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ABSTRACT: Control over the shape and morphology of single
crystals is a theme of great interest in fundamental science and for
technological application. Many synthetic strategies to achieve this
goal are inspired by biomineralization processes. Indeed, organisms
are able to produce crystals with high fidelity in shape and
morphology utilizing macromolecules that act as modifiers. An
alternative strategy can be the recovery of crystals from
biomineralization products, in this case, seashells. In particular,
waste mussel shells from aquaculture are considered. They are
mainly built up of single crystals of calcite fibers and aragonite
tablets forming an outer and an inner layer, respectively. A simple
mechanochemical treatment has been developed to separate and
recover these two typologies of single crystals. The characterization
of these single crystals showed peculiar properties with respect to the calcium carbonate from quarry or synthesis. We exploited these
biomaterials in the water remediation field using them as substrate adsorbing dyes. We found that these substrates show a high
capability of adsorption for anionic dye, such as Eosin Y, but a low capability of adsorption for cationic dyes, such as Blue Methylene.
The adsorption was reversible at pH 5.6. This application represents just an example of the potential use of these biogenic single
crystals. We also envision potential applications as reinforcing fillers and optical devices.

■ INTRODUCTION
Biominerals are biomineralization products that are commonly
characterized by shape, morphology, polymorphism, and
composition that differentiate them from their geogenic and
synthetic counterparts.1−3 The shell of the genus Mytilus is an
example of biominerals characterized by three crystalline
calcium carbonate regions: (i) the prismatic fibrous calcite, (ii)
the aragonitic myostracum, and (iii) the aragonitic nacre. Each
region has a species-specific crystal shape, morphology, and
composition.4−7

In Mytilus galloprovincialis, the outer layer of the shell,
referred to as the calcitic prismatic layer, is made of long,
slender fibers of calcite (some 1−2 μm wide and hundreds of
μm long), which reach the internal surface of the shell.4 This
microstructure has been called anvil-type fibrous calcite.8 The
myostracum is usually a very thin layer located in the
attachment of the adductor muscle to the umbo of each
valve. It is located under the calcitic prismatic layer and is in
contact with the inner layer formed by the nacre.9,7 It is made
of aragonite.10 The nacre is a well-defined type of micro-
structure characterized by small flat tablets (200−500 nm
thick) of aragonite tightly packed together by a mineral bridge
and an organic cement.11−14 These peculiarities endow to the
M. galloprovincialis shell with unique mechanical properties

that have been optimized by millions of years of evolution
upon the organism’s survival needs.15 These features have
attracted the attention of researchers stimulating them to
produce biomimetic and biologically inspired synthetic
processes to obtain biomaterials similar to the biogenic ones
in shape, morphology, and composition for different
technological applications.2 Although this approach has
produced an impressive number of biomimetic minerals,
materials that perform as the biogenic ones have been rarely
obtained.
Thus, a more pragmatic approach has been the use of

mollusk shells themselves. In this context, it has to be
considered that mollusk shells are waste byproducts from
mollusk aquaculture16 that has a global production of mollusks
of about 15 t per year (year 2015) in which M. galloprovincialis
and Mytilus edulis count for about 1.5 t worldwide (year
2015).17 Waste mussel shells have been used for different
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applications. They can be converted to calcium oxide by
calcination and successfully used as catalysts for biodiesel
production.18 Seashells could be an inert material in concrete
and other related cement-based products but heating at high
temperature and crushing are required for high quality
materials.19 However, a life cycle assessment analysis revealed
that the valuation of shell waste through a calcination process
may not generate environmentally friendly after effects, as the
impacts associated with the processing and treatment of shell
waste might be greater than those associated with conventional
end-of-life disposal methods.19

Taking into account these considerations, an innovative
approach can be the waste mollusk shell valorization exploiting
some of the unique features of biominerals, which are
effectively biomaterials due to their physiochemical features
and organic−inorganic composite structures.1,20 Magnabosco
et al. took advantage of the unique presence of the intraskeletal
organic matrix to obtain covalent bond functionalization.21

