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A B S T R A C T

Pristine crawfish shell waste and shell-derived biochars produced at 500, 650, and 800 ◦C were evaluated as 
calcium-rich sustainable biosorbents for Nd(III) immobilization from aqueous solution. Batch experiments were 
conducted at 23 ◦C using 50 mL of 1000 mg L⁻¹ Nd(III) solution and sorbent mass of 25–100 mg to investigate 
removal behavior, kinetics, and mechanisms. The 800 ◦C biochar exhibited the highest apparent Nd(III) removal 
capacity (1200 mg g− 1), which was attributed to instantaneous alkaline precipitation and the formation of Nd 
(OH)3. In contrast, pristine crawfish shell and the 500 and 650 ◦C biochars immobilized Nd(III) primarily 
through a dissolution–precipitation mechanism, yielding amorphous and crystalline Nd-containing carbonate 
phases. Among these sorbents, pristine crawfish shell showed the highest removal capacity at a sorbent mass of 
25 mg (574.8 mg g⁻¹), followed by the 500 ◦C biochar (490.1 mg g⁻¹), whereas the 650 ◦C biochar exhibited 
substantially lower performance (291.4 mg g⁻¹). Except for the 800 ◦C biochar, for which removal was instan
taneous, the Elovich model provided the best fit to the kinetic data across pristine shell, 500 ◦C, and 650 ◦C 
sorbent types, regardless of the sorbent mass. The strong correlation between Ca(II) release and Nd(III) removal, 
supported by XRD, FTIR, and SEM–EDS analyses, indicates that Nd(III) immobilization is governed by phase- 
dependent dissolution of calcium carbonate substrates followed by reprecipitation of Nd phases. These find
ings demonstrate that crawfish shell waste can serve as a highly efficient sacrificial biogenic calcium carbonate 
precursor for Nd(III) immobilization, even under ambient conditions.

1. Introduction

Rare earth elements (REEs) are indispensable to a wide range of 
modern technologies and advanced functional materials. Due to the 
continuously increasing demand for rare earth minerals, attention has 
expanded beyond primary ore deposits such as bastnäsite, monazite, 
xenotime, and euxenite [1,2]. Secondary sources, including red mud, 
phosphate mine tailings, coal mine drainage, coal fly ash, and electronic 
waste, have attracted significant interest as potential alternative re
sources [3].

Neodymium (Nd) is one of the most critical rare earth elements 
(REEs), used extensively in high-performance permanent magnets that 
are essential for clean-energy and advanced technologies, including 
electric vehicle motors and wind turbine generators [4]. Industrial-scale 
rare earth element separation is primarily achieved through solvent 

extraction, which remains the dominant technology, supported by ion 
exchange, selective precipitation, and, to a lesser extent, membrane- and 
adsorption-based techniques [5]. The growing demand for REEs, 
coupled with limited primary supply and environmentally damaging 
extraction processes, has spurred research into sustainable recovery and 
separation methods [6]. Therefore, bio-based sorbents and precipitating 
agents derived from residual or byproduct materials have gained 
attention as eco-friendly, low-cost tools for REE immobilization and 
recovery. In recent decades, several residue-derived biomaterials such as 
marine algae [7], walnut shells [8], bone powder [9], eggshells [10], 
[11], and crab shells [12] have been extensively investigated and have 
demonstrated excellent potential for the recovery of REEs from aqueous 
solutions. The REE ions in aqueous solutions can be removed via various 
mechanisms, including surface complexation, electrostatic interactions, 
ion exchange, physisorption, or precipitation, which represent distinct 
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immobilization pathways [13]. The formation of heavy-metal carbon
ates through precipitation in the presence of solid-phase inorganic 
calcite is well documented, and the primary objective in such systems is 
typically to maximize heavy-metal immobilization from various sources 
(e.g., acid mine drainage, wastewater) [14–17]. The same principle also 
applies to Ce(III) and Eu(III) ions in aqueous solution in the presence of 
calcium-carbonate-rich pristine crab shell, particularly at elevated pH 
(around pH 6), as reported by Vijayaraghavan and Balasubramanian 
[12]. In aqueous systems that are at or above calcite saturation, REEs are 
expected to occur mainly as carbonate complexes, with REECO₃⁺ and/or 
REE(CO₃)₂⁻ dominating depending on the solution pH [18,19].

Rateau et al. [10] investigated the use of eggshell waste as a sus
tainable sacrificial substrate for the capture of lanthanum, neodymium, 
and dysprosium from aqueous solution through a dis
solution–reprecipitation mechanism at hydrothermal conditions from 
30 to 205 ◦C. Here, dissolution–reprecipitation refers to a coupled 
mineral transformation in which partial dissolution of the parent cal
cium carbonate phase creates local supersaturation, followed by pre
cipitation of a new REE-bearing carbonate or hydroxycarbonate phase at 
or near the reaction interface [20]. However, below 90 ◦C no REE 
immobilization occurred even after 14 weeks, while at 90 ◦C the process 
only began after 7 days and proceeded with very low efficiency.

Szucs et al. [21] studied La(III), Nd(III), and Dy(III) reaction path
ways on calcite at 21 ◦C and hydrothermal conditions. They reported a 
prolonged precipitation process, occurring after 14 days in the La ex
periments but requiring up to 145 days in the Nd and Dy experiments 
(50 mg calcite, 50 mL of 10 mM rare earth-bearing aqueous solution). In 
contrast, elevated hydrothermal conditions (50–220 ◦C) markedly 
accelerated the mineral replacement of calcite by REE carbonates.

In dissolution–reprecipitation systems, two fundamental objectives 
are (i) to maximize substrate dissolution and (ii) to obtain the desired 
carbonate phases with high purity [22]. If the precursor substrate per
sists after the reaction, the post-processing and separation of the final 
product would become significantly more complicated [10]. The crys
tallization of REE carbonates from aqueous media follows a consistent 
non-classical pathway initiated by metastable amorphous precursor 
phases, with the transformation process governed by temperature, REE 
concentration, ionic radii, molar ratios, and the structure and chemistry 
of the host carbonate [23] [24]. At lower temperatures (≤ 60 ◦C), the 
amorphous precursor typically crystallizes into hydrated phases, such as 
lanthanite [REE2(CO3)3⋅8 H2O], or tengerite [REE₂(CO₃)₃⋅2–3H₂O]. At 
hydrothermal temperatures (T ≥ 95 ◦C), the system transforms into 
anhydrous hydroxycarbonates, predominantly the orthorhombic REE
CO₃(OH) phase (kozoite), which ultimately converts to the hexagonal 
polymorph REECO₃(OH) (hydroxylbastnäsite) [25–28]. 
Interface-coupled dissolution and precipitation take place whenever 
thermodynamic disequilibrium exists between a fluid and a solid [29]. 
However, the complete dissolution of the substrate during a dis
solution–reprecipitation reaction can be inhibited when a water-tight 
crust of the newly precipitated phase forms around the remaining core 
(template effect). Once partial equilibrium is established within this 
isolated fluid layer, further dissolution ceases, and recrystallization 
terminates [30].

