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Abstract

The increasing contamination of aquatic environments by heavy metals and the need for
sustainable management of invasive aquatic species have stimulated interest in low-cost
biosorbents derived from biological waste. In this study, minimally processed shells of
the invasive crayfish Faxonius limosus were evaluated for Zn(Il) and Cd(Il) removal from
aqueous solutions. FTIR, SEM, and BET/BJH analyses revealed an organic-mineral material
containing amino, hydroxyl, amide, and carbonate functional groups with a predominantly
mesoporous structure. Batch experiments showed rapid metal uptake, with equilibrium
reached within approximately 60 min. The pseudo-second-order model provided the best
fit to the kinetic data, while equilibrium behavior was best described by the Temkin model
for Zn(II) and the Langmuir model for Cd(II). Langmuir maximum adsorption capacities
were 70.69 mg/g for Zn(II) and 302.12 mg/g for Cd(II). Metal removal was influenced
by both initial pH and biosorbent dose, with 2.5 g/L providing high removal efficiencies
for both metals. Calcium-release experiments showed increased Ca concentrations in the
presence of Zn(Il) and Cd(II), supporting the involvement of the Ca-rich mineral fraction in
metal removal. Overall, F. limosus shell waste represents a promising low-cost biosorbent
and a sustainable valorization route for invasive biomass.

Keywords: biosorbents; invasive species; F. limosus; heavy metals; crayfish shells

1. Introduction

Heavy metal contamination of aquatic environments has become a major environmen-
tal concern as a consequence of intensified industrialization and the continuous discharge
of effluents containing heavy metals from sectors such as mining, metallurgy, electroplating,
fertilizer and pesticide production, food processing, and pharmaceutical manufacturing.
Unlike many organic pollutants, heavy metals are not biodegradable and can persist in
aquatic systems, accumulate in sediments and biota, and subsequently enter the food chain,
posing long-term ecological and human health risks [1]. Because of their persistence, toxic-
ity, and ecological impacts, these metals are considered major contributors to ecosystem
degradation and are routinely monitored as priority pollutants worldwide [2]. Particular
attention has been given to Zn(II) and Cd(II), which are frequently detected in contaminated
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waters. Although zinc is recognized as an essential micronutrient involved in numerous
biological processes, its presence at elevated concentrations may cause harmful effects,
including gastrointestinal disorders, skin irritation, fever, and hematological disturbances.
Cadmium is of particular concern because of its high toxicity and bioaccumulation potential,
making its occurrence in aquatic systems problematic even at low concentrations [3]. Cad-
mium is introduced into surface waters through mining and metallurgical activities, battery
manufacturing, electroplating, pigment production, phosphate fertilizers, and industrial
wastewater discharges. Zinc, although less toxic than cadmium, may also exert harmful
effects at elevated concentrations, causing toxicity to aquatic biota and disrupting ecological
balance. Furthermore, the simultaneous presence of these metals in contaminated waters
represents a challenge for water treatment and environmental protection. For these reasons,
the development of efficient, low-cost, and sustainable materials for their removal from
water remains of significant scientific and practical interest.

Conventional treatment methods for heavy metal-contaminated water can be effective,
but they are often associated with high operational costs, sludge generation, and reduced
efficiency at low pollutant concentrations. For this reason, biosorption has attracted in-
creasing attention as a low-cost and environmentally friendly alternative. Biosorption
can remove metal ions through a combination of ion exchange, surface complexation,
electrostatic attraction, and precipitation, while using abundant biological materials or
waste-derived sorbents [1,4]. Crustacean shell waste is particularly promising in this
context because it contains chitin, proteins, and calcium carbonate, all of which provide
functional groups and mineral phases favorable for metal binding.

At the same time, the management of invasive aquatic species represents another
important environmental challenge. The Intergovernmental Science Policy Platform on
Biodiversity and Ecosystem Services (IPBES) [5] has identified Invasive Alien Species (IAS),
organisms introduced by humans into regions beyond their natural range, as one of the
five primary direct drivers of global biodiversity loss. IPBES emphasizes that invasive
species represent one of the most serious threats to biodiversity and human well-being
in the coming decade. As stated in the EU Biodiversity Strategy for 2030 [6], invasive
alien species can severely compromise efforts to protect and restore natural ecosystems.
In addition to causing extensive harm to biodiversity and the economy, many of these
species also contribute to the emergence and spread of infectious diseases, endangering
both humans and wildlife. Their introduction rate has risen markedly in recent years. In
Europe alone, 354 of the 1872 species currently classified as threatened are impacted by
invasive alien species. Without effective prevention and control measures, the pace of
invasion and the associated risks to nature and human health will continue to escalate.
The implementation of the EU Invasive Alien Species Regulation [7], along with other
relevant legislation and international agreements, must be further strengthened. These
efforts should focus on minimizing, and where possible, preventing the introduction and
establishment of alien species within the EU environment. The overarching goal is to
effectively manage established invasive alien species and reduce the number of Red List
species currently threatened by them by 50%.

The spiny-cheek crayfish Faxonius limosus (Rafinesque, 1817), also known as Orconectes
limosus, belongs to the largest crayfish family, Cambaridae, which includes 14 genera and
441 species. Native to North and Central America, it was the first non-native crayfish
species introduced into Europe. The only recorded successful introduction occurred in 1890,
when 90 individuals supplied by the US Commission of Fish and Fisheries were released
into a fishpond in western Poland. Since then, the species has spread widely and is now
present in rivers, canals, and lakes across 23 European countries [8]. It is an omnivorous
species that feeds on aquatic plants, fish eggs, and various invertebrates, thereby negatively
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impacting biodiversity. Moreover, it serves as a carrier of the crayfish plague, a disease fatal
to native European crayfish. Through its extensive burrowing activity, it can also destabilize
riverbanks and alter aquatic habitats. Since its introduction, F. limosus has become the
most widespread non-indigenous crayfish species in Europe and is now listed among the
invasive alien species (IAS) of Union concern under EU Regulation 2016/1141 [9]. Faxonius
limosus is adaptable to a wide variety of environmental conditions and is an active migrator
that can live and reproduce in brackish waters with salinity up to 10% [10]. Taking into
account the above, there is an urgent need to monitor and prevent its further spread in the
inland waters of Serbia and the Danube River Basin, in order to address the problem of
its impact on biodiversity. The first record of F. limosus in Serbia dates back to 2002, when
it was observed in the Danube River near Apatin. Since then, the species has expanded
its distribution throughout the entire section of the Danube, the Sava, Tisa, Velika Morava,
and Tamis rivers [11].