The intraskeletal organic matrix was also exploited to favor the
polymeric coating of oyster shell particles to improve their
metal ion adsorption.22 The calcite fibers from the prismatic
layer of the Mytilus edulis shell were used to obtain spherical
aggregates of calcite fibers, exploiting their peculiar aspect
ratio.23

Here we suggest the recovery and valorization of biomineral
building units, namely, the fibrous calcite and the aragonite
tablets by a simple and environmentally friendly procedure.
This offers the possibility to overcome the synthetic difficulties
in replicating the ability of organisms to act as crystal shapers
and morphology modifiers and opens the possibility to use
those crystals in purposes different from those for which they
were biosynthetized. As a case of study, we used the fibrous
calcite and the aragonite tablets as dye adsorbents in an
envisioned water remediation application.

■ RESULTS
Mussel shells from a local market having an average length of
55 ± 35 mm were used after preliminary washing with tap
water and brushing to remove meat residues and mineral
debris. Then they were treated overnight with a 55% v/v
NaClO solution. This provoked the oxidation and removal of
the periostracum as well as superficial organic contaminants
from the shells. The shells changed their color becoming more
whitish (Figure S1). The content of the intraskeletal organic
matrix, obtained by thermogravimetrical analysis, in the
bleached shells was 1.1 ± 0.3 wt % (Table 1). After this
stage, the shells were treated at a temperature of 220 °C for 48
h. This process provoked a mechanical separation of the
external prismatic layer and the internal nacreous one (Figure
1A,B), while the myostracum layer remained attached to the
external prismatic layer,24,25 as can be observed in the scanning
electron microscopy (SEM) images (see arrow in Figure 1C ).
The nacreous layer preserves its typical texture of casted tablets
(Figure 1D).
The X-ray diffraction patterns showed only the presence of

aragonite in the nacreous layer and the presence of calcite with
trace (about 2.7 wt %) of aragonite in the prismatic layer,
according to SEM observations (Figure 2 and Table 1). These
results were also confirmed by the spectroscopic analysis
(Figure S2).
The thermogravimetric analyses (TGA) of the two layers

showed a content of intraskeletal organic material (structural
water and organic matrix) of about 1.0 ± 0.1 wt % and 1.42 ±

0.02 wt % in the myostracum/prismatic layer and the nacre
layer (Figure S3 and Table 1), respectively. Following this
separation, the two main layers were subject to diverse
treatments. The myostracum/prismatic layer was treated with
a 5% v/v acetic acid solution for 24 h with the consequent
complete dissolution of the myostracum, as shown by the
absence of the diffraction peaks of aragonite in the diffraction
pattern of the remaining prismatic calcite (Figure 2).
As the last preparative step, the treated prismatic calcite layer

was lightly crushed, sieved at 600 μm, and bleached to remove
the remaining superficial organic matrix. The obtained material
was mainly constituted by single fibrous crystals of pure calcite
(Figure S4A,B) containing an intraskeletal organic matrix of
0.041 ± 0.001 wt %, a surface area of 1.7 m2/g, a particle size
of 9.402 ± 0.037 μm, and an aspect ratio no lower than 5
(Figure 3A,B and Table S1). The thermally treated nacreous
layers separated into almost single tablets after the removal of
the intertablet organic matrix through a bleaching and
sonication process (Figure S4C,D). After such a process, the
organic matrix content remains unaltered (1.59 ± 0.02 wt %),
indicating that the intercrystalline organic matrix was already
eliminated by the thermal process (Figure S2) and the mineral
phase remained as pure aragonite (Table 1). The surface area
of this sample was 1.5 m2/g. The single-crystal aragonite
tablets were in majority single tablets, but particles formed by

Table 1. Percentage of Mineral Phase Composition
Obtained by X-ray Diffraction, Intraskeletal Material
(Structured Water and Organic Matrix) Content Obtained
by Thermogravimetric Analyses and Particle Size of
Bleached Mussel Shell (A), Nacre (B), Prismatic Layer and
Myostracum (C), and Isolated Prismatic Layer (D)

sam-
ple calcite (%)

aragonite
(%)

intraskeletal
materiala (%) D90

b (μm)

A 27.7 ± 0.3 72.3 ± 0.3 1.1 ± 0.3
B 100 1.42 ± 0.02 13.76 ± 0.05
C 97.3 ± 0.4 2.7 ± 0.4 1.0 ± 0.1
D 100 0.041 ± 0.001 9.402 ± 0.037
aThe temperature range considered to estimate the content of
intraskeletal organic material was between 150 and 450 °C. bD90
indicates that 90% of particles have a diameter below the reported
value.