In contrast to dissolution–reprecipitation mechanisms, in which 
calcium carbonate acts as a sacrificial precursor, calcium carbonate can 
also function as a sorbent for immobilizing REE ions from aqueous so
lutions at near-neutral to alkaline pH (typically pH 7–9). While dis
solution–reprecipitation reactions can be strongly accelerated by 
hydrothermal conditions [21,31], surface sorption processes are pri
marily governed by the solution pH, which controls the speciation of 
REE ions and their mode of interaction with the calcium carbonate 
surface [32]. Under near-neutral to alkaline pH conditions, lanthanoid 
ions adsorb onto the calcite surface predominantly as mono- and 
di-hydroxo complexes rather than forming discrete REE-carbonate pre
cipitates [33,34].

While some studies have investigated the ability of calcined 

crustacean shells to remove various inorganic and organic aqueous 
contaminants, such as heavy metal ions, and phosphate from aqueous 
solutions [35,36], no study to date has specifically examined the effec
tiveness of pristine and calcined crawfish shell in immobilizing REEs 
from REE-bearing solutions. Therefore, crawfish shell was selected 
because it is a naturally occurring organic–inorganic composite mainly 
composed of calcium carbonate, chitin, and proteins. Among these 
components, the biomineral calcium carbonate fraction is particularly 
important because it can act as a reactive carbonate source and directly 
contribute to precipitation-based REE removal. This concept is sup
ported by previous work on crab shell particles, a closely related crus
tacean shell material, where calcium carbonate was identified as the 
main component responsible for Ce(III) and Eu(III) removal through 
carbonate-mediated microprecipitation on the shell surface [12]. 
Therefore, this study investigates the Nd(III) removal capacity of pris
tine crawfish shell and shell-derived biochars produced at different py
rolysis temperatures (500, 650, and 800 ◦C) under ambient conditions, 
without the need for hydrothermal treatment. Nd(III) was selected as a 
representative trivalent REE ion to evaluate crawfish shell-derived sor
bents as sacrificial carbonate-containing sorbent for REE immobiliza
tion, rather than as exclusively Nd(III)-specific sorbents. Beyond 
evaluating removal performance, the study aims, for the first time to 
elucidate the underlying removal mechanisms, crystallization pathways, 
structural features, and elemental distribution of the reaction products 
formed during interactions between high concentration Nd(III) aqueous 
solution and the shell-derived sorbents.

2. Materials and methods

2.1. Preparation of biochar

Crawfish, also known as crayfish, were purchased from a local 
market in Auburn, Alabama, USA. The crawfish were boiled, and the 
shells were separated, then thoroughly rinsed several times with 
deionized (DI) water to remove residual impurities such as remaining 
tissue and salt. The cleaned shells were oven-dried at 105 ◦C for 6 h and 
subsequently crushed to particle sizes in the range of 1–2 mm.

The dried shells were then placed in a quartz tube furnace 
(GSL− 1100X, MTI Corporation, Richmond, CA, USA) under a nitrogen 
atmosphere. Pyrolysis was performed at 500, 650, and 800 ◦C, and the 
resulting biochar sorbents were denoted as 500, 650, and 800, respec
tively. Untreated pristine crawfish shell was also used in the removal 
experiments as a reference and was denoted as PCS. The temperature 
program for biochar production consisted of four steps: (1) heating from 
room temperature at a rate of 10 ◦C min⁻¹ , (2) holding at the target 
temperature for 1 h, (3) cooling at 10 ◦C min⁻¹ to 200 ◦C, and (4) natural 
cooling from 200 ◦C to room temperature. Once the biochar samples 
reached room temperature, they were ground using a mortar and pestle 
and then sieved through a 200-mesh (75 µm) sieve. Particles that passed 
the 200-mesh sieve were collected and used for subsequent analyses.

2.2. Experimental procedure for Nd(III) removal and immobilization

Neodymium chloride, anhydrous (Thermo Scientific Chemicals, pu
rity: 99.9%, residual water: ≤1.0%) was dissolved in deionized water to 
prepare a 1000 mg L− 1 Nd(III) stock solution. Removal kinetics exper
iments were conducted in 50 mL polypropylene centrifuge tubes using 
sorbent masses of 25, 50, 75, and 100 mg. The suspensions were mixed 
on a tube rotator (Scilogex Sci-RL-E, Rocky Hill, CT, USA) at 40 rpm and 
23 ◦C for 72 h. At predetermined time points (0.5, 2, 4, 8, 12, 24, 48, and 
72 h), samples were collected from the tubes using syringes, and the 
liquid phase was separated by filtration through a 0.45 μm PTFE 
membrane to remove suspended solids prior to analysis. The residual Nd 
(III) concentration and the released Ca(II) concentration in the filtrate 
were determined using ICP-OES (Agilent 5800, Santa Clara, CA, USA). 
The emission signal of Nd(III) was measured at 401.224 nm, while that 
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of Ca(II) was measured at 317.933 nm. After 72 h, the remaining biochar 
was recovered by vacuum filtration using a 0.45 μm nylon membrane 
filter and dried at 90 ◦C for 2 h. The pH of the Nd(III)–sorbent suspension 
was not adjusted by adding acid or base. All experiments were per
formed in triplicate. The removal capacity at time t (qₜ) and the removal 
efficiency (R, %) were calculated using the following equations: 

qt =
(C0 − Ct ) × V

m
(1) 

R (%) =
(C0 − Ct )

C0
× 100 (2) 

where qt and R are removal capacity (mg g− 1) and removal rate (%) at 
time t (h), respectively; C0 and Ct represent the initial concentrations of 
Nd(III) and the Nd(III) concentration at time t (mg L− 1) respectively. V is 
the solution volume (L) and m is the mass of sorbent (g).

The amount of Ca(II) released into solution at time t, expressed as Ca 
(II) release (qCa,t), was calculated using Equation (3): 

qCa,t =
CCa,t × V

m
(3) 

where qCa,t is the Ca(II) release at time t (mg g− 1), CCa,t is the dissolved 
Ca(II) concentration at time t (mg L− 1), V is the solution volume (L) and 
m is the mass of sorbent (g).

