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ARTICLE INFO ABSTRACT

Keywords: The increasing demand for rare-earth elements (REEs), particularly lanthanides, in industrial, energy, medical,
Dioptase and strategic defense applications has resulted in growing pollution and waste generation worldwide. Gado-
G_a_d‘)hni“m linium represents a particularly relevant case study since it is widely used in various industrial and medical field,
1511_111_‘;\;’1;:1{ Relaxometry as the case of Gd**-based contrast agents for magnetic resonance imaging (MRI), where after MRI scans, GBCAs
Lanthanides are excreted through patients’ urine, leading to accumulation in rivers, lakes, and seas, with consequent envi-

Magnetic resonance imaging ronmental concerns and economic loss. Here we propose a rapid and straightforward approach, using dioptase, a

Rare Earth elements natural copper cyclosilicate mineral, for the recovery and the recycling of REEs. A combined analytical approach
based on 'H-NMR-relaxometry and ICP-MS was employed to investigate the adsorption and desorption behavior
of dioptase toward La*, Gd* and Lu®, structural integrity of the sorbent was confirmed by XRD, and
morphological and spectroscopic properties were characterized using SEM and UV-Visible spectroscopy. Diop-
tase exhibits a high adsorption capacity for REEs from synthetic aqueous solutions containing free lanthanide
ions, achieving 99.6% removal of Gd** within 7 hours, with adsorption kinetics best described by a parabolic
diffusion model (Kgq 641.3 mL g'l). Competition experiments revealed a preferential affinity for Lu** over Gd**
and La*, likely driven by differences in ionic size and charge density. Desorption experiments under acidic
conditions showed efficient metal release, highlighting the reusability of the material. Overall, dioptase emerges
as a promising natural sorbent for the recovery of free lanthanide ions from aqueous solutions, thereby
contributing to hazardous metal immobilization and circular economy strategies.

Introduction

Synospis
Rare earth elements (REEs) are a fundamental class of chemical el-
This study identifies natural dioptase as an efficient material for ements in the Periodic Table, comprising the 15 lanthanides together
recovering rare-earth elements from aqueous media reducing with scandium and yttrium, which possess unique magnetic, optical and
environmental pollution and associated human health risks. catalytic properties that are considered useful for modern industries and
applications in the field of energy storage and rechargeable batteries,
strategic military equipment, electronics, high-tech, permanent mag-
nets, and medical imaging (Fig. 1) (Zepf, 2016, Zhang et al., 2022)
The widespread implementation of clean energy technologies is
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driving a substantial increase in the demand for critical minerals and
REEs, and as countries intensify their efforts in energy transition, de-
mand for these minerals is also expected to rise significantly. The
presence of these metals in specific regions of the world has a strong
impact on global strategic discussions, and as industrial activities con-
tinues to rise, this poses also significant risks to ecosystems and human
health, as in the case of Gd®*-based contrast agents or GBCAs (Scarciglia
et al., 2025).