Figure 1. Camera and SEM images of the outer prismatic layer and
myostracum (A,C) and the inner nacreous layer (B,D) after the
thermal treatment. The myostracum layer is indicated by a white
arrow.
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two or three casted tablets were also observed (Figure 3C,D).
The SEM high-magnification images showed that on the
surface of both kinds of crystals a nanoporosity was present,
with pores having the longest axis in the range 20−180 nm
(Figure S5).
The two typologies of single crystals, calcite and aragonite,

were also tested for their capability to adsorb model dye
molecules, Eosin Y (EY) and Blue Methylene (BM), in the
perspective of their use as substrates for water remediation.
The results of the isothermal adsorption experiments (Figure
4) showed that EY and BM have different adsorption profiles
on the fibrous calcite and the tablets of aragonite.
The adsorption of the EY and BM on biogenic single crystals

reaches equilibrium within 24 h (Figure 4A,B). In order to
evaluate the adsorption kinetics mechanisms, the experimental
data were fitted by pseudo-first-order and pseudo-second-order
kinetic models.26 The diffusion-based Weber−Morris model
was tested as well.27 It is noted that the pseudo-second-order
kinetic model fits the adsorption data better than the pseudo-
first-order model as indicated by higher R2 values (Table 2).
EY isotherm absorption data fitted the best with a Langmuir

isotherm with a Langmuir constant KL = 0.12 and 0.19 L/mg,
and qmax = 0.52 and 0.45 mg/g on fibrous calcite and aragonitic
tablets, respectively (Table 3). The BM isothermal data fitted

better with a Freundlich isotherm with KF = 5.84 and 2.70 mg/
g and n = 0.03 and 0.02 for adsorption on fibrous calcite and
aragonitic nacre, respectively (Table 3). When considering the
fitting using the Langmuir adsorption isotherm, the qmax of EY
was higher than that of BM almost of a factor 10.
The desorption/dissolution experiment showed that at pH

6.0 or 7.2, the dyes were not removed from the substrates. At
pH 5.6, a minimal dissolution (less than 5 wt %) of CaCO3 was
observed and the dyes were completely removed at a time
interval of about 5 min. After this dye desorption/CaCO3
dissolution process, single-crystal substrates were completely
regenerated.
The ζ-potential of the crystals was measured in water, in the

dye loading buffers, and after the dye adsorption. It was not
possible to obtain a ζ-potential value for nacre tablets since the
measurements were not homogeneous. For the calcite fibers,
instead, the ζ-potential was −20.3 ± 0.6 mV in water (pH =
8.3), −11.6 ± 0.4 mV in the dye loading buffer (pH = 7.2) and
− 15.4 ± 0.1 mV and − 19.8 ± 1.0 mV after the adsorption of
EY and BM, respectively.

■ DISCUSSION
The sustainable and green production of biomaterials is a
research theme of growing interest. Shells are waste byproducts
from mollusk aquaculture and represent a sustainable type of
food production since the mollusks, as herbivores, are low in
the trophic chain. Mollusk shells are a biogenic source of
calcium carbonate, and their potential as biomaterials has been
poorly exploited so far. Their use as materials with a high
added value can represent a perfect example of circular
economy. If the market demand increases, this will be a trigger
to increase production. The current study shows that by a
simple thermal and chemical treatment it is possible to obtain
surface organic matrix free single crystals of calcite and
aragonite having the peculiar shape of long slender fibers and
tablets, respectively. Synthetic calcite fibers with diameters
ranging from 100 to 800 nm were produced by a polymer-
induced liquid precursors (PILP) on existing calcite substrate
crystals by the addition of poly(aspartic acid) to a crystallizing
solution.28 Nanofibers of calcite analogous to those produced
via a PILP were produced using a positively charged additive
poly(allylamine hydrochloride).29 Nanowires of calcite par-
ticles precipitated in the pores, from 50 to 200 nm, of track

Figure 2. Powder X-ray diffraction patterns of mussel shell (A), nacre (B), and prismatic layer after the thermal (C) and acid treatment (D). The
diffraction patterns were indexed accordingly to the PDF 00-005-0586 for calcite and PDF 00-005-0453 for aragonite.

