial distribution of trace elements contents, laser ablation
inductively coupled plasma mass spectrometry (LA-ICPMS) has been employed. LA-ICPMS allows to determine the element distri-
bution across heterogeneous and multiphase solid samples with low pm spatial resolution. In this work, LA was applied in combination
with ICP-TOFMS, which allows fast and quasi-simultaneous detection of most elements having m/z in the range 7-238 [29,30], and the
determination of element distributions on selected areas of the cross section of mollusc shells. Furthermore, it provides short analysis
times with minimal sample preparation required [31] and by using LA-ICPTOFMS in the line scan mode, continuous element profiles of
the sample can be measured. Many studies employed this technique to obtain natural trace elements patterns along the shell direction
of growth in order to use them as proxies to retrace variations of temperature and salinity of the water body [32-37]. Despite the
proven applicability of LA-ICPMS in line scan mode for retrospective natural trace elements monitoring, only few works applied this
technique to investigate metal contaminants in mollusc shells [23,25,38,39] and, to the best of our knowledge, there is no study
relating to the diffusion of the metal through the shell layers in mollusc shell treated with contaminants.

Since it has been demonstrated that the adsorption of metal can induce structural modification in the crystalline components of
shells [40], thermogravimetric and X-ray powder diffraction analyses were carried out. The preliminary results indicate that scallop
shells having different colourations show differences in Cd adsorption characteristics. This finding motivated us to investigate the role
of pigments through micro-Raman and LA-ICP-TOFMS imaging [30].

The insights gathered from this study provide information to better understand the distribution and interactions of metal con-
taminants with the shell matrix when mollusc shells are used as adsorbents or environmental indicators.

2. Materials and methods
2.1. Adsorbent material preparation

One hundred scallop shells (Aequipecten opercularis, Linnaeus 1758) were collected from a shell deposal site in Sacca di Goro
(Northern Adriatic Sea, Italy). The shells were first brushed to remove any residual mollusc tissue, cleaned thoroughly with deionised
MilliQ water (Millipore, MA, USA) and then dried in an oven at 50 °C over night.

A total of 50 shells were selected and milled using a grinder (Retsch GmbH, Germany) to obtain a fine powder which was used for
the determination of the mean calcium (Ca) content, particle size distribution, Cd adsorption experiments for kinetics and isotherm
determination, and for thermal and X-ray powder diffraction analyses.

The material characterisation regarding minor and trace elements bulk composition was performed on scallop shells with different
colouration, milled separately into a fine powder.

28 shells were kept intact and sorted by colour (white, pink and brown) for the metal diffusion investigation by LA-ICP-TOFMS and
for pigment characterisation with micro-Raman spectroscopy.
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For the overall experimental workflow see Supplementary Fig. S1 in the Supplementary Information.
2.2. Characterisation

The particle size distribution of the scallop shell powder used for batch adsorption experiments was determined with a Malvern
Mastersizer 2000 Particle Analyser (Malvern instruments, UK).

For the determination of the bulk concentration of Ca, 0.1 g of scallop shell powder was digested in 10 mL of HNO3 10 % (prepared
from HNO3 Fluka, analytical grade, purified by double subboiling distillation), filtered with PVDF membrane 0.45 pm (ACRODISC,
New York, USA), diluted and analysed by solution based ICP-OES (PerkinElmer, Waltham, MA, USA) (for the measuring parameters see
below in the Batch adsorption section).

To determine the trace elements bulk composition, three scallop shells were sorted by colour, milled into a fine powder, digested in
HNOs3 10 %, then filtered using syringe filters with PVDF membrane 0.45 pm (ACRODISC, New York, USA). After dilution, the analyses
were carried out using an Agilent 7500 ICP-QMS (Agilent Technologies, Santa Clara, CA, USA); the instrument operating parameters
were: 1450 W RF power, 4.2 mm sampling depth, 15 L min~* coolant gas, 1.00 L min ™! carrier gas, the isotopes measured were °Mg,
39K, 497i, 51y, 55Mn, OFe, 5%Co, ©2Ni, 55Cu, %°7Zn, 88sr, 197Ag, 11lcd, 113¢d, 197Ba, and 2°6Pb.

2.3. Batch adsorption

Cd solutions were prepared by dissolving Cd(NOs3)2-4H20 (purity 99.997 %, Sigma-Aldrich, Steinheim, Germany) in ultrapure
water (Millipore, MA, USA). The adsorption kinetics and isotherm were determined using the batch method, as explained below in the
respective sections.