The fraction of total Ca released into solution as Ca(II) was calculated 
using Equation (4): 

FCa,t =
qCa,t

CCa,total
× 100 (4) 

where FCa,t is the fraction of total Ca released into solution as Ca(II) (%), 
qCa,t is the amount of Ca(II) released at time t (mg g− 1) and CCa,total is the 
total Ca content of the sorbent determined by acid leaching (mg g− 1).

2.3. Acid leaching for acid-soluble Ca determination

Acid leaching was performed to quantify the acid-soluble Ca content 
of the original sorbents. Briefly, 50 mg of each sorbent was treated with 
30 mL of 0.2 N HCl for 12 h under continuous mixing. After leaching, 
the suspension was filtered through a 0.45 µm membrane, and the 
leachate was analyzed by ICP-OES (Agilent 5800, Santa Clara, CA, USA) 
to determine the dissolved Ca concentration. The measured Ca con
centration was then used to calculate the acid-soluble Ca content of each 
sorbent. All measurements were performed in triplicate.

2.4. Kinetic modelling

The Nd(III) removal kinetics were evaluated using the pseudo-first 
order (PFO), pseudo-second order (PSO), and Elovich models to assess 
potential non-equilibrium behavior. The PFO model is commonly asso
ciated with diffusion-related uptake, whereas the PSO model is often 
used to describe processes dominated by interactions at the solid–liquid 
interface. The Elovich model is frequently applied to systems exhibiting 
chemisorption behavior [37]. The PFO, PSO, and Elovich models are 
given by Equations (5), (6), and (7), respectively [38]. 

qt = qe(1 − e− k1 t) (5) 

qt =
k2q2

c t
1 + k2qet

(6) 

qt =
1
b

ln(abt) =
1
b

ln(ab)+
1
b

ln(t) (7) 

where qe is the removal capacity (mg⋅g− 1), k1 (min− 1) and k2 (mg⋅g− 1 

min− 1) are the rate constants for PFO and PSO processes, respectively, α 
is the initial sorption rate (mg⋅g− 1 min− 1), while β is the desorption 

constant (g⋅mg− 1). Regression analyses of the kinetic models were per
formed using OriginPro software (OriginLab Corporation, Northampton, 
MA, USA).

Following the approach proposed by Wu et al. [39], the longest 
contact time in the sorption experiments was selected as the reference 
time tref, and the corresponding removal capacity (reference removal 
capacity) was defined as qref = q(t). Therefore, Equation (7) can be 
rewritten as: 

qref =
1
b

ln(abt) =
1
b

ln(ab)+
1
b

ln(tref ) (8) 

2.5. Characterization methods

The pH of the pristine crawfish shell (PCS) and biochar samples (500, 
650, and 800) was determined by adding 100 mg of sample to 10 mL of 
deionized water in 50 mL centrifuge tubes. The suspensions were then 
mixed using a Scilogex Sci-RL-E tube rotator (Rocky Hill, CT, USA) at a 
rotation speed of 20 rpm for 1 h, followed by a standing period of 
30 min. The pH of the biochar samples was measured using an Extech 
EC600 pH and digital conductivity meter (Waltham, MA, USA). The pH 
of the Nd(III)–sorbent suspension during the kinetic experiments was 
also determined.

The pristine crawfish shell was powdered, homogenized, and passed 
through a 75 µm (200 mesh) sieve prior to thermogravimetric analysis 
(TGA) to examine the thermal decomposition of the shell components 
during pyrolysis. The analyses of the pristine crawfish shell were per
formed using a TA Instruments TGA Q50 thermogravimetric analyzer. 
The samples were heated from 23 to 900 ◦C at a heating rate of 10 ◦C/ 
min under a nitrogen atmosphere.

Fourier transform infrared spectroscopy (FT-IR) was used to char
acterize the surface functional groups of the samples before and after the 
kinetic experiments in the wavenumber range of 650–4000 cm⁻¹ using a 
PerkinElmer Spectrum Two FT-IR spectrometer (Waltham, MA, USA) 
equipped with an attenuated total reflectance (ATR) accessory.

A Rigaku SmartLab powder X-ray diffractometer (Rigaku Corpora
tion, Tokyo, Japan) was used to analyze the phase composition of all 
samples using Cu Kα radiation at 40 kV and 30 mA, over a 2θ range of 
10◦–80◦, with a step size of 0.01◦ and a scan rate of 1.5 min per degree. 
Phase identification was performed by comparison with the literature 
and with reference patterns from the publicly available database using 
Profex 5.6.1 software (Profex Doebelin, Solothurn, Switzerland).

SEM–EDS analyses were conducted to evaluate morphological 
changes and surface elemental composition of the sorbents before and 
after Nd(III) sorption using a ZEISS EVO 10 scanning electron micro
scope (Carl Zeiss AG, Germany) equipped with an EDAX TEAM Element 
EDS system (USA). The samples were gold-coated for SEM imaging, 
while uncoated samples were used for EDS analysis to avoid interference 
from the strong gold signal. The images were acquired at an accelerating 
voltage of 20 keV using a secondary electron detector with an objective 
aperture of 30 µm.

3. Results and discussion

3.1. Characterization of pristine crawfish shell and biochars prepared at 
different pyrolysis temperatures

According to Chen et al. [40], crawfish shells typically consist of 
protein (20–30%), calcium carbonate (30–40%), and chitin (20–30%) 
on a dry-weight basis. The corresponding decomposition temperatures 
of these components can be observed in the weight–temperature (TG) 
and derivative weight–temperature (DTG) curves (Supplementary 
Fig. S1). The thermal decomposition behavior of the crawfish shell 
showed good agreement with the results reported by Romano et al. [41]
for lobster shell. The decomposition of the protein fraction was largely 
completed at approximately 270 ◦C, after which chitin decomposition 
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became dominant. Based on the DTG curve, the maximum decomposi
tion rate of chitin was observed at 297 ◦C. Chitin degradation then 
continued over a broad temperature range, with substantial mass loss up 
to around 370 ◦C and nearly complete degradation between 300 and 600 
◦C. This behavior is consistent with lobster shell results reported by 
Alonso et al. [42]

The DTG maximum at 661 ◦C coincides with the main mass-loss step 
observed between 600 and 750 ◦C, suggesting thermal destabilization 
and transformation of the metastable vaterite (a metastable crystalline 
phase of calcium carbonate) fraction. This mass-loss event may reflect 
carbonate-phase rearrangement and partial CO2 release rather than 
complete decarbonation.

Fig. 1 shows the X-ray diffraction patterns of the four examined 
sorbent materials. Depending on the applied pyrolysis temperature, 
different crystalline phases can be observed. In the XRD pattern of (PCS) 
(Fig. 1a), a broad crystalline reflection around 19◦ (2θ) is observed, 
which diminishes after pyrolysis.