Figure 3. SEM images of isolated calcite fibers (A,B) and nacre tablets
(C,D).
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etch membranes in the presence of acid macromolecules from
a PILP precursor phase.30 Into the same matrix, rod-like
CaCO3 crystals having a diameter of about 200 nm formed
from amorphous calcium carbonate nanoparticles.31−34 Via an
amorphous precursor route, thin tablets (∼600 nm thick) of
aragonite were grown at the air−water interface using
poly(acrylic acid−sodium salt) in combination with Mg2+

ion.35 Mixed surfactant solutions of Ca and Mg dodecyl
sulfate were used for the fabrication of pseudohexagonal and
porous aragonite tablets with a triplet twinning and single-
crystal-like nature.36 Synthetic nacre, morphologically indis-
tinguishable from the natural archetype, was synthesized with
amorphous calcium carbonate precursors by confinement in
the scaffold of the original insoluble nacre matrix.37

Figure 4. (A,B) Adsorption kinetics of BM (blue dots) and EY (red dots) 0.01 mM solutions at pH 7.2 on calcite fibers (A) and nacre tablets (B).
(C,D) Adsorption isotherms of BM (blue dots) and EY (red dots) on calcite fibers (C) and nacre tablets (D). We suppose in both cases that
adsorption equilibrium was achieved after an incubation time of 24 h. Dye adsorbed is reported as the mass of dye (mg), normalized over the mass
of calcite fibers/nacre tablets (g). Error bars associated with BM measures are small and not visible in graphs.

Table 2. Parameters for Pseudo-First-Order and Pseudo-Second-Order As Well As Weber−Morris Modelsa

dye/substrate

pseudo-first-order modelb pseudo-second-order modelc Weber−Morris modeld

qmax, exp (mg g−1) qmax,cal (mg g−1) k1 (min−1) R2 qmax,cal (mg g−1) k2 (g mg−1 min−1) R2 C (mg g−1) kip (mg g−1 min−1/2) R2

EY/calc. fib. 0.3424 0.2467 0.007 0.88 0.3265 0.089 0.95 0.1138 0.0074 0.66
EY/arag. tab. 0.2801 0.3433 0.002 0.49 0.2726 0.3128 0.91 0.1363 0.0051 0.43
BM/calc. fib. 0.0552 0.0269 0.083 0.72 0.05331 1.6211 0.96 0.026 0.001 0.44
BM/arag. tab. 0.0764 0.0532 0.0086 0.92 0.07584 0.5815 0.93 0.024 0.001 0.26

aThe reaction conditions were based on 0.01 mM EY, 0.07 mM BM, and pH 7.2. bThe pseudo-first-order model is given by ln (qmax − qt) = ln qmax
− k1t, where qmax and qt are the amounts of adsorbed dye (EY or BM) at equilibrium and at time t (mg g−1), respectively. k1 is the equilibrium rate
constant of pseudo-first-order kinetics (min−1). cThe pseudo-second-order model is determined by 1/qt = 1/k2qmax

2 1/t + 1/qmax, where k2 is the
equilibrium rate constant of the pseudo-second-order kinetics (g mg−1 min−1). dThe Weber−Morris model is expressed by qt = kipt1/2 + C, where
kip is the intraparticle diffusion rate constant (mg g−1 min−1/2) and C (mg g−1) is a constant that reflects the thickness of the boundary layer.