The Cd uptake at any time t for kinetic experiments (q,) and at equilibrium for isotherm determination (qe) was calculated with
equations (1) and (2), respectively:

q[:(C()—C,)OV (1)
m

qe _ (C() — Ce) L] V (2)
m

where q; and q. (mg g’l) are the quantities of Cd adsorbed, Cy (mg L) is the concentration of Cd in the initial solution, C; (mg L Yis
the residual concentration at a time t in kinetic experiments, C. (mg L™1) the residual Cd concentration at equilibrium for isotherm
determination, V (L) the volume of the solution in the batch, and m (g) the quantity of scallop shell powder.

2.3.1. Adsorption kinetics

The kinetic experiments were conducted at three different initial Cd concentrations (5, 10 and 15 mg L’l), 1 L of solution was
prepared in a polypropylene bottle where 5 g of shell powder was added. The batches were continuously stirred at a temperature of
21.0 £+ 0.5 °C using a refrigerating bath circulator (Jeio Tech, Daejeon, Republic of Korea). Samples (0.5 mL) were collected at
different time intervals: every minute for the first 10 min, every 5 min up to 1 h, every 30 min up to 3 h, and every 60 min up until 5h.
The samples were filtered using 25 mm syringe filters with PVDF membrane and a pore size of 0.45 pm (Agilent Technologies, Santa
Clara, CA, USA). Then the Ca and Cd residual concentration in the solution was evaluated by ICP-OES Optima 3100XL (PerkinElmer,
Waltham, MA, USA) (axial view) equipped with a solid-state charge-coupled device detector (CCD), a peristaltic pump and a low-flow
GemCone nebuliser coupled to a cyclonic spray chamber. Analytical lines 317.933 nm and 226.502 nm were selected for quantitative
determination of Ca and Cd, respectively. The ICP-OES measuring parameters were: 15 L min-1 plasma flow, 0.5 L min-1 auxiliary
flow, 0.65 L min-1 nebuliser flow, 1350 W RF power.

2.3.2. Adsorption isotherm

20 mL of Cd* solution were added to crimp top reaction glass flasks sealed with PTFE septa (Supelco, Bellefonte, PA, USA) with 40
mg of shell powder. The initial concentrations of Cd?* in the solutions were in the range of 1-350 mg L™".

Adsorption experiments were performed with a contact time of 20 h, which is considered sufficiently longer than the equilibration
time (30 min) as determined in the adsorption kinetics experiments.

After 20 h equilibration under stirring (600 rpm) and at a controlled temperature of 21.0 £ 0.5 °C, the adsorbent was separated
from the solution by filtration using 25 mm syringe filters with PVDF membrane and 0.45 pm pore size (Agilent Technologies, Santa
Clara, CA, USA) and the pH of the solution was recorded for each solution.

The concentration of Ca®* and Cd?* in the solution, before and after the contact with the adsorbent material, was determined by
ICP-OES, as described before.

The same procedure was followed to obtain the adsorption isotherm of Cd onto commercial pure calcium carbonate powder (purity
98 %, Sigma-Aldrich, Steinheim, Germany).

2.4. Cd uptake across shell layers

For the study of the metal diffusion through the shell layers, the intact mollusc valves were put in contact with solutions containing
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Cd?", the concentrations of the metal ions were 1.0 and 5.0 mg L™!. After a contact time of 20 h to ensure that the equilibrium had been
reached, the shells were separated from the solution, rinsed twice with ultrapure water, air-dried and conserved for the LA-ICPTOFMS
experiments.The Cd concentration in the solution before and after the contact with the shells was measured by ICP-OES (for the
measurement parameters see Adsorption kinetics section) and the Cd uptake was calculated (equation (2)).

To investigate the diffusion of Cd through the sample cross section, the shells were cut along the axis

of maximum growth with a low-speed saw (Isomet 11-1180 Low Speed Saw, Buehler LTD, Switzerland), embedded into an epoxy
resin (Epofix, Struers, Birmensdorf, Switzerland), ground to the desired thickness with a polishing machine (Forcipol 1V Grinder
Polisher, Metkon, Turkey) equipped with a 120 grit diamond disc, then polished with 600 and 800 grit SiC powder. In order to obtain
the trace elements distribution through the shell layers, laser ablation was conducted on the cross-sections of the samples, with the
ablation direction oriented perpendicular to the direction of shell growth, from the outer to the inner surface layer (Supplementary
Fig. S2).