The aim of this study was to investigate the potential use of Faxonius limosus crayfish
shells as a biosorbent for the removal of zinc and cadmium ions from water. After crayfish
were collected from various locations along the course of the Danube River in Serbia
and the meat was separated, a large amount of shell waste remained and was utilized in
this research. Batch adsorption experiments were conducted to investigate the removal
efficiency of Zn(Il) and Cd(II) from model aqueous solutions using the prepared material,
whereas the adsorption behavior was further interpreted through kinetic and isotherm
modeling. Given the substantial quantities of this type of waste generated worldwide, its
application as a biosorbent has been the subject of increasing research interest in previous
years. Several studies have demonstrated the potential of crayfish shells and crayfish-shell-
derived materials for the removal of heavy metals from aqueous solutions [12,13]. More
recent studies have predominantly focused on thermally or chemically modified crayfish-
shell-derived materials, particularly biochars, to enhance their sorption properties [14,15].
In contrast, considerably less attention has been given to the direct use of minimally
processed crayfish shell biomass as a biosorbent.

This study contributes to the growing field of waste-derived biosorbents by evaluating
minimally processed shell waste as a low-cost material for Zn(II) and Cd(II) removal.
Unlike many recently investigated crayfish-shell-derived adsorbents, the material was
used without chemical modification, activation, or conversion into biochar. In addition,
while the adsorption potential of shells from several crayfish species has previously been
investigated, to the best of our knowledge, the adsorption properties of Faxonius limosus
shells have not yet been specifically evaluated. This provides an additional rationale for
investigating the potential valorization of shell biomass generated during the management
of this invasive species.

2. Materials and Methods
2.1. Preparation of the Adsorbents

Crayfish shells obtained after meat separation were washed several times with pure
water to remove remaining dirt, flesh, and other impurities that may have remained on
the surfaces of the shells. The shells were dried in a laboratory oven (Memmert GmbH +
Co. KG, Schwabach, Germany)) at 105 °C for 24 h, after which they were sun-dried for an
additional 48-72 h. The dried crayfish shells were ground using an electric coffee grinder
and subsequently sieved through a mesh with an aperture size of 0.4 mm, and the fraction
with particle sizes smaller than 0.4 mm was subsequently used in all further experiments.

https:/ /doi.org/10.3390/w18202560


https://doi.org/10.3390/w18202560

Water 2026, 18, 2560

40f23

2.2. Characterization of the Adsorbents

Comprehensive characterization of the adsorbent is essential to assess its physico-
chemical properties that may influence the adsorption process. In particular, the potential
release of pollutants from the adsorbent into the aqueous phase may pose environmental
risks, especially when organic matter is present. For this reason, the chemical oxygen
demand (COD) was determined in water after 24 h of contact with the adsorbent to assess
the possible release of organic compounds from the crayfish shell material into the aqueous
phase during its application as a biosorbent. The analysis was performed using potassium
dichromate as the oxidizing agent, following the standard dichromate reflux method [16].
Surface functional groups of the investigated crayfish shell particles were identified by
Fourier Transform Infrared (FTIR) spectroscopy operated in non-contact external reflection
mode. Spectra were recorded over the wavenumber range of 400-4000 cm ™! at a resolution
of 4 cm~! using an Alpha FTIR spectrometer (Bruker Optics GmbH & Co. KG, Ettlingen,
Germany). The surface morphology of the crayfish shells was examined by scanning
electron microscopy (SEM) using a JEOL JSM-6460LV (JEOL Ltd., Akishima, Tokyo, Japan)
scanning electron microscope and INCA X-sight software (Oxford Instruments, Abingdon,
UK). The point of zero charge (pHpzc) of the crayfish shell biosorbent was determined
using the pH drift method according to Smiciklas et al. [17]. Briefly, 0.25 g of the adsorbent
was added to 50 mL of 0.1 M KNOj solution with initial pH values adjusted between 1
and 12 using 0.1 M HNOj or 0.1 M KOH. The suspensions were shaken for 24 h at room
temperature to allow equilibration between the solid and liquid phases. Subsequently, the
adsorbent was separated by filtration, and the final pH of each solution was measured. The
pHpzc value was determined from the plateau region of the plot relating the initial and
final pH values. The specific surface area and pore-size distribution of crayfish shells were
determined using a gas sorption analyzer (Anton Paar QuantaTec Inc., Boynton Beach,
FL, USA)). The specific surface area was calculated using the Brunauer-Emmett-Teller
(BET) method, while the pore-size distribution was derived from the desorption branch
of the nitrogen adsorption—desorption isotherm applying the Barrett-Joyner-Halenda
(BJH) model.

2.3. Batch Adsorption

Aqueous solutions of Cd(II) and Zn(II) were prepared by dissolving cadmium nitrate
tetrahydrate (Cd(NO3);-4H0) and zinc sulfate heptahydrate (ZnSO4-7H,0O) in deionized
water. Batch adsorption experiments were performed at room temperature using a labo-
ratory orbital shaker (KS 260, IKA-Werke GmbH & Co. KG, Staufen, Germany). For the
adsorption experiments, 0.25 g of adsorbent was mixed with 100 mL of metal ion solution
at an initial pH of 5. For kinetic studies, the contact time ranged from 5 min to 24 h ata
fixed initial metal ion concentration of 50 mg/L.

The effects of adsorbent dose and initial solution pH on Zn(II) and Cd(II) removal were
investigated in separate batch experiments. The effect of adsorbent dose was evaluated at
biosorbent concentrations of 1.0, 2.5, and 5.0 g/L, using an initial metal concentration of
50 mg/L and an initial pH of 5 and a contact time of 6 h. The influence of initial solution
pH was investigated by adjusting the metal solutions to pH 3, 4, 5, 6, and 7 prior to the
addition of the biosorbent, while the adsorbent dose, initial metal concentration (50 mg/L),
contact time (6 h), and temperature were kept constant. Isotherm experiments were carried
out by varying the initial metal ion concentration from 10 to 500 mg/L for Zn ions and
700 mg/L for Cd ions, while maintaining a constant contact time of 6 h. Upon completion
of the adsorption period, the solid phase was separated by filtration through MN 85/70
BF membrane filters (MACHEREY-NAGEL GmbH & Co. KG, Diiren, Germany) with a
pore size of 0.45 um. The concentrations of metal ions in the aqueous phase before (Cy) and
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after adsorption (C) were quantified in the filtrate using inductively coupled plasma mass
spectrometry (ICP-MS; Agilent 7700x, Agilent Technologies, Santa Clara, CA, USA) [18].
The adsorption capacity (q) and adsorption efficiency (E) of metal ions were calculated
based on the following equations:

q=(Co—C)/m 1)

E=(Cy—C)/Cy-100 )
Here, m is the mass of added adsorbent per liter of solution.