More broadly, the removal of hazardous contaminants from envi-
ronmental matrices remains one of the major challenges in environ-
mental science. Although considerable research has focused on the
remediation of organic pollutants, such as polycyclic aromatic hydro-
carbons (PAHs), the fundamental criteria used to evaluate remediation
strategies, including efficiency, sustainability, and cost-effectiveness,
are equally relevant to the recovery and immobilization of hazardous
metals (Hadibarata et al., 2025). In this sense the need for more
eco-friendly extraction and better mineral recovery capabilities can
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promote the development of more sustainable practices that minimize
waste and energy consumption, addressing a major economic and
environmental challenge (Fei and Hu, 2023, Xu et al., 2024, Mugion
et al., 2025). Anthropogenic accumulation of Gd* chelates has been
reported in the environment and water sources, in the proximity of in-
dustrial, waste-management and healthcare facilities that produce,
process, or use GBCA, e.g. for MRI acquisitions (Dekker et al., 2024,
Briinjes and Hofmann, 2020, Kulaksiz and Bau, 2011, Kumasaka et al.,
2024). Several studies have demonstrated the impact of the biological
accumulation of such metals, which have no specific biological function
and are often associated with the onset of disorders in animal species
(Goff et al., 2019, Martino et al., 2018, Figueiredo et al., 2021) or
accumulation and retention in organs with unknown possible effects
such as nephrogenic systemic fibrosis (NSF, (Elmholdt et al., 2011)).
Annually more than 100 million of MRI scans are conducted, with an
estimated fractions of scans between 30% to 45% that involves the
administration of GBCAs. (Scarciglia et al., 2025) Averaging a dose of
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Gd>* per scan of 0.8g to 1.5g, a total amount of gadolinium excreted and
released in wastewater could be estimated in 35 to 55 tonnes. However,
in the specific case study discussed here, solutions to be treated will be
enriched in GBCAs, for this reason a double approach could be consid-
ered, as from one side complexes could be captured as shown by Wije-
singhe, S. et al (Wijesinghe et al., 2026), an alternative decomplexation
pretreatment step could be conducted before the sorption process, to
obtain free Gd>' ions. While linear GBCAs such as Gd-BOPTA are sus-
ceptible to UV photolysis, macrocyclic GBCAs like Gd-DOTA exhibit
significantly higher kinetic stability (Birka et al., 2016). Advanced
oxidation processes (AOPs) employing hydroxyl radicals (¢OH) have
shown promise for weakening both linear and macrocyclic GBCAs (Cyris
et al., 2013). Cyris et al. demonstrated that eOH radicals, generated
through 0Os/H202 or Os/UV systems, react with GBCAs at
near-diffusion-controlled rates (k ~ 10° M's™'). The oxidative attack
fragments the organic chelating ligands, producing less stable
Gd-complexes that can more readily dissociate under mildly acidic
conditions. Indeed, recent studies have demonstrated that even un-
treated macrocyclic GBCAs can be degraded under sufficiently acidic
conditions. Gd-DOTA, for example, showed dissociation half-lives of
approximately 14 days at pH 1 and 25°C, with up to 29% degradation
observed after 5 weeks at pH 2 (Guerreiro and Brito, 2023, Idée et al.,
2009). Even if such an integrated approach falls outside the scope of
the present study, a combined approach involving AOP pretreatment
followed by acidification would facilitate the release of free Gd* ions
suitable for subsequent recovery by sorbents, and must be considered for
future research.

The approach presented herein introduces natural minerals as ad-
sorbents for the selective capture of REEs from aqueous solutions
through a simple solid-liquid extraction (SLE) strategy (Elgoud et al.,
2022). Their natural availability and minimal processing requirements
may offer advantages over more complex engineered sorbents. Several
materials are investigated in the field of metal recovery and decon-
tamination, such as synthetic adsorbents (Martinez-Montoya et al.,
2024, Marchesi et al., 2020, Gupta et al., 2021), commercial activated
carbon (Mariana et al., 2021, Michatek et al., 2025, Qiu et al., 2022)
synthetic zeolites and layered materials (Mosai et al., 2019, Hong et al.,
2019, Zhang et al., 2025), engineered sponges (Zhang et al., 2025,
Morton et al., 2025) and membranes (Abdullah et al., 2019, Edward
et al., 2024), which, although effective in removing contaminants,
require more sophisticated techniques and higher processing costs
(Awual et al., 2023, Waliullah et al., 2023). The dioptase cyclosilicate
(CueSig01g), consisting of interconnected SigOg rings (Reddy et al.,
1986), is commonly recognized as a pigment, but the powder gener-
ated by the ball mill process could be considered for further applications,
such as those in the environmental protection field. We started our
investigation with a structural, morphological and spectroscopic anal-
ysis of the cyclosilicate, then we studied its ability to capture lanthanides
metals as gadolinium (Gd>"), lanthanum (La®") and lutetium (Lu®")
from aqueous solutions, under different experimental conditions,
focusing on the adsorption mechanism and kinetics.

An intermediate concentration of 0.1 mM was selected to investigate
the adsorption mechanism, kinetics, and regeneration of the sorbent
under well-controlled laboratory conditions. This concentration does
not aim to reproduce a specific environmental or clinical scenario but
provides a practical model system for mechanistic investigations. The
applicability of the proposed approach to real GBCA-containing waste-
water will require a preliminary decomplexation step and validation in
real matrices. This proof-of-concept approach establishes the experi-
mental basis for future validation under more complex and realistic
wastewater conditions.