The high-resolution line scans and element imaging analyses were conducted with a 193 nm ArF Eximer laser system (GeoLas C,
Lambda Physik, Germany) equipped with the parallel flow ablation cell [41] and was coupled to an ICPTOFMS (icpTOF2R, Tofwerk
AG, Switzerland). Ablation spots with 5 pm diameter were used in an edge to edge arrangement. The imaging mode “hole drilling with
cleaning pulse” was applied using the imaging control system according to Neff et al. [30]. The acquisition of one sampling position
was conducted using one cleaning pulse which was not recorded, followed by 25 recorded laser pulses at 100 Hz repetition rate and a
fluence of 15-20 J cm 2. The ICP-TOFMS operating conditions were: 16 L min ! plasma flow (Ar), 0.8 L min~! auxiliary flow (Ar),
0.6-0.7 L min ! make-up gas flow (Ar), 1.4-1.6 L min ! carrier gas flow (He), 1400 W RF power. The carbonate reference material
MACS-3 (U.S. Geological Survey, USA) was used as external standard and a 100 % mass normalisation approach [42] was applied for
the quantification assuming all metals are present as carbonates. This assumption could lead to inaccuracy when real samples con-
taining appreciable amounts of organic substances are analysed. In the present work, for instance the organic fraction is roughly 1 %
(see Structural and thermal analyses section) and therefore the bias is not substantial. The isotopes 23Na, 24Mg, 44Ca, 55Mn, °Fe, %6Zn
88gr, 114Cd and 2°8Pb were evaluated. The mass resolving power of 4500-5000 achieved by the icpTOF2R in the lower mass range
(24-56 m/z) [43] allows to separate 2*Mg™ from '2C$, **Ca™ from '2C'°0%, *Mn* from “°Ar'*NH*, and 3°Fe* from *°Ar'®0" and
40Cal®0*, Based on the ion signals recorded for the more abundant Sn-isotopes, interference of 14Cd * by '*Sn™ was not observed and
the higher abundance isotope could be used to maximize sensitivity and therefore to lower the limits of detection (LOD).

2.5. Micro-Raman analyses

Raman spectra were recorded with a LabRam HR800 micro-Raman instrument (Horiba Scientific, FR) equipped with a Peltier-
cooled CCD detector at —70 °C, an Olympus BXFM microscope, a 600 groove/mm grating and a 50x objective to collect the
Raman scattering signals. The excitation source was a He-Ne laser (632.8 nm line) with a maximum laser power of 20 mW. A minimum
spectrum accumulation of 10 times per second was used; if a high background was recorded, the accumulations were increased to a
maximum of 100 times per second to improve the signal-to-noise ratio.

2.6. Thermogravimetric analyses

Thermogravimetric analyses (TG) and differential thermal analysis (DTA) of both raw scallop shell powder and Cd-loaded scallop
shell powder were performed on a thermal analyser (STA 409 PC LUXX, Netzsch, Germany). The measurements were carried out in air
flow with a heating rate of 10 °C min™! from room temperature to 1000 °C.

Table 1
Bulk composition (ug g’l) with standard deviation (n = 5) and limit of detection (LOD) obtained from solution based ICP-MS analysis of powdered
shells.

White shell Pink shell Brown shell LOD

mean SD mean SD mean SD
Mg 92.8 1.3 76.9 0.8 106.8 0.9 0.17
K 1001 4 1189 6 1856 5 9.8
Ti <LOD <LOD 0.91 0.11 0.46
\4 0.05 0.04 0.054 0.006 0.97 0.05 0.054
Mn 24.5 0.5 24.1 0.6 178 4 0.080
Fe 8.2 0.4 10.6 0.4 4766 9 0.22
Co 0.164 0.021 0.099 0.009 1.225 0.018 0.003
Ni 0.55 0.09 2.2 0.3 2.56 0.25 0.37
Cu 1.27 0.04 1.84 0.10 17.4 0.3 0.11
Zn 16.6 0.3 16.3 0.6 90.1 2.8 0.60
Sr 10134 6 947 9 10678 9 0.012
Ag <LOD <LOD <LOD 0.036
Cd 0.24 0.11 0.30 0.09 0.54 0.17 0.17
Ba 1.74 0.11 1.90 0.07 8.4 0.4 0.080
Pb 0.78 0.04 0.69 0.06 3.56 0.08 0.030
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2.7. X-ray powder diffraction

The X-ray powder diffraction patterns of scallop shell powder, both untreated and treated with Cd solution, were recorded on a
diffractometer (D8 Advance, Bruker, USA) equipped with a Si (Li) solid-state detector (Cu Ka » radiation, 3-110 20 range, counting
time of 12 s per 0.02 260 step). The unit cell parameters were refined together with the coefficients of the pseudo-Voigt function
modelling the profile function of the Bragg peaks and of the function modelling the background (a six-term cosine Fourier series).
Refinements were carried out by the Rietveld method using the GSAS [44] and EXPGUI [45] packages. Structural models for all the
phases were taken from the ICSD database [46]. Optimised parameters in final refinement were: background coefficients, cell pa-
rameters, zero shift error, peak shape parameters, preferred orientation, and phase fractions.