2.4. Adsorption Kinetic Models

Adsorption kinetics provides insight into the rate- and time-dependent behavior of the
adsorption process, including changes in solute uptake over time, the effect of mass transfer
on the adsorption process, and the overall efficiency of the investigated adsorbent. Kinetic
analysis describes this change in uptake over time and contributes to a better understanding
of adsorption behavior by allowing comparison of apparent uptake rates and the time
required to approach a stable adsorption capacity. However, commonly used kinetic
models should not be used as direct evidence of a specific mechanism or rate-controlling
step [19-21]. In this study, the experimental kinetic data were fitted using commonly
applied batch kinetic models, including the pseudo-first-order (PFO), pseudo-second-
order (PSO), and Elovich models to characterize the temporal uptake behavior and assess
the possible contribution of surface uptake. The resulting parameters were interpreted
together with equilibrium data, material characterization, and other experimental evidence
to develop a more comprehensive interpretation of the adsorption mechanism.

The pseudo-first-order (PFO) kinetic model describes adsorption as a reversible pro-
cess and assumes that the rate of occupation of adsorption sites is proportional to the
number of unoccupied sites. The differential form of the model is expressed as follows [22]:

d
&=k ) ©)

Here, qe (mg/g) and q: (mg/g) represent the adsorption capacities at equilibrium and at
time ¢, respectively, and k; (min~?) is the pseudo-first-order rate constant.

The pseudo-second-order (PSO) kinetic model assumes that adsorption proceeds via
chemisorption involving both adsorption and ion-exchange mechanisms on the adsorbent
surface, with chemical interaction at the active sites being the rate-limiting step [22]. The
differential form of the PSO model is expressed as follows:

dq:

o = Falde—ar)? (4)

Here, k; (g/mg min) is the pseudo-second-order rate constant. Integration of the above
equation under the initial condition g; = 0 at ¢ = 0 yields the following expression:

2
qe kzt
== 5
The Elovich kinetic model is widely applied to describe chemisorption processes
on solid surfaces, particularly for systems characterized by heterogeneous adsorption

sites. This empirical model assumes that the adsorption rate decreases exponentially with
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increasing surface coverage as a consequence of progressive occupation of energetically
less favorable sites [22,23]. The Elovich equation is expressed as follows:

dgr
o = wexp(=par) (6)

Here, & (mg/g min) represents the initial adsorption rate, and 8 (g/mg) is a constant related
to surface coverage and the activation energy of chemisorption.

2.5. Adsorption isotherm Models

To elucidate the adsorption mechanism of Zn(II) and Cd(II) ions onto the surface of
crayfish shells, the experimental equilibrium data were interpreted using widely applied
adsorption isotherm models, Langmuir, Freundlich, and Temkin. These models provide
insight into the adsorption behavior and surface characteristics of the adsorbent. The
corresponding isotherm equations were applied in their original nonlinear form to facilitate
parameter estimation and enable straightforward comparison of model performance.

The Langmuir isotherm model assumes monolayer adsorption on a homogeneous
surface with a finite number of identical and energetically equivalent adsorption sites, and
no interaction between adsorbed species. Once an adsorption site is occupied, no further
adsorption can occur at that site [24]. The nonlinear form of the Langmuir equation is

expressed as follows [25]:
_ K€
1+K;C

Here, q; (mg/g) is the maximum monolayer adsorption capacity, and Ki, (1/g) is the

)

Langmuir constant.

The Freundlich isotherm is an empirical model that does not rely on a specific theoreti-
cal assumption of adsorption and is commonly used to describe adsorption on heteroge-
neous surfaces [26]. The model incorporates two fitting parameters, Kr and n, which are
related to the adsorption capacity and adsorption intensity, respectively, and are expressed
as follows:

g =KeCV/" (®)

Here, K is the Freundlich constant ((mg/g)/(1/ mg)l/ "), and 1/n is a constant related to
the RC surface heterogeneity.

The Temkin isotherm model is a two-parameter model derived from theoretical consid-
erations of adsorption. It describes adsorption on heterogeneous surfaces while accounting
for the effects of indirect adsorbate-adsorbent interactions on the adsorption process. In
this model, the heat of adsorption is assumed to decrease linearly with increasing surface
coverage due to these interactions [24,27]. The Temkin isotherm equation is expressed as

follows [23]:
Eﬂln

q= by
Here, R is the ideal gas constant (8.314 ] /mol K), T is the temperature (K), At (1/mg) is the
Temkin isotherm constant, and bt (J/mol) is a constant related to the heat of adsorption.

(ArC) ©)

3. Results
3.1. Characterization of the Adsorbent

To assess the potential release of organic matter from the crayfish shell biosorbent
during its application, the chemical oxygen demand (COD) of water after 24 h of con-
tact with the adsorbent was determined. The obtained value of 60.14 mg O, /L indi-
cates a certain release of organic compounds into the aqueous phase, which can be at-
tributed to the presence of residual proteins, chitin-derived components, and other nat-
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urally occurring organic constituents of the shell matrix. The measured COD value re-
mained below the limit value of 125 mg O, /L commonly prescribed for treated municipal
wastewater discharges [28]. This indicates that the release of organic matter from the
crayfish shell biosorbent was relatively moderate and is unlikely to represent a major
environmental concern.

Due to their chemical composition, characterized by a high content of calcium car-
bonate, chitin, proteins, and pigments, as well as a nanoporous structure, crustacean shell
waste exhibits considerable potential as an adsorbent. This specific composition directly
contributes to favorable adsorption performance, as the presence of various active sites
and functional groups enhances interactions with target contaminants. FTIR spectroscopy
was employed for the rapid identification of the chemical composition of the obtained
shell powders. Scanning electron microscopy (SEM) was used to examine the surface
morphology and microstructural features of the shell powder.

3.2. Functional Groups

The FTIR spectrum recorded for the crayfish shells is given in Supplementary Figure
S1: FTIR spectra of F. limosus crayfish shells. Table 1 shows peaks obtained from the
FTIR analysis.