The capture process of paramagnetic Gd>* was monitored by 'H-
NMR relaxometry (Marchesi et al., 2022, Werner et al., 2022), and the
quantitative data were confirmed by inductively coupled plasma mass
spectrometry (ICP-MS). The use of low resolution 'H-NMR relaxometry
makes possible to monitor the relaxation times (T1 and T2) of water
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protons in solution. Since lanthanides are paramagnetic relaxation
agents, they shorten water proton relaxation times, so their depletion
from solution causes measurable relaxation time lengthening that
directly correlates with adsorption extent (Ancora et al., 2024, Gossuin
and Vuong, 2018). This approach is useful as it also enables real-time,
non-invasive tracking, of the adsorption kinetics for single or multiple
lanthanides simultaneously, in a single experiment, revealing differ-
ences in their binding mechanisms and affinities toward the cyclosilicate
without requiring sample separation or destruction. Finally, desorption
tests were carried out for metal recovery and possible regeneration of
the sorbent material. To the best of our knowledge, this study represents
the first systematic investigation of this natural cyclosilicate for metal
removal applications, with a promising balance between performance,
sustainability, and economic viability.

Materials and methods

Dioptase (CusSieO1s-6H20) was purchased from Kremer Pigmente
(Germany). Gadolinium(IIl) chloride (GdCls), lanthanum(III) chloride
(LaCls), lutetium(II) chloride (LuCls), sodium chloride (NaCl), boric
acid (HsBOs3), hydrofluoric acid (HF), hydrochloric acid (HCl), nitric acid
(HNO:s), and barium sulfate (BaSO4) were obtained from Sigma-Aldrich/
Merck and used without further purification. Gadoteridol (Gd-HPDO3A,
ProHance; Bracco Imaging) was used as reference compound. All solu-
tions were prepared with ultrapure water and filtered through 0.2 pm
syringe filters. pH was adjusted and monitored using standard buffer
calibration.

Characterization methods

Phase composition was evaluated by powder X-ray diffraction
(XRPD, Bruker D8 Advance Powder Diffractometer). Morphology was
examined by field-emission scanning electron microscopy (GeminiSEM
360 Zeiss equipped with Schottky-type field emission electron gun) after
conductive coating (Sputter-Coater EMITECH K575). Optical properties
were assessed by diffuse reflectance UV-Vis spectroscopy using BaSOa-
diluted samples (Perkin Elmer Lambda 900 Spectrophotometer).
Mineralogical changes after adsorption were verified by comparing pre-
and post-treatment samples.

Adsorption procedure

Adsorption experiments were performed in batch mode using poly-
propylene tubes under continuous orbital agitation to ensure suspension
of dioptase particles at a fixed sorbent-to-metal mass ratio. Aqueous
solutions of GdCls, LaCls, and LuCls (0.1 mM) were prepared at pH 5.5 to
prevent metal hydrolysis. In the all experiments, at fixed time intervals
(24 hours, considered as the end of each cycle), the solution was
recovered, filtered and replaced with the same volume of an untreated
solution, while the treated ones were processed for 'H-NMR and/or ICP
quantification, and subsequently stored at 4°C. All experiments were
conducted in at least duplicate. Additional tests were performed at pH
2.0 to evaluate stability under acidic conditions. Competitive adsorption
experiments were carried out by exposing pre-loaded dioptase to single-
and mixed-metal solutions (Na*, La®*, Lu*). After each cycle, washing
steps were applied to remove unbound ions prior to further exposure.

Quantification of Gd**concentration

Residual Gd** concentration in solution was determined by 'H NMR
relaxometry and validated by ICP-MS. Samples were acidified (HCIL
37%) prior to analysis to ensure complete dissolution of any residual
species. R; of each solution was measured at 21 MHz and 298 K, using a
Stelar SpinMaster Relaxometer (Mede, Pavia, Italy). The paramagnetic
metal concentration was calculated by applying the following equation
(Eq. 1):
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Ry — R4

Eq. 1
- (Eq. 1)

(Gd*]

where R; is the 'H longitudinal relaxation rate, Rq is the longitudinal
relaxation rate observed for the blank and, finally, ry;, is the relaxivity of
the paramagnetic solution.

Mass-weighted distribution coefficient

The adsorption efficiency was expressed as the mass-weighted dis-
tribution coefficient (K4, mL g'l) (Eq. 2):

C; —C
Kd = ((7&) y (Z)
Cf m
where C; (mM) is the initial concentration of the metal, Cf (mM) is the

concentration of the metal after equilibrium has been reached, V (mL) is
the solution volume, and m (g) is the sorbent mass.