3. Results and discussion
3.1. Adsorbent material characterisation

The bulk composition of the shells was determined to evaluate the total cation contents of the untreated shells. The mass fractions
determined by ICP-MS after acid digestion of ground shells are reported in Table 1. Many metals, in particular V, Mn, Fe, Co, Cu, Zn, Ba,
and Pb were detected above the limits of detection in the samples. Among these, Fe was the most abundant element in the brown shell.
The mass fractions of Cd were between the limit of detection and quantification of the employed method, thus indicating that the metal
may be present in very low concentrations in the environmental habitat of these seashells, or that the replacement of Ca?* in the
calcium carbonate structure during the shell formation occurs to a lesser extent. Indeed, bioaccumulation rate of ions from seawater
seems to be a function of many environmental and biological factors [47-49], and different habitats, species, or even individual
specimens at different stages of development, may present different patterns of metal uptake. Furthermore, only few published studies
[50-53] deal with chemical composition of scallop shells and none of these in a habitat similar to that of the samples herein inves-
tigated (i.e., a lagoon on the Po River Delta). In this aspect, the present study on one hand can provide new data that can contribute to
the knowledge on metal distribution in biota. On the other hand, the data cannot be compared with literature data.

Recently, the concentration of metals in sediments of Laguna di Goro have been investigated [54], and it has been found that
trace-metals, such as Ni, Co, V and Cu, show concentration levels corresponding to the geological nature of the Po River alluvial
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Fig. 1. Trace element concentration profiles expressed as element/Ca ratio (mmol mol ') obtained from LA-ICP-TOFMS line scan carried out on not
treated scallop shells; (the x-axis ranges from the outer to the inner surface of the shells).
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sediments, whereas Pb and Zn show an enrichment in Sacca di Goro, probably due to anthropogenic sources. Indeed, these trace-metals
were found in all the scallop shell samples analysed.

A particular feature that can be observed from the elements bulk composition is the fact that whereas for heavy metals such as Pb,
Fe and Zn there is a higher concentration in the darker coloured shell, the content of elements found naturally in the shells, such as Sr
and Mg which are incorporated during the mollusc growth, does not vary so substantially between shells of different colouration. These
findings suggest that the components responsible for the shell colouration contribute significantly to the uptake of heavy metals from
the aqueous environment surrounding the mollusc.

To further investigate on the scallop shell composition, specimens of shells were analysed before the contact with solution of Cd?.
Compositional trace elemental variability in biogenic carbonates can be assessed by static layer by layer removal of material to obtain a
depth-compositional profile. Alternatively, it can be carried out by LA-ICP-TOFMS along a defined section oriented perpendicular to
the accretionary growth direction [25]. The latter method was applied in the present study.

The investigation of the causes of the variability in the distribution of shell elemental components lays beyond the aim of this study,
any correlation to seasonal environmental variations or pollution events cannot be made since the history of the shells, collected from a
disposal site, is unknown. Nevertheless, information on the distribution of major and trace components of the shells used in this study
can be obtained, highlighting the capability of the technique employed.

In Fig. 1, the profile of the ratios of trace elements (i.e., Fe, Zn, Pb and Cd) with respect to Ca [23,25,26] of three original scallop
shell specimens are shown.

Lead was detected in every shell analysed, showing different distribution patterns across the shells, with peaks of higher abundance
suggesting that during the formation of those layers, the organism was surrounded by a polluted environment.

Natali and Bianchini [54] reported that the sediments of Sacca di Goro are particularly enriched in Pb, with enrichment factors up
to three with respect to the natural composition of alluvial sediments of the Padanian plain [55], taken as representative of the
geogenic local background. The high Pb enrichment factor found in the lagoon sediments suggests anthropogenic contributions,
possibly related to atmospheric emissions [54]. Similar behaviours were found for Fe and Zn in the shells analysed, possibly related to
the composition of the alluvial sediments [56]. Regarding the metal contaminant considered in the present work, Cd/Ca concentration
profiles for the three shells before treatment show that Cd concentration across the shell layers is below the LOD; therefore, the results
on the contaminant distribution obtained after the treatment of the shells with Cd-containing solution (see below) are entirely as-
cribable to the treatment performed.

In Supplementary Fig. S3 the profile of the ratios of Na, Mg and Sr with respect to Ca of three different specimens is reported.
Variations in compositions could originate from shells growth [24]. These ratios, generally reported as mmol mol™! [34,57], are
biogeochemical parameters reflecting the Earth-ocean-atmosphere dynamic exchange of elements [58] and are commonly employed
to investigate trace elemental and isotopic inventor in successively secreted carbonate layers related to past environmental conditions
of seashells [58].