This reflection is commonly associated with chitin [43], which di
minishes upon pyrolysis [44,45]. Calcite peaks (JCPDS card No. 
05–0586) were identified in the XRD patterns of the PCS (Fig. 1a) and 
500 (Fig. 1b) and 650 (Fig. 1c). In addition to calcite, vaterite peaks 
(JCPDS card No. 72–0506) were also detected in PCS (Fig. 1a) and 500 
(Fig. 1b). The organic matrix is considered to play a principal role in 
biomineralization processes by influencing the formation of calcium 
carbonate polymorphs, mainly calcite, with minor amounts of aragonite 
(an orthorhombic CaCO3 polymorph), and vaterite [46]. Vaterite is the 
least thermodynamically stable anhydrous calcium carbonate poly
morph, and its occurrence is relatively rare in nature [47,48]. However, 
it has been reported in eggshells from birds [49], in freshwater cultured 
pearls and mussel shells [50,51], gallstones [52] and crawfish shells 
[53]. Since the metastable vaterite phase was not detected after pyrol
ysis at 650 ◦C, and no CaO or Ca(OH)2 phases were observed in 650, the 
DTG peak at 661 ◦C likely reflects thermal rearrangement of 
Ca-carbonate phases rather than decarbonation.

In the 800 sample, the calcite peaks disappeared due to the decar
bonation of calcium carbonate, while peaks corresponding to calcium 
hydroxide (Ca(OH)2) (portlandite, JCPDS card No. 04–0733) and cal
cium oxide (CaO) (lime, JCPDS card No. 37–1497) appeared (Fig. 1d).

Fig. 2 shows the FTIR spectra of the four examined sorbent materials. 
The FTIR spectra of the pristine and biochar samples show characteristic 
bands of carbonate groups associated with calcium carbonate phases.

In all of the spectra, the band at 1044 cm⁻¹ is attributed to the ν₁ 
symmetric stretching vibration of the CO₃²⁻ group. The characteristic ν₂ 
out-of-plane deformation band, common to both calcite and vaterite, 

appears at 874 cm⁻¹ . The band around 1400 cm⁻¹ corresponds to the ν₃ 
asymmetric stretching vibration of the carbonate group. For PCS 
(Fig. 2a), the ν₄ in-plane bending vibration of polyphase calcite is 
observed at 700 cm⁻¹ , whereas for 500 (Fig. 2b) and 650 (Fig. 2c) the 
same vibration occurs at 713 cm⁻¹ . The characteristic ν₄ band of poly
phase vaterite at 744 cm⁻¹ was not detected in the spectra of 650 
(Fig. 2c) and 800 (Fig. 2d). The bands at 700 cm⁻¹ , 713 cm⁻¹ and 
744 cm⁻¹ are consistent with those reported for calcite and vaterite 
calcium carbonate phases [54,55]. Although crystalline CaCO3 phases 
were no longer detected by XRD after pyrolysis at 800 ◦C, the 
carbonate-related bands observed by FTIR indicate the presence of 
surface or amorphous carbonate species.

In PCS (Fig. 2a), a broad band centered around 3260 cm⁻¹ can be 
observed, which is attributed to overlapping O–H and N–H stretching 
vibrations associated with hydroxyl groups, adsorbed water, and amide 
functionalities of chitin and proteins. Distinct bands are also observed at 
approximately 2927–2929 cm⁻¹ which is assigned to the asymmetric 
and symmetric stretching vibrations of aliphatic –CH₂– groups [56]. In 
addition, two carbonyl-related bands can be observed in the FTIR 
spectrum of PCS (Fig. 2a) a weak band at 1747 cm⁻¹ , assigned to the 
C––O stretching vibration of esterified or acetyl-type carbonyl groups 
associated with polysaccharide structures. A more pronounced band at 
1644 cm⁻¹ corresponds to the amide I vibration (C––O stretching), while 
a band around 1510 cm⁻¹ is associated with amide II vibrations of chitin 
and/or residual proteins [56,57]. This band progressively weakened 
with increasing pyrolysis temperature and was substantially reduced or 
absent in the biochar samples, indicating the thermal degradation of 
polysaccharide-associated oxygen-containing functional groups [58].

In contrast, the FTIR spectrum of the 800 sample (Fig. 2d) shows a 
narrow band close to 3640 cm⁻¹ , which is assigned to Ca(OH)2 formed 
after high-temperature treatment. This band corresponds to the 
stretching vibration of hydroxyl groups associated with hydroxide spe
cies [59]. This was also confirmed by X-ray diffraction results.

With increasing pyrolyzing temperature, the pH of the samples 
increased progressively, from the lowest value observed from the PCS 
(pH 9.28) to 500 (pH 10.26), 650 (pH 12.18), and 800 (pH 12.58). The 
pH of the aqueous suspension of the calcium-rich sorbent is primarily 
governed by the dissolution of carbonate phases and the hydration of 
oxide-derived species, which release carbonate species and hydroxide 
ions into the solution. During this process, Ca(II) released from the 
crawfish shell–derived material participates in carbonate equilibria and 
hydroxide formation (e.g., CaCO3 and Ca(OH)2), resulting in a strongly 
alkaline aqueous environment.

To further quantify the amount of acid-soluble Ca-bearing phases in 
the original sorbents, acid leaching was performed, and the results are Fig. 1. X-ray diffraction patterns of different sorbents before the sorp

tion experiment.

Fig. 2. FTIR spectra of different sorbents before the sorption experiment.
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summarized in Table 1. The released Ca(II) content was expressed as mg 
g⁻¹ of sorbent.

For PCS, 500, and 650, the measured Ca(II) content was also con
verted to CaCO₃-equivalent content, because XRD and FTIR results 
indicated that the Ca-containing crystalline phases in these sorbents 
were mainly associated with calcium carbonate phases. The conversion 
was based on the acid dissolution reaction: 

CaCO3 +2H+→Ca2+ +CO2 +H2O 

Based on this calculation, the CaCO3-equivalent content of PCS was 
45.1 wt%, which is in good agreement with previously reported calcium 
carbonate contents for crawfish shells [40]. The CaCO3-equivalent 
content increased progressively after thermal treatment, reaching 
79.3 wt% for 500 and 85.7 wt% for 650. This enrichment can be 
attributed to the thermal degradation and carbonization of the protein 
and chitin matrix, which increased the relative proportion of Ca-bearing 
inorganic phases in the biochars. For the 800 ◦C biochar, the CaCO3-e
quivalent value was not calculated because XRD and FTIR confirmed the 
presence of mixed CaO and Ca(OH)2 phases, making it impossible to 
assign the acid-leachable Ca to a single Ca-containing phase. However, 
this sorbent released a noticeably higher Ca(II) amount of 512.2 mg g⁻¹