(Eq. 2)

Mathematical modelling of Gd**

capture kinetics

Adsorption kinetics were evaluated using standard kinetic models
including zero-order, first-order, Bhaskar, parabolic diffusion, and
modified Freundlich models applied to experimental 'H NMR relaxo-
metric data. A complete description and physical meaning of each of
these models are detailed in the study of Zhang et al. (Zhang et al.,
2009). The best fit was obtained using a diffusion-controlled parabolic
model indicated as Eq. 3:

M
1- MT = —kt*+m (Eq. 3)
where My and M; are the concentrations (mM) of paramagnetic ion at the
beginning of the tests and at various contact times ¢, k is the kinetic
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Acid mineralization procedure of dioptase powders and metal solutions for
metal quantification

For total metal quantification, dioptase samples were digested using
HF and aqua regia under microwave-assisted conditions. Liquid samples
were acidified and prepared for analysis by freeze-drying and redis-
solution in nitric acid when required. Metal concentrations (Gd, La, Lu,
Cu) were determined by ICP-MS and ICP-OES using external calibration
with certified standards (Thermo Scientific ELEMENT 2 ICP-MS-
Finnigan and Perkin Elmer, Norwalk, CT, USA, ICP-OES).

Experimental setting for uptake tests

In detail aqueous specimens containing 0.1 mM of Gd>" at mildly
acidic (pH 5.5) (Step 1, Scheme 1), were mixed with dioptase powder in
specific stoichiometric ratios in plastic test tubes (Step 2, Scheme 1),
under gentle agitation for 24 h in an orbital shaker (Step 3, Scheme 1),
the filtered solutions were then analyzed for metal quantification (Step
4a,b, Scheme 1). The dioptase powder was then re-used for subsequent
uptake cycles (Step 5, Scheme 1). Finally, the amount of Gd** removed
by was measured (Step 6, Scheme 1).

Software and tools

Data processing and visualization were performed using OriginPro.
Mineral phase identification was carried out using DIFFRAC.EVA.
Structural visualization was performed using VESTA. Fig.s were pre-
pared using BioRender.

Results

Structural and morphological analysis of dioptase

constant of the uptake process and m is a constant. Dioptase, a natural hydrated copper cyclosilicate mineral
I
= Step 4a 'H Relaxation
— [ ] mcasurements
Wastewater — z T’ PN | Jil\
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Scheme 1. Experimental set-up considered for testing metal removal from aqueous solution by using dioptase powder.
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(CueSig018-6H20), was investigated as a potential sorbent for lanthanide
ions in aqueous solutions. Its unique crystal structure, characterized by
isolated hexagonal rings of silica tetrahedra (SigO1g) (Kumasaka et al.,
2024-, interconnected by Cu®" ions, and channels that can facilitate
the ion exchange process, along with its surface composition rich in
hydroxyl groups, makes it a promising candidate for selective adsorption
processes (Fig. 2A). The structure analysis of dioptase was carried out by
X-ray powder diffraction technique (PXRD) before and after the uptake
tests, as a result the stability under ion-exchange conditions indicated
that adsorption does not induce bulk framework collapse, which is
critical for long-term recyclability (Fig. 2B). Before uptake tests the
profile shows the crystallographic reflections typical of the dioptase
structure, in accordance with the X-ray patterns reported in the PDF-2
2004 card no. 033-0487 (Fig. S1) of the hydrated copper silicate and
ICDD card no. 33-487 (Law et al.,, 2010, Mindat, 2026). The X-ray
diffraction profile suggests the presence of the typical
trigonal-rhombohedral crystal structure (space group R) of the dioptase
mineral (Colombo et al., 2012, A refinement of the structure of
dioptase). X-ray diffractograms of dioptase after saturation test with
Gd>" ions, after subsequent cation-exchange with La>* ions and after
regeneration in acidic conditions (pH 2 and 6) are also reported in
Fig. 2B. The overall structural features of dioptase are well preserved
after each test, with no significant modifications in the position and/or
intensity ratio of the signals, thus indicating a high chemical stability of
the inorganic architecture without alteration of the crystal structure.
The morphological analysis of the dioptase was carried out by using field
emission scanning electron microscopy (FE-SEM), and the results are
shown in Fig. 2C and Fig. S1. FE-SEM micrographs of dioptase reveal a
prismatic-like morphology with an irregular spatial organization of
particles, with a surface characterized by microfractures and roughness.
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Dioptase, despite its trigonal-rhombohedral crystal system, very
frequently grows as elongated six-sided prismatic crystals. These prisms
often terminate with the characteristic three faces of a rhombohedron
(or, sometimes, scalenohedral faces): thus, while the underlying sym-
metry is 3-fold rotational, the crystal growth often favors elongation
along that unique 3-fold axis, resulting in a prismatic habit (Colombo
et al., 2012). At low magnification (Fig. S1A), the cyclosilicate ap-
pears as an aggregate of fragmented crystals with sharp edges. At higher
magnifications (Fig. 2C and S1), elongated prismatic crystals can be
observed, deposited mainly on the surface of the aggregated particles,
with crystal surfaces showing a degree of granularity and irregularity,
with jagged edges indicative of either imperfect euhedral growth or
post-crystallization breakage.