Generally, there is variability for all three elements in the element/Ca between the scallop shells, even though they belong to the
same species. In addition, variations were observed within the same shell across the different regions (see the profiles of Na/Ca of all
the three shells and Mg/Ca of the brown shell). Regarding strontium, the Sr/Ca profiles were characterised by distinct variations,
especially in the white and brown specimens, suggesting an alteration in the incorporation rate of this element during the shell layers
deposition, possibly related to seasonal temperature variations which most likely influence the shell calcification and hence the Sr/Ca
ratio [50,59].

Moreover, the brown shell shows a significant variation of the content of all three elements in a region between 230 and 315 pm; in
particular, Mg decreases while Na and Sr increase. The investigation of the causes that led to this particular variation is beyond the aim
of the present study, and correlations with seasonal variations cannot be made since the history of the shell is unknown. Nevertheless,
such alteration in the distribution of these major components suggests that the mollusc was subjected to a stress condition that possibly
led to an alteration in the metabolic processes or of the growth rate, resulting in a different incorporation of these elements during the
formation of the shell [50,59].

3.2. Adsorption of Cd from aqueous solution onto powdered scallop shells

In this work, we focus on the interaction of Cd on surface scallop shells. However, to quantify the adsorption of this material for the
comparison with literature data, adsorption experiments on powdered scallop shells were carried out as well. The aim of these ex-
periments was to investigate the capability of the powdered shell to adsorb Cd from solution. The kinetics and thermodynamics of
adsorption can depend on particle dimensions, but in this study we were rather focusing on the mechanisms of the adsorption instead
of on maximising the adsorption capability.

In order to evaluate the adsorption properties of powdered scallop shells employed in the present study, the kinetics and ther-
modynamics of the adsorption process were investigated. Details of the obtained results are reported in the Supplementary
Information.

The experiments were carried out with powdered scallop shells characterised by particle dimensions spanning over a broad range,
with an average value of 15 pm (see Supplementary Fig. S4).

The adsorption properties of shells towards Cd?* were evaluated at pH 7.0-8.5, measured at the end of the equilibration time of the
batch experiments to account for shells dissolution (see Supplementary Discussion S1). The experiments were conducted at two
temperatures, 21.0 + 0.5 °C and 9.0 £ 0.5 °C, the latter to mimic seawater temperature range in the region more closely.
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3.2.1. Adsorption kinetics

The adsorption kinetics was investigated in a series of experiments for which the uptake was measured at different contact times.

The adsorption kinetics obtained at three different initial concentrations are reported in Fig. 2a.

The adsorption was very fast, with the equilibrium reached within 30 min, and the majority of Cd removed in the first 15 min, for all
the initial concentrations considered. These results are comparable with those found by Jeon [60] for the adsorption of Cd onto grinded
pen shells.

The very fast Cd uptake highlights the applicability of scallop shells as adsorbents in water remediation technologies; moreover, the
short time needed for reaching equilibrium makes this material suitable also for continuous flow systems [61].

The experimental data were fitted with different kinetics models; the pseudo second order (PSO) kinetic model [13,18,62] is
described by equation (3):

kyo gl et

qz:l-‘rkzoqeqot

3

Where q; (calculated using eq. (1)) is the amount of Cd adsorbed at time t, qeq is the quantity adsorbed when the equilibrium is reached,
and ks the pseudo second order rate constant.
The pseudo first order (PFO) kinetic model is described as follows:

g =q.® (l — eik‘") (€))

Where k; is the pseudo first order rate constant.

The parameters obtained from the fitting are reported in Supplementary Table S1.

By comparison of the determination coefficients of the two models, the experimental data were better described by the PSO model.
The good applicability of this model is usually associated with the situation when the rate of direct adsorption/desorption process
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Fig. 2. a) Effect of contact time on the adsorption of Cd onto scallop shell powder at three different initial metal concentrations, experimental data
fitted with the PSO kinetic model; b) Adsorption isotherm of Cd onto scallop shell powder (21 °C), experimental data fitted with the Langmuir
isotherm model.
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(seen as a kind of chemical reaction referred to as “‘surface reaction’”) controls the overall sorption kinetics [63]; for further details see
Supplementary Discussion S2.

3.2.2. Adsorption isotherm
The data obtained from batch experiments at the constant temperatures of 21 °C and 9 °C were fitted using two different models;
the Langmuir isotherm model [64] is represented by the following equation:

_ Gmax ® be Ce

= Imax @900 Le 5
= becC, 5)

where g (calculated using eq. (2)) is the amount of Cd adsorbed at the equilibrium (mg g™?), Ce is the equilibrium concentration (mg
L’l), Qmax is the saturation capacity of shell powder (mg g’l) and b the adsorption constant (L mg’l).
The Freundlich isotherm model [64] is described by equation (6):

1
ge=KreC." (6)

Where Kg is a constant related to the adsorption capacity ((mg g’l)(L g’l)“) and n represents the adsorption intensity.