Table 3. Calculated Parameters from the Fitting of the Adsorption Isotherms with Different Modelsa

dye/substrate

Langmuir Freundlich Dubinin−Radushkevich

KL (mg−1) qm (mg g−1) R2 KF (mg g−1) n R2 KD (mol2 kJ−2) qD (mg g−1) R2

EY/calc. fib. 0.12 0.52 0.81 0.13 3.20 0.45 2.1 0.37 0.77
EY/arag. tab. 0.19 0.45 0.80 0.14 3.52 0.46 0.99 0.17 0.65
BM/calc. fib. 0.85 0.05 0.71 5.84 0.03 0.84 0.99 0.16 0.55
BM/arag. tab. 0.310 0.07 0.84 2.70 0.02 0.90 1.02 0.06 0.68

aThe R2 values from the isotherm model(s) that indicated the best fitting are highlighted in bold.
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All these synthetic methods offered the advantage to have a
rigorous control over shape, morphology, and composition,
opening the possibility to produce single crystals with shapes
and morphologies not observed in nature. On the other side,
the production of massive amounts and the specificity on
shape, morphology, composition, and polymorphism can be
potential issues. Mussel shells, and in general many
biominerals, are produced under biological control with high
fidelity in crystal size, morphology, composition, and poly-
morphism. Moreover, the fine features of the crystalline units
forming the shell can be modified by the environmental
conditions in which the organism lives.38

Our research showed that by a simple chemical, thermal, and
mechanical treatment the single-crystal building units�the
fibrous calcite and the aragonite tablets�that form the mussel
shell can be separated. These materials can have potential
application in many fields, in optics,39 polymer science,40

medicine41 and the paper industry,42,43 among many others.
CaCO3 whiskers in paper were for example found to increase
its strength.
Here we tested the use of single crystals of fibrous calcite

and the aragonite tablets for water remediation. A powder from
bivalve shells of Anadara uropigimelana was tested as a
potential biosorbent for BM and showed a capability of
adsorbing of 0.357 mg/g when a 0.06 mM (20 mg/L) BM
loading solution was used. The surface area of this powder,
which was calculated from the Langmuir adsorption isotherm,
was 2.82 m2/g.44 Fibrous calcite from the mussel shell of
Mytilus edulis was used for the removal of crystal violet from
water solutions. It has a surface area of 37 m2/g and showed a
high loading capability (10 mg/g) from a 0.25 mM (100 mg/
L) crystal violet solution.23

Our results showed that the two substrates were able to
efficiently and in a reversible way to adsorb EY, bearing a
negative charge, but were less efficient with BM (bearing a
positive charge). The adsorption rate is an index for analyzing
the adsorption process. The pseudo-first-order and the pseudo-
second-order kinetic models were employed to fit the
adsorption kinetics of EY and BM on the biogenic crystals.45

The R2 of the pseudo-second-order model was higher than that
of the pseudo-first-order model in all cases (Table 2). This
indicated that chemical adsorption is dominant.46 Never-
theless, in the case of BM adsorption on aragonite tablets, a
pseudo-first-order kinetic model is also suitable, because of the
R2 > 0.90 This suggests that there may be a physical adsorption
during the adsorption process.47 However, the maximum
adsorption capacity (qm) calculated by the pseudo-second-
order model was much closer to the experimental maximum
adsorption capacity than the pseudo-first-order (Table 2) in all
cases, which further proved that the adsorption process of EY
and BM on biogenic crystals conformed to the pseudo-second-
order model. The steps involved in this kinetic model are: (i)
molecules diffuse from the liquid phase to liquid−solid
interface; (ii) molecules move from the liquid−solid interface
to solid surfaces; and (iii) molecules diffuse into the particle
pores.48 Herein, the first step is not rate-limited because the
adsorption was performed under shaking conditions. The rate
constant (k2) of BM is higher than that of EY suggesting an
initial faster occupation of the adsorption sites on the solid
surface.
The study of the isotherm models indicates that the

Langmuir isotherm is more suitable to describe the adsorption
process of EY. This suggests a chemically controlled adsorption

which is dominated by a monolayer formation, as also
suggested by the kinetic analysis.49 The driving force for the
adsorption should be, in accordance with the value of KL, the
formation of a strong coordination chemical bond involving
calcium ions between the mineral surface and EY. Here,
according to the Langmiur model, we reach 0.52 mg/g
adsorption capacity for EY on the calcite fibers and 0.45 mg/g
for the aragonite tablets, which are higher than literature results
of 0.357 mg/g reported for BM, also considering the lower
surface area (about 1.5 m2/g vs 2.8 m2/g).44