3.2. Nd(III) removal kinetics

The removal kinetics of Nd(III) were investigated for four different 
sorbents at various sorbent masses. While many studies vary the initial 
metal ion concentration, adjusting the sorbent mass at a fixed solution 
volume is more relevant for practical applications. In calcium carbonate- 
based systems, the sorbent mass governs Ca(II) release and carbonate 
availability, which directly influence supersaturation and the formation 
of Nd-containing solid phases. These processes also affect the solution 
pH; therefore, the pH was not externally controlled but allowed to 
evolve naturally, and was continuously monitored to better understand 
the underlying mechanisms. Upon contact with the sorbent, the solution 
pH was self-adjusted depending on the type and amount of sorbent 
added. Supplementary Figs. S2-S5. shows the pH as a function of time for 
the four different sorbents and applied sorbent mass. The pH profiles 
show that PCS, 500, and 650 sorbents maintained near-neutral condi
tions, with mean pH values ranging from 5.61 to 6.45 across all sorbent 
masses and contact times. This narrow range indicates only minor 
fluctuations without any systematic shift in pH during the removal 
process. In contrast, the biochar produced at 800 ◦C induced a strong 
and mass-dependent increase in pH, reaching highly alkaline conditions 
(pH > 12) at higher masses. This pronounced alkalinity originates from 
the presence of CaO and Ca(OH)2 phases in the 800 sample.

Fig. 3 shows the Nd(III) removal capacity (mg g⁻¹) as a function of 
time at a sorbent mass of 25 mg for PCS, 500, 650, and 800. The kinetic 
fitting results obtained at different sorbent masses are presented in 
Figs. S6-S8, and the corresponding kinetic parameters are summarized 
in Tables S1-S3. The PFO, PSO, and Elovich models were applied to 
identify the most suitable kinetic model for Nd(III) removal. During the 
first 4 h, PCS and the 500 sample exhibited comparable Nd(III) removal 
capacity. However, beyond 4 h, PCS showed faster removal kinetics, 
resulting in higher removal capacity over time. In contrast, 650 

exhibited a markedly slower removal response throughout the entire 
experimental period. The 800 showed immediate Nd(III) immobilization 
due to its strong alkalinity. At the lowest sorbent mass of 25 mg, the 
apparent removal capacity remained nearly constant over time, with a 
mean value of 1200.0 mg g⁻¹ . At higher sorbent masses, Nd(III) was 
completely removed from the solution within 30 min, and was no longer 
detected in the solution. Since the removal was controlled by chemical 
precipitation rather than sorption kinetics, kinetic model fitting was not 
performed for this sorbent.

For PCS, 500 and 650, the applied sorbent mass had a pronounced 
effect on removal behavior. Lower sorbent mass consistently exhibited 
higher apparent removal capacities, which decreased with increasing 
sorbent mass. After shaking for 72 h at 23 ◦C, PCS exhibited the highest 
Nd(III) removal capacity (574.8 mg g⁻¹), followed by the 500 sample 
(490.1 mg g⁻¹), whereas the 650 sample showed substantially lower 
performance (291.4 mg g⁻¹) at a sorbent mass of 25 mg.

Based on visual inspection of the fitting curves (Fig. S6-S8) and the 
R², χ², and mean absolute percentage error (MAPE) values (Tables S1- 
S3), the Elovich model provided a substantially better fit to the kinetic 
data compared with the PFO and PSO models. The Elovich model yiel
ded R² values of 0.942–0.992, χ² values of 2.62–31.18, and MAPE values 
of 1.34–5.42%. The model assumes that the activation energy for 
sorption increases with sorption time and that the surface of the sorbent 
is heterogeneous. Although the Elovich model is empirical and does not 
provide a strict physical interpretation of all parameters, it is widely 
used to describe chemisorption processes at the sorbate-sorbent inter
face [60].

In comparison, the PFO model showed poor fitting performance, 
with R² values ranging from 0.297 to 0.683, χ² values from 152.91 to 
616.88, and MAPE values from 13.16% to 18.56%. The calculated PFO 
qe values ranged from 226.3 to 479.5 mg g⁻¹ , while the k₁ values ranged 
from 0.284 to 2.288 h⁻¹ . The PSO model provided a moderate 
improvement over the PFO model, with R² values of 0.576–0.859, χ² 
values of 44.48–260.69, and MAPE values of 8.23–12.94%. The calcu
lated PSO qe values ranged from 239.5 to 520.0 mg g⁻¹ , and the k₂ 
values ranged from 0.0015 to 0.0055.

Although the PSO model improved the fitting quality compared with 
the PFO model, it remained less accurate than the Elovich model. The 
PFO model exhibited poor agreement with the experimental data, and 
no consistent improvement was observed with increasing pyrolysis 
temperature or sorbent mass. In contrast, the PSO model generally 
provided better fits than the PFO model, suggesting that the removal 
process was not governed by simple first-order concentration-dependent 
uptake. However, the better overall performance of the Elovich model 
indicates that Nd(III) removal was more likely controlled by 

Table 1 
Acid-leachable Ca content and calculated CaCO₃-equivalent content of the 
sorbents.

Sorbent Avg. Ca(II) 
released (mg 
g¡1)

SD 
(mg 
g¡1)

Avg. 
CaCO₃₃equivalent 
(mg g¡1)

Avg. CaCO₃₃- 
equivalent (wt 
%)

PCS 180.5 2.3 451 45.1
500 317.6 8.6 793 79.3
650 343.3 9.7 857 85.7
800 512.2 12.6 not calculated not calculated

Fig. 3. Nd(III) removal kinetics at a sorbent mass of 25 mg for different sor
bents at 23 ◦C. Elovich model fits are shown for PCS, 500, and 650. Error bars 
represent the standard deviation.
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heterogeneous, time-dependent surface reactions and coupled 
dissolution-precipitation processes rather than simple first- or second- 
order adsorption kinetics. The modelled results also indicate a contin
uous, monotonic increase in Nd(III) removal over time, without a clearly 
defined equilibrium plateau within the investigated time frame. This 
suggests that the removal process may proceed further with extended 
contact time.