Fig. 2b shows the isotherm of Cd on scallop shell powder at 21 °C (see Supplementary Fig. S7 for the isotherm at 9 °C): the curve has
a concave shape, and it is characterised by a steep initial zone and a saturation plateau. The shape of the isotherm indicates a
favourable adsorption of the metal onto the adsorbent material. This information, together with the relatively fast adsorption kinetics
(see above), confirms that scallop shell is a promising adsorbent for Cd. The parameters obtained from the numerical fit are listed in
Supplementary Table S2; the higher R? values obtained with the Langmuir model compared to the Freundlich model indicate the
former as the better choice for the description of the experimental data.

The Langmuir isotherm model refers to homogeneous adsorption without taking in consideration adsorbate-adsorbate and
adsorbate-solvent interactions; furthermore, the adsorption sites are energetically equivalent.

Moreover, the saturation capacity of the scallop shell powder (55 mg g™, SD 7 mg g™?) is significantly higher compared to that
obtained with pure calcium carbonate powder (12.8 mg g, SD: 1.6 mg g, see Supplementary Fig. S8) demonstrating that the
composition of the biogenic shell matrix significantly enhances the capability of removing Cd from water matrices.

3.3. Structural and thermal analyses

The mineral phases occurring in scallop shells were identified by examination of XRD patterns. Qualitative mineralogical analysis
revealed that calcite was present in all the analysed samples. The coexistence with otavite, CdCOs, in the Cd-treated scallop shells can
be inferred from inspection of the 20-60° 20 region (i.e. 20 = 23.56, 30.35, 36.52, 43.92, 49.60 50.02°) showing the increased
complexity of the diffraction pattern of samples containing two carbonates with respect to sample with only calcite (Fig. 3). Conse-
quently, the process involved in Cd uptake by calcite was adsorption and Cd diffusion into the calcite crystal, leading to the formation
of (CdxCa;_x)COs solid-solution. At the same time, the occurrence of otavite in the Cd-loaded Scallop shells sample indicated that shell
calcite substrate immersed in aqueous solutions containing Cd?* acted also as passive surface, leading to dissolution of calcite and
nucleation of otavite [65]. Finally, polyenes (i.e. astaxanthin) [66,67], were identified based on the weak reflections in the 20-35° 260
range (i.e. 260 = 18.2, 20.5, 22.7, 25.5 and 32.2°) in Cd-scallop shells. This result is in good agreement with the Raman spectra
indicating the presence of a low fraction of pigments increasing the Cd adsorption efficiency of the biogenic CaCO3 compared to
geologic one [68,69].
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Fig. 3. Comparison between XRD patterns of scallop shells (red line) and Cd-scallop shells (black line) respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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In order to quantify the phases content in Cd-loaded Scallop shells, quantitative phase analysis (QPA) by use of the Rietveld method
was performed. It is well known that this approach gives rise to more accurate values compared to any other single technique, such as
Fourier transform infrared spectroscopy (FTIR), chemical analysis and electron microscopy [70].

In this procedure, the weight fraction wi of each ith crystalline component in the multiphase system is calculated from the cor-
responding refined scale parameter Si, according to the equation:

wi= % with the normalisation condition Z wi=1.0 7)
J
with Mi and Vi, the unit cell mass and volume, respectively [71]. Firstly, quantitative refinement was performed by assuming calcite as
the only carbonate present in scallop shells. In Cd-treated samples, the quantitative refinement was including both otavite and
astaxanthin; the mass fractions obtained by Rietveld refinements are 90 wt% calcite, 9 wt% otavite and 1 wt% astaxanthin.

In addition, a correlation between the refined unit cell parameters of calcite and the Cd incorporation was noted (Table 2). In order
to explain these variations, we suggest that in our samples the compression of the refined unit cell volume can be mainly ascribed to an
increase of the Cd content due to the smaller ionic radius of Cadmium (0.95 10\) with respect to Calcium (1.06 10\) [72].

The trend of DTA and TG curves for both scallop shells samples are represented in Fig. 4. Below 100 °C, DTA curves showed an
endothermic peak weakly indicating low amounts of absorbed water. The occurrence of otavite was confirmed by a broad endothermic
peak between about 370 and 460 °C due to the decomposition of CdCO3 into CdO under atmospheric pressure [73,74]. In the same
temperature range the polyenes’ decomposition also occurred [67,75]. Endothermic effects in the 720-900 °C temperature range are
ascribable to the CO; releasing by CaCO3 decomposition. Lastly, the exothermic peak above 900 °C can be interpreted as the crys-
tallisation of newly formed minerals.