Table 1. Peaks obtained from the FTIR analysis.

v (cm~1) Interpretation

3269.9 O-H/N-H stretching (H-bonded)

2920.35, 2851.08 C-H of CH,/CHj3;
1633.28 Amide I (C=0 stretch)

1537.68, 1514.80, 1505.18 Amide IT (N-H bend + C-N stretch)

1393.56 CHj; symmetric deformation and /or CO3%~
1257.21 Amide III (C-N stretch + N-H bend)
1153.21 (C-O-C) glycosidic bridge

1065.41, 1027.41 C-O/C-N stretching, ring vibrations
860.51 CO3%~

The FTIR spectrum confirmed chitin (1153, 1065, 1027, 1257 cm 1) [29-31] interlaced
with proteins (amide I/1I at ~1633 and 1540-1505 cm~!) [30,32]. The carbonate band near
860 cm ! confirms the presence of a mineral phase (CaCO;) [31]; the position suggests
a significant aragonite or amorphous CaCO3 component, rather than purely calcite. The
broad 3269 cm~! band [29,31,33] and the 1633 cm~! shoulder imply bound water and
hydrogen bonding [30,32]. Similar spectral features have been reported for crustacean
shell-derived biosorbents in previous studies [29,30,32,33], which have confirmed the
presence of characteristic chitin and calcium carbonate (CaCO3) components, along with
their associated functional groups. The FTIR spectra typically reveal bands corresponding
to amide I and amide II groups originating from the chitin structure, as well as carbonate-
related vibrations associated with CaCOj3. These functional groups are considered potential
adsorption sites and may contribute to metal binding through mechanisms such as ion
exchange, surface complexation, and electrostatic interactions.

3.3. Morphological Characteristics

The morphological characteristics of crayfish shells, evaluated by SEM, are presented
in Figure 1. The micrographs revealed a heterogeneous and irregular surface morphology
characterized by a rough and porous structure. Numerous cavities, cracks, and uneven
surface features can be observed, while no uniformly distributed or regularly shaped
pores were detected. The rough and fragmented surface structure may be favorable for
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adsorption processes, as it increases the probability of interaction between metal ions and
available active sites on the biosorbent surface. In addition, the presence of cavities and
irregular depressions suggests the existence of accessible mesoporous regions, which can

facilitate diffusion and mass transfer of ions during adsorption.

- - Vg

Figure 1. SEM image of F. limosus shells.

Figure 2 presents the nitrogen adsorption-desorption isotherm of the powdered river
crayfish shell sample together with the pore-size distribution for pores below 100 nm, calcu-
lated from the desorption branch of the isotherm using the Barrett-Joyner-Halenda (BJH)
method. The specific surface area of the material was determined based on the amount of
nitrogen required for monolayer adsorption, while the main textural and porosity-related
properties of the biosorbent are summarized in Table 2.

The relatively low BET specific surface area (2.094 m?/g) suggests that adsorption
is not governed primarily by extensive surface development but rather by the chemical
composition of the shell material. The presence of calcium carbonate, which constitutes a
major inorganic component of crustacean shells, may contribute to partial pore blockage
and consequently limit the accessible surface area. Nevertheless, BJH analysis confirmed a
mesoporous structure with a total pore volume of 3.327 x 1072 em®/g for pores smaller
than 30 nm and an average pore diameter of 3.18 nm. According to the IUPAC classification,
these values indicate that the biosorbent belongs to the lower mesoporous range, which
may facilitate the diffusion of metal ions toward the available adsorption sites.

Despite the relatively low specific surface area, the adsorption potential of crustacean
shell-derived materials is often strongly influenced not only by textural properties, but
also by the presence of functional groups such as amino, hydroxyl, and carbonate groups
capable of interacting with metal ions through complexation, ion exchange, and electrostatic
interactions. Therefore, the observed adsorption performance may be attributed to the
combined effect of surface chemistry and mesoporous structure, which facilitates diffusion
of metal ions toward the available active sites.

https://doi.org/10.3390 /w18202560
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AV(r), em3/nm/g

Volume adsorbed (cm?*/g (STP))

0.0025

0.002

0.0015
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- = = adsorption desorption

0.1 0.2 03 04 05 06 0.7 08
Relative pressure (P/P0)

(b)

2 a4 6 8 10 12 14 16 18
Pore diameter (nm)

Figure 2. (a) Adsorption—-desorption isotherms of crayfish shells and (b) pore-size distribution.

Table 2. Specific surface area of crayfish shells.

Total Pore Volume

Material Specific Surface for Pores Smaller Average Pore
Area Sggr (m2/g) Than 30 nm Diameter (nm)
(cm3/g)
Crayfish shell 2.094 3.3272 x 1073 3.1771

3.4. Adsorption Kinetics

Contact time is one of the most important operational variables affecting adsorption

processes because it governs both the extent of pollutant removal and the overall treatment
efficiency. For this reason, the adsorption of Zn(II) and Cd(II) ions onto the prepared
crayfish shell biosorbent was monitored over time. As shown in Figure 3, both metal ions
exhibited rapid adsorption during the initial stage of the process, with the highest uptake
occurring within the first 30 min. This behavior is attributed to the abundance of readily
accessible active sites on the biosorbent surface at the beginning of the adsorption. As these
sites became progressively occupied, the adsorption rate decreased until equilibrium was
established after approximately 60 min.
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Figure 3. Effect of contact time on Cd(II) and Zn(II) biosorption by F. limosus shells under batch
conditions (Cy = 50 mg/L, t = 5 min—24 h, adsorbent dosage = 2.5 g/L, pH =5.0, T=25+2°C,
agitation speed = 250 rpm).

The kinetic experimental data were fitted using the pseudo-first-order (PFO), pseudo-
second-order (PSO), and Elovich kinetic models. The resulting kinetic parameters are
presented in Table 3, while the corresponding model fits are shown in Figure 3.

Table 3. Kinetic parameters obtained by different kinetic models for Zn(II) and Cd(II) ions adsorption
onto F. limosus shells.

Model Parameter Zn Cd

de (mg/g) 5.25 2.88
Pseudo-first order kq (1/min) 0.0018 0.0012
R2 0.6015 0.699
Qe (Mg/g) 25.64 14.47
Pse“d";econd k; (g/mg min) 0.0049 0.0088
oraer R2 1 0.9998

o (mg/ (g min)) 2.44 0.83

Elovich B (g/mg) 4.45 5.74
R? 0.8533 0.8703

Although both Zn(II) and Cd(II) adsorption processes were best described by the
pseudo-second-order kinetic model (Table 3), this result may be consistent with a mech-
anism that involves chemisorption. It should be noted that kinetic model fitting cannot
definitively establish the adsorption mechanism. Differences in adsorption capacity and
kinetic behavior were observed between the two metal ions, but they cannot be attributed
solely to chemisorption based on model results.