Direct comparison with literature data is complicated by differences 
in experimental conditions. Nevertheless, the highest Nd(III) removal 
capacity among the carbonate-rich sorbents, including PCS, 500 and 650 
sorbent types, was 574.8 mg g⁻¹ for PCS. This value exceeds most re
ported values, including those for high-performance sorbents such as 
carboxylic acid-functionalized porous aromatic frameworks 
(288.4 mg g⁻¹) [61], magnetic nano-hydroxyapatite (300 mg g⁻¹) [62], 
and phosphorus-functionalized nanoporous carbon (335.5 mg g⁻¹) [63]. 
The 800 reached a higher apparent removal capacity with an average of 
1200.0 mg g⁻¹ , but this value is discussed separately because Nd(III) 
removal was dominated by rapid alkaline precipitation rather than 
sorption.

3.3. Ca(II) release and its relationship with Nd(III) immobilization

A previous study investigating the role of CaCO3 in crab shell re
ported that CaCO3 was mainly responsible for the biosorption of Ce(III) 
and Eu(III), compared with protein and chitin [12]. To clarify the role of 
Ca-bearing phases in Nd(III) immobilization, the dissolved Ca(II) con
centration was measured together with the Nd(III) concentration during 
the kinetic experiments. Fig. 4 shows the Ca(II) release profiles obtained 
at a sorbent mass of 25 mg during the Nd(III) removal experiments.

The corresponding Ca(II) release profiles for higher sorbent masses, 
including 50, 75, and 100 mg, are provided in Figs. S9-S11. The extent of 
Ca(II) release depended strongly on the sorbent type and sorbent mass. 
This behavior is closely related to the mineralogical composition of the 
sorbents, since calcium carbonate phases, including amorphous calcium 
carbonate, vaterite, and calcite, have markedly different solubilities [31, 
64].

The 800 sorbent showed a rapid Ca(II) release, which remained 
nearly constant during the sorption kinetics. This rapid release can be 
attributed to the presence of highly soluble CaO and Ca(OH)2 phases, 
and it also correlates with the rapid immobilization of Nd(III). In 
contrast, the calcium-carbonate-rich sorbents showed a monotonic in
crease in Ca(II) release with contact time. PCS exhibited the highest Ca 
(II) release, followed by the 500 sorbent, which showed slightly lower 
Ca(II) release, whereas the 650 sorbent exhibited a substantially lower 
rate.

The highest Ca(II) release from PCS can be partly attributed to the 
presence of the more soluble amorphous calcium carbonate and vaterite 
phases, as confirmed by XRD and FTIR analysis. The vaterite phase was 
also detected in the 500 sorbent, but it was not found in the 650 sorbent. 
The significant contribution of vaterite to enhanced metal removal, 
attributed to chemisorption on porous calcite and vaterite particles, was 
also reported by Sasamoto et al. [65]

Fig. 5 shows the fraction of total Ca released into the solution over 
the entire sorption period using a sorbent mass of 25 mg, expressed as a 
percentage of the total Ca content of each sorbent determined by acid 
leaching (Table 1). This fraction was calculated using Equation (4).

After 72 h of the sorption experiment, 800 showed the highest 
fraction of total Ca released, reaching 98.9%, followed by PCS at 86.7% 
and 500 at 48.4%. The 650 sorbent showed the lowest fraction value, 
with only 25.7% of its total Ca released. Although PCS had the lowest 
CaCO3-equivalent content among the carbonate-rich sorbents, it 
released a substantially higher fraction of its total Ca content as Ca(II) 
compared with the 500 and 650 sorbents. This suggests that, for the 
calcium carbonate-rich sorbents, a higher CaCO3-equivalent content did 
not necessarily result in a higher fraction of Ca released into solution. 
These results further support that the solubility and accessibility of the 
Ca-bearing phases play a pivotal role in controlling Ca(II) release and, 
consequently, the immobilization of Nd(III).

Fig. 6 shows the relationship between Ca(II) release and Nd(III) 
removal capacity using the full dataset for the carbonate-rich sorbents 
PCS, 500, and 650. The relationship was evaluated to determine 
whether Ca-bearing phase dissolution was directly linked to Nd(III) 
immobilization. The sorbent mass-separated plots are provided in 
Fig. S12 alongside corresponding regression parameters summarized in 
Table S4.

The consistently high R² values (R² = 0.89–0.98) obtained for the 
different sorbent types and sorbent masses show a strong relationship 
between Ca(II) release and Nd(III) immobilization. Even when all data 
for the PCS, 500 and 650 sorbents are plotted in Fig. 6, the R2 value is 
0.96 with a narrow confidence interval. In addition, only a few outlier 
data points can be observed outside the prediction band. This suggests 
that Ca-containing phases are mainly responsible for the Nd(III) 
immobilization.

The solid products formed during this process are further examined 
by XRD, FTIR, and SEM-EDS in the following sections.

3.4. XRD analysis of post-sorption solids

After the 72-hour sorption experiment, the residual solids were 
filtered, dried, and subsequently characterized by XRD, FTIR, and SEM- 
EDS to determine the removal mechanisms and the formed neodymium 

Fig. 4. Time-dependent Ca(II) release from PCS, 500, 650, and 800 sorbents 
during the Nd(III) sorption experiment using a sorbent mass of 25 mg. Values 
represent mean ± standard deviation (n = 3).

Fig. 5. Fraction of total Ca released as Ca(II) from PCS, 500, 650, and 800 
sorbents during the Nd(III) sorption experiment using a sorbent mass of 25 mg.
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phases. Fig. 7 shows the XRD patterns of the four sorbents after the 
sorption experiments at a sorbent mass of 25 mg. Additional diffraction 
patterns obtained at different sorbent masses are provided in 
Supplementary Figs. S13-S16.

In general, the applied sorbent mass did not affect the crystalline 
phases formed, regardless of sorbent type. However, all sorbents showed 
clear changes in their XRD patterns after the sorption experiment.

For the 800 sorbent, the presence of CaO and Ca(OH)2 increased the 
solution alkalinity, leading to the formation of neodymium hydroxide. 
The characteristic reflections matched hexagonal neodymium hydroxide 
(Nd(OH)3) (JCPDS card No. 70–0214). [66] The CaO and Ca(OH)2 
phases were likely consumed through reaction with the aqueous solu
tion. At sorbent masses of 50, 75, and 100 mg, new calcite reflections 
emerged at 2θ= 29.4◦, as shown in Supplementary Figs. S16c-e. The 
emergence of calcite reflections can be attributed to the partial 
carbonation of CaO and Ca(OH)2 phases, as well as the presence of 
carbonate species in the system, as confirmed by FTIR analysis. Limited 
CO2 uptake from brief exposure to the atmosphere may have further 
contributed to calcite formation, as increased CO2 partial pressure is 
known to accelerate carbonation [67,68]. Although Nd(III) removal was 
highly effective, the formation of calcite as a secondary phase is unde
sirable because it indicates that part of the reactive lime and portlandite 

was consumed by carbonation rather than exclusively contributing to 
Nd(III) precipitation. In addition, this phase is detrimental to the purity 
of the Nd precipitate system. Nevertheless, the almost complete disap
pearance of lime and portlandite demonstrates that these phases acted as 
transient alkalinity sources, driving rapid Nd(III) precipitation pre
dominantly as Nd(OH)3.