The adsorption of BM is better described by a Freundlich
isotherm, indicating a no site-specific interaction and formation
of multilayers. The fibrous calcite surface has a negative charge
that is pH dependant and we can suppose the same for the
aragonite tablets. In the loading buffer (pH = 7.2) upon
adsorption of dyes, EY or BM, there is an increase of the ζ-
potential, more marked for BM (from −11.6 to −15.4 mV for
EY and − 19.8 mV for BM). To understand these unexpected
results, EY and BM having different charge, it can be supposed
that other reactions can occur on the thermally treated and
oxidized biogenic crystal surfaces, beside the expected
electrostatic interaction. It has been reported that biogenic
crystals have low crystalline order on their surface, even the
presence of amorphous calcium carbonate,50,51 and that after
thermal treatment the carbonate groups are replaced by
hydroxyl groups.52 The combination of these two effects can
change the mechanisms of interaction of dyes. The isotherm
data indicate that BM, positively charged, adsorbs on the
biogenic calcite surface sites mainly by direct and fast no site-
specific electrostatic interactions. Differently, the adsorption of
EY, negatively charged on its carboxylate groups, should occur
through the formation of a cationic coordination bond with the
calcium ions present in solution; in this process, the surface
hydroxyl groups can participate in the coordination bonding of
calcium ions without affecting the net charge.
It is also of interest the comparison over the experimental

adsorption capability of the two polymorph substrates. The
single crystals of fibrous calcite and tablet aragonite show a
similar EY adsorption capability for surface unit, 0.20 and 0.19
mg/m2, respectively. This may seem unexpected since calcite
and aragonite have different crystal structures and expose
different crystalline faces.53 However, the proposed surface
structural re-organization, which produces surface hydroxyl
groups,52 can be considered to justify this similarity. The
adsorption of BM, which occurs via no site-specific interactions
(i.e., Freundlich isotherm), was slightly higher on aragonite
tablets (0.052 mg/m2) than on fibrous calcite (0.032 mg/m2).
This difference could be nonsignificant, considering the low
loading capability. In general, the loading capability of the
proposed biogenic single-crystal substrates is lower than that of
other nonmineral materials,54 and the here described materials
offer the advantage to be re-used since the dye desorption/
dissolution occurs under slightly acid conditions.

■ CONCLUSIONS
This research showed that single crystals of calcite and
aragonite with a biologically controlled shape and morphology
can be obtained from mussel shells by chemical and
mechanical treatments. The separation process implies simple
and sustainable processes. The obtained single crystals, due to
their unique and no lab reproducible aspect ratio, can have
many potential applications. Here, they were used as a
substrate for reversible dye removal, but other potential
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applications are foreseen as filler to improve the mechanical
properties of matrices or as part of optical devices.

■ MATERIALS AND METHODS
Reagents and solvents were purchased from Merk. They were
utilized without any further purification. For each experiment,
daily fresh solutions were prepared. Mussels of M.
galloprovincialis from Spain aquaculture were purchased. The
shells were first washed with tap water to eliminate the meat
residues and mineral debris and then mechanically stirred in a
5% v/v sodium hypochlorite solution for 24 h (1 g of shells in
10 mL solution). The shells were separated from the solution
by decanting, washed with water, and air-dried. Next, they
were heated in an oven at 220 °C for 48 h and the thermal
treatment allowed the mechanical separation of the inner
nacreous layer from the outer prismatic layer of the shell.

Prismatic Layer Treatment for Calcite Fiber Dis-
assembly. The prismatic layer fragments were mechanically
stirred in a 5% v/v acetic acid solution for 24 h in order to
remove the remaining aragonitic layer of myostracum (2.2 g of
fragments in 25 mL solution). The fragments were separated
from the solution by decanting, washed with water, and air-
dried. The isolated calcite layer fragments were then crushed
by a mortar and pestle, sieved at 600 μm, and bleached.