According to the presented results (Figure 3), the higher adsorption capacity was ob-
tained for Zn(Il) (25.64 mg/g) compared to Cd(Il) (14.47 mg/g). Similar trends have
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been reported in the literature. Bahadir et al. [34] observed higher adsorption effi-
ciencies for Zn(II) compared to Cd(Il) on chitin-based shrimp shell waste, attributing
this behavior to differences in metal-ligand interactions and hydration characteristics.
Jaafarzadeh et al. [35] also reported superior kinetic fitting and high adsorption affinity
for Zn(Il) ions relative to other metal species when using chitin-derived biosorbents. Ad-
ditionally, Vijayaraghavan et al. [36] demonstrated that Zn(II) adsorption onto crayfish
shell particles proceeds more favorably than that of other divalent metal ions. Overall,
the observed distinction between Zn(II) and Cd(II) adsorption behavior underscores the
importance of metal-specific properties in governing adsorption performance and confirms
that crustacean shell-derived biosorbents exhibit a higher selectivity toward Zn(II) ions
under the investigated conditions.

3.5. Removal Efficiency

The removal efficiencies of Cd(Il) and Zn(II) by the crayfish shell biosorbent showed
distinct trends as a function of initial metal concentration. As shown in Figure 4, both
metals exhibited high removal efficiencies at lower initial concentrations (10-50 mg/L), with
Cd(II) removal ranging from 89.90% to 92.51% and Zn(II) removal from 83.71% to 92.00%.
Within the investigated concentration range, the available adsorption sites were sufficient
to accommodate most of the metal ions present, resulting in high removal efficiencies for
both tested ions.

77| Cadmium
: Ll Zinc

7

Efficiency (%)

10 20 50 100 200 300 500 700
Concentration (mg/L)

Figure 4. Removal efficiencies of Zn(II) and Cd(II) ions by F. Limosus shells under batch conditions
(Cg = 10-500 mg/L for Zn(II) and 700 mg/L for Cd(II), adsorbent dosage =2.5 g/L, pH=5.0,t=6h,
T =25+ 2 °C, agitation speed = 250 rpm).
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As the initial concentration increased, a clear divergence in behavior was observed.
Cd(II) removal remained consistently high (90.55-98.31%), maintaining values above 97%
even at 500 mg/L. This indicates a strong affinity of Cd(II) toward the functional groups
present in the crayfish shell matrix (-N-H, -OH, and carbonate groups from CaCQO3). In
contrast, Zn(I) removal efficiency declined significantly at concentrations >50 mg/L,
despite the higher equilibrium capacity observed in kinetic experiments at Cy = 50 mg/L.

These observations were further supported by changes detected in the FTIR spectra
recorded before and after Zn(Il) and Cd(Il) adsorption. Noticeable variations in both band
intensity and peak position suggested possible involvement of surface functional groups
in the adsorption process (Figures S2 and S3 in the Supplementary). A broad absorption
band observed in the region around 3200-3500 cm ! was attributed to overlapping O-H
and N-H stretching vibrations originating from hydroxyl and amino groups. Following
Zn(II) and Cd(II) adsorption, a slight decrease in intensity accompanied by peak shifting
was observed, indicating the participation of hydroxyl and amino functionalities in metal
binding through complexation and electrostatic interactions. Furthermore, characteristic
carbonate bands associated with calcium carbonate were detected in the region around
1400 cm~! and below 900 cm~!. Changes observed in these bands after adsorption suggest
that carbonate groups may also contribute to Zn(II) and Cd(II) removal, likely through
ion exchange mechanisms involving Ca®* ions naturally present within the shell matrix.
Overall, the observed FTIR spectral modifications suggest the possible involvement of
amino, hydroxyl, and carbonate functional groups in the removal process. However,
FTIR analysis cannot distinguish between direct surface complexation, ion exchange, or
surface-induced precipitation. It also provides only qualitative evidence that these groups
may play a role as binding sites, and should not be considered as definitive proof of the
adsorption mechanism.

These findings are consistent with recent studies on chitosan- and crustacean-derived
biosorbents, which confirm high efficiency and strong selectivity toward divalent heavy
metals in single-component systems. For example, a recent study [37] reported removal ef-
ficiencies of up to ~92% for Zn(Il) and ~86% for Cd(Il) using functionalized chitosan
nanocomposites, with adsorption following pseudo-second-order kinetics, indicating
chemisorption as the dominant mechanism. Similarly, recent composite biosorbents based
on chitosan derived from shrimp shells have demonstrated Cd(II) removal efficiencies
around 80-85%, confirming the strong affinity of cadmium toward amino-functionalized
surfaces and the spontaneous nature of the adsorption process [38]. These values are
comparable to the lower concentration range observed in this study, while the significantly
higher Cd(II) removal (>97% at high concentrations) suggests a particularly favorable inter-
action between Cd(Il) and the crayfish shell matrix. It is acknowledged that the observed
removal efficiencies may not be directly transferable to multi-metal or real wastewater
matrices, where competing ions (e.g., Ca?*, Mg?*, Na*) and natural organic matter could
reduce available binding sites and adsorption capacity for Zn(II) and Cd(II) ions.

A recent study [39] further emphasizes that chitosan-based materials remain among
the most effective low-cost biosorbents due to the abundance of -NH, and -OH functional
groups, which enable strong coordination with metal ions. These functional groups facili-
tate inner-sphere complexation, which is typically more pronounced for Cd(Il) than Zn(II),
explaining the higher and more stable removal efficiencies observed for cadmium in the
present study. In contrast, the decline in Zn(II) removal efficiency at higher concentrations
aligns with recent findings showing that Zn adsorption is more sensitive to surface satura-
tion and diffusion limitations. Studies on modified chitosan systems have shown that Zn(II)
adsorption strongly depends on pH, surface functionalization, and available binding sites,
and is often governed by weaker or more reversible interactions compared to Cd(II) [40].
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3.6. Effect of Adsorbent Dose and Solution pH on Metal Uptake