The adsorption experiments performed using powdered scallop shells illustrated above were carried out to determine the mean
values of Cd uptake obtained for a given particle distribution. To investigate the contaminant distribution and interactions with the
shell matrix, intact scallop shell valves were used.

3.4. Cd distribution after adsorption

To study the distribution of the metal contaminant through the shell layers, Cd profiles were obtained from scallop shells treated
with aqueous solutions containing Cd. Since scallop shells of different colours showed differences in composition, we selected scallop
shells with three different colourations (white, pink and brown) to investigate potential differences in Cd adsorption characteristics.
The colouration of mollusc shells is mainly due to the presence of organic pigments, mostly tetrapyrroles, carotenoids and melanins
[76]. Not only the colour and pattern of shells vary between species, but different colouration can also occur among a single species, or
even a single shell can present differently coloured areas [77].

In Fig. 5 the Ca and Cd distribution profiles of three scallop shell samples, white, pink and brown, treated with Cd solution, are
reported. Calcium carbonate (CaCOs) consists of 40.0 % calcium. The profiles indicate that Ca, mainly present as calcium carbonate, is
the main component of the shells. Slight variations of the Ca content were observed and have been already reported for Ca in bivalves
[78]. Generally, they can be related to seashell metabolic variations or different environmental conditions.

The Cd profiles of the three specimens show the metal distribution, with highest concentrations on a thin layer located on the
surfaces of the shell. Most of the adsorbed Cd was detected within the first 10 pm on both the inner and outer surface. A minor
concentration of Cd is found in the first 50 pm towards the internal layers on both the boundary surfaces.

In the distribution profiles shown in Fig. 5 the Cd concentrations on the shell surfaces are similar for the white and brown shells,
whereas they are much higher for the pink one; it should be noted however that these profiles refer to a very thin shell section (5 pm
wide) and thus they are not representative of the entire shell. To better investigate the differences in the Cd uptake of the different
coloured shells, bulk concentrations should be considered. The Cd distribution profiles were determined to evaluate the metal dis-
tribution into the adsorbent.

3.5. Cd bulk concentration and micro-Raman

To further investigate the role of shell pigment on adsorption, batch experiments were carried out by using scallop shells with three
different colourations (white, pink and brown). As reported in Fig. 6, the Cd uptake (qe) is lower for the white shells and it increases for

Table 2
Refined unit cell parameters for scallop shells not treated and scallop shells treated with solution containing Cd.

Scallop shells

Calcite Space Group a (10\) c(j\) a=p") v(©) Volume(i\3)
R3¢ 4.9987(1) 17.1099(3) 90 120 370.24(1)
Cd-loaded Scallop shells
Space Group a(i\) c(i\) a=BC) v(©) Volume(A3)
Calcite R3¢ 4.9981(2) 17.1109(5) 920 120 370.18(2)
Otavite R3¢ 4.9642(2) 16.2980(8) 90 120 347.83(3)
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Fig. 4. Comparison between TG, DTG and DTA curves of scallop shells (a) and Cd-scallop shells (b) one in the 25-1000 °C temperature range,
respectively.

the pink and brown shells, with the latter showing the highest uptake values. The variation in metal adsorption is more evident when
the Cd concentration in the aqueous solution increases (Fig. 6b), especially between white and brown shells. A two-way analysis of
variance (ANOVA) was applied to the adsorption data. It can be seen in Table S3 of the Supplementary information that the Cd uptake
shows significant differences (Fj; < F) as a function of the initial metal concentration in solution and shells with different colouration.

These findings suggest that the components of the shell matrix responsible for its colouration enhances the metal adsorption.
Evidence of the higher uptake of metals by the coloured shells rather than the white ones is also accentuated by the bulk concentration
analyses (Table 1) which showed higher content of many metals, including Fe, Cu, Zn, and Pb, in the pink and especially in the brown
shells.

To examine in depth this particular feature, we investigated the nature of the pigments contained in our samples employing the
micro-Raman technique [77,79-81].

In Fig. 7 the Raman spectra acquired on the outer surface of scallop shells presenting different colours are reported. The white shell
spectrum (Fig. 7a) presents only the bands at 1083, 707 and 274 cm ™, belonging to the calcite matrix, while the spectra of the pink and
brown samples (Fig. 7b and c, respectively) show two more bands, with higher intensities for the darker shells. The bands observed at
ca. 1120 and 1500 cm ™! can be attributed to the stretching modes of the C—=C double bond (v;) and the C-C single bond (v,) due to the
presence of molecules characterised by a polyacetylenic chain [77,79,82]. In the Raman spectrum of the brown shell, we observed to
more bands with much lower intensity at 1010 cm ™! and 1292 cm ™}, the former can be attributed to the CH=CH out-of-plane wagging
mode (v4) and the latter to the CH=CH in-plane rocking mode (v3) [77].