Nacreous Layer Treatment for Tablet Disassembly.
The nacreous layer fragments were crushed by a mortar and
pestle and sieved at 45 μm. The nacreous powder was
mechanically stirred in a 5% v/v sodium hypochlorite solution
for 24 h (1 g of powder in 10 mL solution) and then bath
sonicated in the same solution for 15 min. The resulting
suspension was centrifuged at 5000 rpm for 2 min and the
supernatant was discarded. The nacreous powder was then
washed three times with water by a centrifuge (5000 rpm, 2
min) and the isolated powder was dried under vacuum in a
desiccator overnight.

X-ray Powder Diffraction Analysis. X-ray diffraction
patterns were collected using a PanAnalytical X’Pert Pro
diffractometer equipped with a multiarray X’Celerator detector
using Cu Kα radiation generated at 40 kV and 40 mA (λ =
1.54056 Å). The diffraction patterns were collected in the 2θ
range between 20 and 60° with a step size (Δ2θ) of 0.05° and
a counting time of 60 s.

Spectroscopic Analysis. A Thermo Scientific Nicolet iS10
FTIR Spectrometer was used to collect the FTIR spectra. The
disk sample for Fourier transform infrared (FTIR) analysis was
obtained by mixing a small amount (2 mg) of product with
100 mg of KBr and applying a pressure of 45 tsi (620.5 MPa)
to the mixture using a press. The spectra were obtained with 4
cm−1 resolution and 64 scans.

Thermal Analysis. TGA was performed using an SDT
Q600 V 8.0 instrument (TA Instruments). The system was
pre-equilibrated at 30 °C, then a ramp from 30 to 600 °C with
a 10 °C min−1 heating rate was performed under nitrogen flow.
The measurement was performed three times on 20 mg of
each sample. The temperature range considered to estimate
the content of the intraskeletal organic matrix was between 150
and 450 °C.

Brunauer−Emmett−Teller Analysis. The specific surface
area of the samples was measured by the multiple Brunauer−
Emmett−Teller (BET) method using a Gemini VII 2390
Series Surface Area Analyzer (Micromeritics Instrument
Corporation) with a nitrogen flow. Prior to performing the
BET analysis, samples (approx. 0.10−0.50 g) were thermo-

stated at 150 °C under a nitrogen flow for 3 h and cooled
down at room temperature under a nitrogen flow for further 30
min.

Dimensional Distribution Analysis. Particle size analyses
were performed using a Mastersizer 3000 laser diffraction
particle size analyzer. The particles from each sample were
dispersed in isopropanol for the measurement.

SEM. All SEM images were acquired using a ZEISS Leo
1530 Gemini field emission scanning electron microscope
operating at 5 kV. All samples were dried under vacuum in a
desiccator and gold-coated before their observation.

ζ-Potential Analysis. The ζ-potential of the particles was
evaluated using a Malvern Zetasizer Nano ZS equipped with a
He-Ne laser source (633 nm, 5 mW).

Dye Adsorption Kinetics Experiments. Adsorption
kinetics experiments were carried out suspending 50 mg of
each material in 10 mL of dye in a 50 mM pH 7.2 bis-tris
buffer solution. The suspensions were kept in 15 mL
polypropylene conical centrifuge tubes at room temperature
under mechanical stirring. Two dyes were tested, BM and EY,
both having an absorption maximum in the visible region (668
and 517 nm, respectively). The dye concentration in solution
was measured by a UV−Vis spectrophotometer (Cary 300 Bio,
Agilent Technologies) using a spectral range of 450−800 nm
and the spectra were recorded after 30 min, 1, 2, 4, and 24 h.
For each measurement, the dye solution was centrifuged at
10,000 rpm for 90 s and the supernatant was transferred into a
plastic cuvette with 1 cm optical path.

Dye Desorption Experiments. Desorption kinetics
experiments were carried out suspending 25 mg of each
sample from the dye adsorption experiments in 5 mL of a 50
mM pH 5.6 citrate buffer solution. The suspensions were kept
in 15 mL polypropylene conical centrifuge tubes at room
temperature under mechanical stirring and the concentration
of the dye released in the solution was measured using the
same procedure of the adsorption experiments.
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