In addition to contact time, additional experiments were performed to evaluate the
influence of adsorbent dose and initial solution pH on the removal of Zn(II) and Cd(II).
Increasing the amount of biosorbent resulted in a decrease in the adsorption capacity
expressed per unit mass of material (Figure 5). The highest q. values were obtained at the
lowest tested dose (1 g/L), reaching approximately 63 mg/g for Zn(II) and 37 mg/g for
Cd(II). At 2.5 g/L, these values decreased to approximately 30 and 15 mg/g, respectively,
while a further increase in adsorbent dose to 5 g/L resulted in ge values of approximately
15 mg/g for Zn(Il) and 7 mg/g for Cd(II).

~~~~~~~~ _ --m-- Zn
--e-- Cd

-
N
w
AN
(6)]

Adsorbent dose (g/L)

Figure 5. Effect of adsorbent dose on Cd(II) and Zn(Il) removal from water.

However, the decrease in qe with increasing adsorbent dose did not correspond to a
proportional decrease in the overall metal removal efficiency. For Zn(II), removal efficiency
increased from 76.97% at 1 g/L to 92.73% at 2.5 g/L and remained similarly high (91.09%)
at 5 g/L. In contrast, Cd(Il) removal was already very high at the lowest adsorbent dose,
reaching 94.32% at 1 g/L, while efficiencies of 90.20% and 89.72% were obtained at 2.5
and 5 g/L, respectively. Thus, increasing the biosorbent dose improved Zn(II) removal up
to 2.5 g/L, whereas no additional benefit was observed at 5 g/L. For Cd(Il), the lowest
investigated dose was already sufficient to achieve high removal efficiency. The decrease in
adsorption capacity with increasing biosorbent dose can be attributed to the lower metal-
to-adsorbent ratio. At lower doses, a greater amount of metal is available per unit mass of
biosorbent, resulting in a higher proportion of occupied sorption sites and consequently
higher adsorption capacity values. In contrast, as the biosorbent dose increases, the number
of available binding sites becomes greater relative to the fixed amount of metal in solution.
Similar dose-dependent behavior has been reported for other shell-based adsorbents.
Fernandez Pérez et al. [41] observed enhanced removal of Zn(II) and Cd(II) with increasing
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dose of waste mollusk shells, demonstrating the influence of adsorbent dose on metal
removal by CaCOs" rich shell materials. Tizo et al. [42] similarly reported that increasing
the amount of powdered eggshell enhanced Cd(II) removal efficiency, particularly at lower
initial metal concentrations. Adeleke et al. [43] also identified adsorbent dose as one of
the major process variables affecting Cd(II) uptake by an oyster shell-based biocomposite,
with an optimized dose of approximately 2.53 g/L. These observations are consistent with
the trends found in the present study, where increasing the amount of biosorbent favored
overall metal removal but resulted in lower adsorption capacity per unit mass.

The initial pH of the solution is an important parameter controlling metal removal
because it affects both the surface properties of the biosorbent and the chemical forms of
metal ions present in solution. The effect of initial pH on Zn(II) and Cd(II) removal by
F. limosus shell powder was therefore investigated over the selected pH range (Figure 6).
The adsorption capacities remained relatively stable across the investigated conditions for
both metals, although a moderate increase in Zn(II) removal was observed at the highest
tested pH.

35

Figure 6. Effect of pH on Cd(II) and Zn(II) removal from water.

Similar pH-dependent behavior has been widely reported for Zn(Il) and Cd(II)
sorption, with favorable removal commonly observed around pH 5-6. For example,
Lee et al. [44] reported maximum uptake of Zn(II) and Cd(II) at approximately pH 5 and
selected this pH for subsequent adsorption experiments. Other studies have likewise
reported pH 5 as a suitable operating condition for Cd(II) adsorption, primarily because
competition with H* is reduced while precipitation-related interference can still be min-
imized [45]. However, the metal removal observed at elevated pH cannot be attributed
exclusively to adsorption and should therefore be interpreted with caution, as precipitation
may increasingly contribute to the overall removal process. With increasing pH, hydrolysis
of Zn(Il) and Cd(II) becomes increasingly important, which may result in the precipitation
of their respective hydroxides. Consequently, the decrease in dissolved metal concentration
measured after treatment may reflect a combination of adsorption and precipitation rather
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than adsorption alone. Previous studies investigating Zn(II) and Cd(II) have specifically
reported that precipitation at elevated pH can interfere with the interpretation of adsorption
experiments. Lee et al. [44] observed that precipitation as insoluble M(OH); became rele-
vant at approximately pH 7 and emphasized that the resulting increase in apparent removal
could no longer be attributed solely to sorption. Similarly, precipitation experiments have
demonstrated that Zn(Il) and Cd(II) removal by hydroxide formation increases markedly
as pH approaches alkaline conditions, although the exact onset depends strongly on metal
concentration and solution composition [46].

This consideration is particularly relevant for F. limosus shells because of their mineral
fraction, including CaCOj. Therefore, metal removal at higher pH cannot be attributed
exclusively to adsorption on surface functional groups, and processes involving mineral
dissolution, ion exchange, and precipitation may occur simultaneously. Accordingly,
pH 5 was considered the most appropriate condition for the adsorption experiments in
the present study. At this pH, Zn(Il) and Cd(Il) remain predominantly soluble under
the investigated conditions, while competition from H" is lower than under more acidic
conditions, allowing the adsorption performance of the shell material to be evaluated with
a reduced risk of interpreting precipitation as adsorption.

The relatively limited variation in ge observed within the investigated pH range
further suggests that F. limosus shell powder can maintain substantial Zn(II) and Cd(II)
removal under moderately acidic conditions. Based on these considerations, pH 5 was
selected as an appropriate condition for evaluating the adsorption behavior of Zn(II) and
Cd(Il), as it provides favorable conditions for metal uptake while minimizing the potential
contribution of hydroxide precipitation. The equilibrium behavior of both metals under the
selected experimental conditions was further evaluated using adsorption isotherm models.

3.7. Adsorption Isotherm

The equilibrium adsorption behavior of Zn(II) and Cd(Il) was evaluated using adsorp-
tion isotherm models, which provide insight into the interaction between the biosorbent
and metal ions and enable estimation of the maximum adsorption capacity [47]. The effect
of the initial metal concentration was investigated using Zn(II) solutions in the range of
10-500 mg/L and Cd(II) solutions in the range of 10-700 mg/L, whereas the contact time
was maintained at 6 h throughout the experiments. As can be seen from Table 4 and Fig-
ure 7, the equilibrium adsorption behavior differed between the two metal ions. For Cd(II),
the Langmuir isotherm exhibited the highest R? value (0.8889), indicating monolayer ad-
sorption on a homogeneous adsorbent surface with finite, energetically equivalent binding
sites [48]. For Zn(1I), the Temkin model provided the best fit (R = 0.9858), suggesting that
adsorption occurs on a heterogeneous surface with significant adsorbate-adsorbent interac-