The use of micro-Raman technique allowed us to identify the nature of the scallop shell pigments as polyenes, possibly belonging to
the class of carotenoids by comparison with literature spectra [77,79-81]. The presence of these components in the carbonate matrix
results in the enhancement of the adsorption efficiency of the biogenic CaCO3 towards Cd compared to commercial CaCOs [20]. This
result is in good agreement with the XRD data indicating the presence of a low fraction of pigments increasing the Cd adsorption
efficiency of the biogenic CaCO3 compared to geologic one [68,69]. Indeed, the metal cation chelating capacity of the carotenoid
astaxanthin has been proven [83,84].

3.6. Summary
The current work focused on the study of the mechanism of adsorption of the heavy metal cadmium onto scallop shells; in
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Fig. 5. Cd and Ca concentration profiles of the cross section of three scallop shells treated with 1 mg L™ Cd solution.

particular, the interactions between the metal and the components of the shell matrix were evaluated.

The bulk composition of shells taken from a deposit site was determined with regards to their colouration. In general, the brown
shell showed higher amounts of Mn, Fe, Co, Cu, Zn, Ba, and Pb than the white and pink ones; regarding the contaminant investigated,
Cd content was close to the limit of quantification of the method, indicating that the environment in which the shells were collected
was not severely polluted by Cd.

LA-ICP-TOFMS was employed to investigate the spatial distribution of major components and trace metals along the shell cross-
section; Na, Mg and Sr showed minor variability between the different shells and within the layers of the same shell; in particular,
Sr showed distinct layers with different Sr concentration parallel to the surface, possibly correlated to environmental factors such as
temperature. Trace metals, such as Fe, Zn and Pb showed variations in their distribution across the shells cross section, especially for
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the brown specimen.

Powdered scallop shells, with an average particle dimension of 15 pm, were employed to investigate the capability to adsorb Cd.
The kinetic experiments highlighted that the adsorption is a very fast process, reaching the equilibrium within the first 30 min.

The determination of the adsorption isotherm, obtained at 9 and 21 °C, allowed to determine the saturation capacity of the material
which resulted to be temperature dependent. In particular, at 21 °C the saturation capacity was found to be significantly higher than
that obtained using commercially available CaCO3 powder.

The analysis of XRD patterns of the scallop shell powder before and after Cd adsorption showed that the material is mainly
composed of calcite, while, after the contact with the Cd containing solution, the presence of otavite (CdCO3) phase was observed,
whose presence was also indicated by DTA and TG analyses. These findings, in addition with the kinetic experiments where an increase
of Ca concentration in solution was observed during the adsorption, demonstrate that the adsorption process involves mainly an ion
exchange between Ca and Cd.

The distribution and interactions of the Cd contaminant with the shell matrix were investigated using intact shell valves sorted by
colour. High-resolution LA-ICPTOFMS imaging allowed to assess Cd distribution after adsorption; an enrichment of Cd was found on a
thin layer (10 pm) on both the inner and outer surfaces of the shell, with a minor Cd concentration found in the first 50 pm towards the
internal layers.

For each shell, the total Cd uptake was evaluated: the white shells showed the lower Cd adsorption, while for the pink and brown
shells the metal uptake increased, with the brown shells showing the highest adsorption values.

The nature of the pigments contained in the differently coloured shells was determined by micro-Raman spectroscopy; the Raman
spectra showed the bands typical of polyenes, possibly carotenoids, as also highlighted by the astaxanthin phase present in the XRD
patterns.

4. Conclusions
The results reported provide new information on the mechanism of adsorption of Cd onto biogenic CaCOj3. Structural and thermal

analyses highlighted the presence of cadmium carbonate phases in the scallop shells treated with aqueous solutions containing the
metal contaminant, indicating that the adsorption is predominantly a superficial process involving the partial dissolution of superficial
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calcite and the nucleation of cadmium carbonate.

Cd is adsorbed on the inner and outer surfaces when intact scallop shells are used as adsorbent. The bulk concentration values
showed that the metal adsorption depends on the mollusc species and on the quantity of organic substances (i.e., pigments) present in
the carbonatic matrix. Indeed, we found higher cadmium uptake for scallop shells characterised by more intense and widespread
colouration, even if the exchange with carbonate is the dominant adsorption mechanism. The pigments were identified as carotenoids,
in particular, the XRD pattern showed the presence of astaxanthin phases which can act as complexing agent towards Cd, increasing its
removal from aqueous media.
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