The XRD patterns obtained after the sorption experiments for both 
500 and 650 are in good agreement with literature-reported reflections 
of neodymium hydroxycarbonate (JCPDS card No. 70–2054) [69]. 
Notably, the vaterite phase originally present in the 500 ◦C sample 
disappeared completely, indicating its complete dissolution during Nd 
(III) removal. In contrast, reflections corresponding to calcite were still 
observed at both 500 and 650, suggesting that the calcite phase was not 
completely consumed. A similar calcite dissolution-precipitation 
pathway was reported for hen eggshell subjected to hydrothermal 
treatment by Rateau et al. [10] However, unlike in hen eggshell-based 
systems, calcium carbonate dissolution in the present system occurred 
at ambient temperature and did not require hydrothermal treatment.

The X-ray diffraction pattern of PCS after the sorption experiment 
shows noticeable changes in the peak intensities of both calcite and 
vaterite. With decreasing sorbent mass, the intensities of the calcium 
carbonate phases decrease gradually, indicating partial dissolution 
(Fig. S13). In addition, the characteristic chitin-related peak at 19◦ (2θ) 
is also reduced. In contrast to the biochar samples, no crystalline 
neodymium-containing phase is observed for the PCS after Nd(III) 
exposure. Similar behavior has been reported in previous studies, where 
dissolved organic ligands inhibited metal-ion crystallization in aqueous 
environments, leading to the stabilization of poorly crystalline or 
amorphous phases [70–72]. The absence of Nd-related crystalline pha
ses in the XRD pattern, together with the partial dissolution of calcium 
carbonate phases, suggests that Nd(III) may be associated with poorly 
crystalline or amorphous phases due to the effect of chitin in pristine 
crawfish shell.

3.5. FTIR analysis of post-sorption solids

Fig. 8 shows the FTIR spectra of the four sorbents after the sorption 
experiments at a sorbent mass of 25 mg. FTIR spectra obtained at 
different sorbent masses are presented in Supplementary Fig. S17-S20. 
In general, varying the sorbent mass did not affect the FTIR spectra of 
PCS, 500, and 650. However, changes in band intensities and positions 
were observed for 800. As shown in Fig. 8d and Fig. S20, the slight shift 
and reduction in intensity of the O-H band from 3643 to 
3609 cm⁻¹ suggests modification of the Ca-OH environment during 

Fig. 6. Correlation between Ca(II) release and Nd(III) removal capacity for 
PCS, 500, and 650 sorbents using the full dataset obtained with 25, 50, 75, and 
100 mg sorbent masses. The solid line represents the linear regression fit, while 
the shaded area indicates the 95% confidence interval and prediction band.

Fig. 7. X-ray diffraction patterns of the different sorbents after 72 h of sorption 
using a sorbent mass of 25 mg.

Fig. 8. FTIR spectra of the different sorbents after 72 h of sorption using a 
sorbent mass of 25 mg.
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carbonation rather than the persistence of crystalline Ca(OH)₂. Before 
sorption, a band at 874 cm⁻¹ was observed, however, it was not detected 
after sorption at 25 mg. As the sorbent mass increased to 50 mg and 
above, this band became more pronounced. Additionally, no band was 
observed around 700 cm⁻¹ before sorption, whereas after sorption, a 
small band appeared, indicating the formation of a newly precipitated 
calcite phase in the 800 sample.

Carbonate vibrations dominate the FTIR spectra of 500 and 650 after 
reaction, with characteristic bands at 1407, 1044, and 874 cm⁻¹ . The 
dominant ν4 band at 713 cm⁻¹ indicates a strong calcite contribution, 
which may overlap with and obscure bands reported for pure neodym
ium hydroxycarbonate in the literature [73,74]. In agreement with the 
XRD results, which show the absence of vaterite-related peaks, the 
vaterite-associated bending band at 744 cm⁻¹ was not detected in the 
500 sample.

The FTIR spectrum of PCS reveals shifts of the calcite ν4 bands from 
700 cm⁻¹ to 689 cm⁻¹ and the peak corresponding to the ν3 asymmetric 
stretching vibration of the carbonate group from 1400 cm⁻¹ to 
1380 cm⁻¹ . The carbonyl-related bands of PCS at 1747 and 1644 cm⁻¹ , 
assigned to amide I vibrations, show a noticeable reduction after the 
kinetic test, indicating that these functional groups may play an active 
role in Nd(III) immobilization or amorphous neodymium-containing 
carbonate formation on the sorbent surface. In addition, the band at 
874 cm⁻¹ , assigned to the ν2 carbonate vibration, was markedly 
reduced, and a new band emerged at 841 cm⁻¹ , consistent with the 
carbonate vibration of amorphous dysprosium carbonate reported by 
Vallina et al. [75]

3.6. Surface morphology and chemical composition of the sorbents

Representative SEM images of the sorbents before and after Nd(III) 
sorption are presented in Fig. 9, while the corresponding EDS analyses 
before and after sorption are shown in Supplementary Figs. S21 and S22, 
respectively. In Fig. 9, panels a-d correspond to PCS, 500, 650, and 800, 
while labels 1 and 2 indicate the samples before and after sorption, 
respectively. This section therefore discusses the morphological changes 
together with the elemental composition of each sorbent.

The PCS sorbent before exposure to the neodymium solution exhibits 
a dense and relatively smooth morphology with a high calcium content 
(18 wt%), confirming the dominance of Ca-containing phases. After 
sorption, the surface becomes rougher and is covered by a continuous 
secondary precipitate layer. EDS analysis reveals a significant incorpo
ration of Nd (28.2 wt%) along with a drastic reduction in Ca (1.0 wt%), 
indicating extensive dissolution of Ca-containing phases followed by the 
formation of Nd-containing phases.

In the case of the 500, the initial morphology shows a heterogeneous 
structure with moderate Ca content (21.8 wt%). After sorption, the 
surface is decorated with fine granular and plate-like precipitates. EDS 
analysis confirms the presence of Nd (23.9 wt%) alongside residual Ca 
(1 wt%), indicating partial dissolution of Ca-containing phases and 
subsequent precipitation of Nd-containing compounds.