tions and a linear decrease in the heat of adsorption with increasing surface coverage. The
Langmuir model also showed a strong fit for Zn(II) (R% = 0.9766), indicating that monolayer
coverage may coexist with heterogeneous energetic distributions. The superior fit of the
Temkin model for Zn(Il) implies that indirect interactions between adsorbed Zn(II) ions
and the surface functional groups (-NH;, -OH, C=0) contribute to the adsorption mecha-
nism, whereas Cd(Il) binding appears more consistent with ideal monolayer behavior. The
dimensionless separation factor (R;), derived from the Langmuir model, was used to assess
whether adsorption was favorable under the investigated conditions. Values of Ry, between
0 and 1 were obtained for all tested systems, confirming favorable adsorption of both metal
ions under the studied conditions.
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Table 4. Isotherm parameters for different models for Zn(ll) and Cd(II) adsorption onto F.
limosus shells.

Adsorbate
Model Parameter
Zn Cd
qL (mg/g) 70.69 302.12
. Kp (L/mg) 0.066 0.083
Langmuir R 0.026-0.87 0.17-0.96
R? 0.9766 0.8889
Kk
13.37 49.65
Freundlich ((mg/g)(L/mg)'/™)
1/n 0.28 0.33
R? 0.9123 0.707
by (J/mol) 201.985 45.139
Temkin At (L/mg) 0.96 1.052
R? 0.9858 0.8264
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Figure 7. Experimental data and adsorption isotherms for Zn(II) and Cd(II) adsorption onto F. limosus
shells under batch conditions (Cy = 10-500 mg/L for Zn(II), Cy = 10-700 mg/L for Cd(II), adsorbent
dosage=25g/L,pH=>5.0,t=6h, T=25+ 2 °C, agitation speed = 250 rpm).

The maximum adsorption capacity for Zn(Il) and Cd(II) predicted by the Langmuir
model was 70.69 mg/g and 302.12 mg/g, respectively, which is in good agreement with
the experimentally determined values of 73.4 mg/g for Zn(Il) and 257.88 mg/g for Cd(II).
These results are comparable to the literature data reported for crustacean-based biosor-
bents. For instance, Zhou et al. [13] reported adsorption capacities of 117 mg/g for zinc and
709 mg/g for lead ions using crayfish shell particles. In a related study [49], the same
authors investigated Cd(II) adsorption onto raw crayfish shells, observing that the experi-
mental data were best described by the Langmuir model, with the maximum adsorption
capacity decreasing from 3.42 to 1.53 mmol/g as the biosorbent dosage increased from
0.4 to 3.2 g/L. Similarly, Jaafarzadeh et al. [50] examined Zn(II) removal using chitin
derived from shrimp and crayfish shells, reporting maximum adsorption capacities of
270.27 mg/g and 181.18 mg/g, respectively, within the initial concentration range of
50-500 mg/L at pH 7. Rahman [51] investigated the adsorption of various heavy met-
als on modified shrimp-based chitosan and reported maximum adsorption capacities of
7.50 mg/g for zinc, 20.3 mg/g for copper, 15.0 mg/g for cadmium, and 76.34 mg/g for lead.
In that study, high correlation coefficients (R% >0.98) for both Langmuir and Freundlich
models indicated highly efficient adsorption behavior.

Overall, the obtained isotherm parameters indicate that F. limosus shells exhibit fa-
vorable adsorption characteristics for Zn(II) and Cd(II) ions, with adsorption behavior
potentially governed by monolayer coverage on energetically equivalent binding sites,
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consistent with findings reported for similar chitin- and calcium carbonate-based biosor-
bents. The isotherm models describe the equilibrium distribution but do not identify the
mechanism. Thus, monolayer coverage should be interpreted as a mathematical construct
rather than definitive evidence of a specific binding mode.

To evaluate the adsorption performance of F. limosus shells, the maximum adsorption
capacities obtained in this study were compared with those reported for various crustacean
shell-derived biosorbents, including raw shells, chitin, chitosan, and chemically modified
materials, for the removal of Cd(Il) and Zn(Il) from single-metal solutions (Table 5), al-
though direct comparison is not possible because of different experimental conditions that
affect adsorption performance.

Table 5. Comparison of adsorption capacities for Cd(II) and Zn(II) removal using crustacean shell-
derived biosorbents.

Biosorbent Metal q (mg/g) Cp(mg/L) Dose (g/L) pH Reference
F. limosus shells Cd(In) 302.12 10-700 2.5 5 This study
F. limosus shells Zn(II) 70.69 10-500 25 5 This study
Chinese hairy shells Zn(II) 117.0 40-140 1.6 55 Zhou et al. [13]
Clistocoeloma sinensis shells Cd 172 10-1100 1.6 5 Zhou et al. [49]
Chitin (shrimp shells) Zn(II) 270.27 — 4 7 Jaafarzadeh et al. [50]
Chitin (crayfish shells) Zn(II) 181.18 — 4 7 Jaafarzadeh et al. [50]
Modified shrimp chitosan Zn(II) 7.50 — — — Rahman [51]
Modified shrimp chitosan Cdr) 15.0 — — — Rahman [51]
Callinectes sapidus shell Zn(IN) 185 10-2600 1 6 Morales-Barrera and

Cristiani-Urbina [52]

F. limosus shells showed a much higher adsorption capacity than raw Clistocoeloma
sinensis shells for Cd(Il) at the same pH, despite a higher dose of biosorbent, indicating
stronger Cd(II) binding by the F. limosus shell matrix. For Zn(1II), the capacity of F. limosus
shells (70.69 mg/g) was lower than values reported for Chinese hairy crab shells and
Callinectes sapidus shells. However, these studies used lower adsorbent doses and different
pH conditions, which can significantly affect the adsorption capacity. In addition, none of
the studies reported removal efficiency percentages. In contrast, the present study provides
complete efficiency data (Cd: 89.9-98.3%; Zn: 83.7-92.0% at Cy < 50 mg/L), allowing
a better assessment of the adsorption performance of F. limosus shells. Compared with
chemically modified chitosan materials, F. limosus shells achieved much higher adsorption
capacities while avoiding additional chemical processing steps.

The present study differs from previous work in several important aspects. F. limosus
shells were used in a minimally processed form, without chemical modification or activa-
tion, providing a simple and low-cost approach to biosorbent preparation. Moreover, the
use of shell waste generated from an invasive species offers an opportunity to combine
invasive biomass management with the development of a value-added material for water
treatment. The results demonstrate that effective removal of both metals can be achieved
using minimally processed F. limosus shells, supporting their potential as a readily available
biosorbent for metal-contaminated waters.

3.8. Calcium Release During Zn(II) and Cd(II) Removal

To further investigate the possible involvement of the Ca-rich mineral fraction of F.
limosus shells in metal removal, Ca release into the solution was determined under the same
experimental conditions used in the adsorption experiments (initial metal concentration of
50 mg/L, biosorbent dose of 2.5 g/L, and initial pH of 5). A control experiment containing
the biosorbent and deionized water was performed under the same conditions. The mean
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Ca concentration in the control was 50.85 mg/L, indicating that Ca-containing components
of the shell are partially released into the aqueous phase even in the absence of Zn(II)
and Cd(II). In the presence of metal ions, substantially higher Ca concentrations were
measured, reaching 116.95 mg/L for Zn(Il) and 92.90 mg/L for Cd(Il). Thus, compared
with the control, the presence of Zn(Il) and Cd(II) resulted in an additional Ca release of
approximately 66.1 and 42.1 mg/L, respectively.

The increased Ca release in the presence of both metal ions indicates that the Ca-rich
mineral fraction of the shell participates in the metal-removal process. This observation