For the 650, the initial sorbent exhibits a morphology and elemental 
composition similar to the 500 sample. After sorption, the original sur
face becomes partially covered with plate-like precipitates. However, 
EDS analysis shows lower Nd incorporation (7.7 wt%) and higher re
sidual Ca (4.4 wt%) compared with PCS and the 500 sample, suggesting 
a reduced extent of dissolution of Ca-containing phases and subsequent 
precipitation.

In contrast, the 800 demonstrates a fundamentally different 
behavior. The initial sorbent exhibits a less dense, convoluted porous- 
like structure, reflecting extensive thermal decomposition of carbonate 
phases. After sorption, relatively large particles with approximately 
spherical morphology are observed, accompanied by high Nd content 
(30.1 wt%) and negligible residual Ca. Unlike the other sorbents, a 
pronounced accumulation of Cl is observed, suggesting the formation of 
chloride-containing Nd phases or the incorporation of chloride ions 

during precipitation under highly alkaline conditions. The chlorine may 
originate from the NdCl₃ salt used to prepare the initial Nd(III) solution.

The SEM-EDS results agree well with the sorption behavior and the 
post-sorption XRD patterns. Higher surface Nd contents were associated 
with higher Nd(III) removal capacities, whereas the lower Nd content on 
the 650 sample corresponded to its lower sorption performance. The 
observed surface precipitates and the crystalline Nd-containing phases 
detected by XRD further support a removal mechanism based on Ca- 
phase dissolution followed by Nd-containing phase precipitation.

3.7. Proposed Nd(III) immobilization pathway

As demonstrated by the material characterization results, the four 
sorbents exhibit distinct removal behaviors governed by their mineral
ogical composition. In this context, PCS and the 500 and 650 sorbents 
should be regarded as reactive carbonate-based sacrificial precursors 
rather than conventional adsorbents. Increasing the pyrolysis tempera
ture reduces surface heterogeneity and induces significant trans
formations of calcium carbonate phases. Importantly, these carbonate 
polymorphs including amorphous calcium carbonate, vaterite, and 
calcite possess markedly different solubility constants [76,77], which 
can influence the extent of Ca(II) and CO₃²⁻ release into solution.

The XRD results support a carbonate-mediated immobilization 
pathway for the 500 and 650 sorbents. Neodymium hydroxycarbonate 
(NdOHCO3) phases were detected after the removal experiments, while 
the vaterite-related reflections disappeared or were strongly reduced. 
This indicates preferential dissolution of the more soluble carbonate 
phase and subsequent formation of Nd-containing precipitates. The FTIR 
results further support this interpretation, as carbonate vibrations 
dominated the spectra after reaction and the vaterite-associated band 
disappeared in the 500 sorbent.

For PCS, no crystalline Nd-bearing phase was detected by XRD after 
reaction. However, this does not indicate the absence of Nd-containing 
products. The FTIR spectrum of PCS showed shifts in carbonate- 
related bands, a marked reduction of the 874 cm⁻¹ carbonate band, 
and the appearance of a new band at 841 cm⁻¹ , which is consistent with 
amorphous neodymium carbonate reported in the literature. The 
decrease of the carbonyl-related bands at 1747 and 1644 cm⁻¹ further 
suggests that chitin-derived functional groups may have contributed to 
Nd(III) immobilization or to the stabilization of amorphous Nd-bearing 
carbonate phases. SEM-EDS also supports this interpretation, showing a 
secondary precipitate layer, high Nd incorporation, and a strong 
decrease in Ca after reaction. Thus, the lack of crystalline Nd-bearing 
reflections in the XRD pattern of PCS is most likely related to poor 
crystallinity or amorphous product formation rather than the absence of 
precipitation.

The 800 sorbent followed a different pathway. XRD and FTIR 
confirmed the presence of highly alkaline CaO and Ca(OH)2 phases in 
this sorbent material. These phases rapidly increased the solution pH 
and promoted immediate Nd(III) precipitation as Nd(OH)3. This 
behavior is consistent with the much larger solubility product of Ca 
(OH)2 compared with Nd(OH)3 (Ksp ≈ 5–8 × 10− 6 and 3.2 × 10− 22, 
respectively), indicating that Ca(OH)2 can dissolve readily while Nd(III) 
precipitates as Nd(OH)3 under alkaline conditions. [78–80]

As Nd(III) precipitates, OH⁻ is consumed, which can shift Ca(OH)2 
dissolution forward and increase the dissolved Ca(II) concentration. 
After the rapid precipitation stage, the Ca(II) concentration becomes 
nearly constant, indicating that the system reached a quasi-steady state 
controlled by the remaining alkaline Ca-bearing phases. Therefore, the 
800 sorbent should be interpreted as a chemically precipitating alkaline 
material rather than as a conventional sorbent or carbonate-based 
sacrificial precursor.

4. Conclusion

This study demonstrated that crawfish shell-derived calcium-rich 
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Fig. 9. SEM images of PCS (a), 500 (b), 650 (c), and 800 (d) before (left column) and after the sorption experiment (right column), showing surface morpholog
ical changes.
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biosorbents can effectively immobilize Nd(III), with performance 
strongly dependent on sorbent type and sorbent mass. Under the tested 
conditions, 800 exhibited the highest apparent Nd(III) removal capacity 
due to instantaneous alkaline precipitation. Among the dissolution- 
precipitation systems, pristine crawfish shells showed the highest 
removal capacity, followed by biochars produced at 500 and 650 ◦C.

The Elovich model provided the best fit to the Nd(III) removal kinetic 
data, consistent with the heterogeneous nature of the sorbent surfaces 
and the complexity of the removal process. The strong correlation be
tween Ca(II) release and Nd(III) removal capacity, together with the 
XRD, FTIR, and SEM-EDS results, indicates that Nd(III) immobilization 
was primarily governed by a dissolution-precipitation mechanism, with 
conventional surface adsorption likely playing a secondary role. Pristine 
crawfish shell likely promoted the formation of an amorphous Nd- 
containing carbonate phase, whereas the 500 and 650 ◦C biochars 
produced crystalline neodymium hydroxycarbonate. Under highly 
alkaline conditions, 800 ◦C biochar formed Nd(OH)3.

A novel finding of this study is that dissolution of biogenic calcium 
carbonate phases and subsequent Nd(III) immobilization occurred at 
ambient temperature, without the need for thermal treatment. Overall, 
the process was controlled by the solubility, reactivity, and phase 
composition of the calcium-bearing substrate. However, the heteroge
neous composition of the resulting solids, particularly for pristine 
crawfish shell, may limit the direct formation of high-purity rare earth 
products. Future work should therefore focus on post-treatment strate
gies, such as controlled thermal oxidation and selective separation, as 
well as selectivity tests in multi-element REE-bearing solutions, to assess 
the feasibility of this approach for practical rare earth recovery and 
separation.
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