is consistent with previous studies on CaCO3~ rich shell materials. Ferndndez Pérez
et al. reported the release of Ca®* and other endogenous cations during the uptake of
Zn(II), Cd(II), Cu(Il), and Ni(Il) by waste mollusk shells and related metal retention to
interactions with the mineral fraction of the shell, including ion-exchange processes [41].
Similarly, CaCOj3 has been shown to contribute to metal removal through a combination
of processes involving partial carbonate dissolution, ion exchange, and the formation of
poorly soluble metal-containing phases. Wierzba et al. demonstrated that the role of CaCOj3
in metal removal cannot be described by a single mechanism, as its partial dissolution can
influence ion-exchange equilibria while carbonate-related reactions may contribute to the
precipitation of poorly soluble metal compounds [53].

The involvement of the carbonate fraction is particularly relevant for Cd(II). A re-
cent study using scallop shells demonstrated that Cd uptake involved partial dissolution
of shell CaCOj3, exchange between Ca and Cd, and subsequent nucleation of a CdCOs
phase, illustrating the close relationship between Ca release and Cd removal in biogenic
carbonate materials [54]. Therefore, the increased Ca concentrations observed during
Zn(II) and Cd(II) removal provide additional experimental evidence for the involvement
of the mineral component of F. limosus shells in the removal process. These findings also
complement the adsorption results obtained in the present study. At a biosorbent dose
of 2.5 g/L and an initial metal concentration of 50 mg/L, removal efficiencies of 92.73%
for Zn(Il) and 90.20% for Cd(II) were achieved. The simultaneous observation of high
metal removal and enhanced Ca release supports the contribution of interactions between
the dissolved metal ions and the Ca-containing shell matrix. However, since Ca release
alone cannot distinguish between ion exchange, mineral dissolution, surface complexation,
and subsequent precipitation processes, it should not be considered direct evidence of a
single adsorption mechanism. Rather, together with the FTIR, pH-dependent adsorption,
kinetic, and equilibrium results, the Ca-release experiments suggest that Zn(II) and Cd(II)
removal by F. limosus shells results from the combined contribution of the organic and
mineral components of the shell, with Ca-containing phases playing an important role in
the overall uptake process.

3.9. Point of Zero Charge (pHpzc)

The point of zero charge (pHpzc) of the F. limosus shell biosorbent is presented in
Figure 8. The obtained value was 8.51, indicating that the adsorbent surface possesses
a net positive charge at pH values below 8.51 and a net negative charge at pH values
above this value. The relatively high pHpzc can be attributed to the chemical composition
of the crayfish shells, which are rich in calcium carbonate and contain amino groups
originating from chitin and residual proteins. Similar pHpzc values have been reported
for crustacean shell-derived materials and chitin-based biosorbents, typically ranging
between 7 and 9 depending on the degree of deproteinization, mineral content, and surface
treatment [55-57].
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Figure 8. pHpyc of F. limosus crayfish shells.

The obtained pHpyc value provides insight into the possible role of surface charge
in the adsorption process. Together with the FTIR results and kinetic behavior, these
findings suggest that surface complexation and ion-exchange interactions may contribute
to metal binding, although additional analyses would be required to confirm the dominant
adsorption mechanism.

4. Conclusions

The results of this study demonstrate that shell waste from the invasive crayfish Fax-
onius limosus represents a promising, low-cost biosorbent for the removal of Zn(Il) and
Cd(II) from aqueous solutions. Material characterization revealed the presence of amino,
hydroxyl, amide, and carbonate functional groups together with a predominantly meso-
porous structure, providing a heterogeneous organic-mineral matrix capable of interacting
with dissolved metal ions.

Batch adsorption experiments showed rapid metal uptake, with equilibrium attained
within approximately 60 min. The pseudo-second-order kinetic model provided the best fit
for both investigated metal ions, whereas the equilibrium data were best described by the
Langmuir model for Cd(Il) and the Temkin model for Zn(Il). The additional experiments
examining operational parameters further demonstrated that metal removal was influenced
by both initial solution pH and biosorbent dose. Increasing the biosorbent dose resulted
in lower adsorption capacities per unit mass, while its effect on overall removal efficiency
differed between the two metals. For Zn(Il), removal increased from 76.97% at 1 g/L to
92.73% at 2.5 g/L, with no further improvement at 5 g/L, whereas Cd(II) removal was
already high at the lowest tested dose. A dose of 2.5 g/L was therefore selected as a
common working dose, enabling direct comparison of Zn(II) and Cd(II) behavior under
identical experimental conditions. The pH experiments confirmed the strong influence of
solution chemistry on metal removal, although the increased removal observed at higher
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pH cannot be attributed exclusively to adsorption because hydrolysis and precipitation
may also contribute under these conditions.

Calcium release experiments provided additional insight into the role of the mineral
fraction of the shell. Under the same experimental conditions used for metal removal, the
mean Ca concentration increased from 50.9 mg/L in the water control to 117.0 mg/L in the
presence of Zn(Il) and 92.9 mg/L in the presence of Cd(Il), corresponding to an additional
Ca release of approximately 66.1 and 42.1 mg/L, respectively. These results support the
involvement of Ca-containing mineral components in the removal process and suggest
that interactions with the carbonate-rich shell fraction contribute to metal uptake. Together
with the FTIR results and the determined pHpzc, these findings indicate that Zn(Il) and
Cd(II) removal by F. limosus shells likely involves several concurrent processes, including
interactions with surface functional groups, Ca-associated ion-exchange processes, and
mineral dissolution-related reactions. However, the available evidence does not allow
these individual contributions to be unequivocally distinguished or quantified, and the
proposed mechanistic interpretation should therefore be regarded as indicative rather
than conclusive.

Overall, the findings demonstrate the potential for valorizing biomass generated
during the management of invasive F. limosus by converting minimally processed shell
waste into a functional biosorbent for metal removal. This approach combines the beneficial
use of an underexploited biological waste with a potentially low-cost material for water
treatment applications. Further research should focus on experiments with multicomponent
systems and real water or wastewater matrices to assess the effects of competing ions,
natural organic matter, and ionic strength, while regeneration, metal recovery, and safe
management of the spent biosorbent should be investigated to evaluate its practical and
environmental feasibility.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/w18202560/s1. Figure S1: FTIR spectra of F.limosus crayfish
shells. Figure S2: FTIR spectra of crayfish shells loaded with Zn ions. Figure S3: FTIR spectra of
crayfish shells loaded with Cd ions.
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