Diffuse reflectance (DR) UV-Visible spectrum of dioptase shows the
presence of two high-energy bands located at 262 and 305 nm, and a
broad band centered at ca. 760 nm (Fig. 2D). The first two signals can be
attributed to ligand-to-metal charge-transfer (LMCT) electron transi-
tions from oxygen groups in SiOZ" units to the structural Cu®" ions, while
the broad band at low energy can be assigned to d-d electronic transi-
tions of the Cu®* ion in distorted octahedral geometry. As shown in the
graphical representation of the structure of dioptase of Fig. 2A, each
cu®* ion is bonded to four distinct structural oxygen atoms within
various silicates and to two elongated axial water molecules (Ament
et al., 2011, Li et al., 2012, Chmielarz et al., 2006).

Uptake tests

The experimental setup adopted in this work, as reported in Scheme
1, was designed to investigate the adsorption behaviour of dioptase to-
ward free lanthanide ions under controlled laboratory conditions and to

EHT= 5.00kV. Chamber status = at HV.

Si** Cu** 0> H
B D
7 |losxt0t ‘
S 3
O A
> | | “ ' l l ﬁ'
= | ,,( IR PP O VO 0 Y| VPR LT g
5, | P E
€ | I .‘u ||..|| TN ETT P W Z
[ -
2 e | 1L £
o =
&) b l l l i Lil MM g
[}
£
a . | : L : LWW Q 1.0
1020 30 40 50 60 70 200 300 400 500 600 700 800
2001 Wavelenght [nm]

Fig. 2. A) Graphical representation of the dioptase crystal structure projected on the [101] crystallographic direction on the left and [111] on the right, obtained by
VESTA software. B) X-ray profiles of dioptase before (a) and after saturation with Gd3* (b), cation-exchange with La®* (¢) and regeneration at pH 2 (d) and 6 (e). C)
FE-SEM micrograph of dioptase at high magnifications. D) Diffuse Reflectance (DR) UV-Visible spectrum of dioptase, collected in vacuum at room temperature.
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evaluate its potential as a natural sorbent. For this reason, the following
experiments have been carried out at a fixed concentration of 0.1 mM of
Gd>* ions in water solutions.

Initially, we evaluated the adsorption capacity of dioptase for Gd>*,
in form of free ions, or as GBCA (herein we used Gadoteridol), in
different weight ratios between sorbent and metal over 24 hours. We
considered three different mass ratios (mass:mass) of dioptase/Gd3+,
fixed to 20:1, 1000:1 and 5000:1.

Fig. 3 shows the R; values of water protons of the filtered superna-
tants of tested Gd®'-contaminated aqueous solutions (as ions of che-
lates) after 24h of contact with the sorbent powder at 0.5 T and 298 K.
No significant uptake of the macrocyclic GBCA (ProHance) occurred
over time (Fig. 3a), unlike what can be observed in the case of the Gd3*
ions solution (Fig. 3b), with a reduction of R; of approximately 100% at
the highest mass ratios (%) of dioptase/GdB. These results indicate that
the method in its current form is not applicable to intact GBCAs con-
taining matrices, but to free lanthanide ions, requiring a prior decom-
plexation step.

R; of pure dioptase in water is also reported for reference (Fig. 3c),
showing a constant R; value which indicates no significant release of
paramagnetic species -from the powder- that could affect the measures.
By testing solutions containing GdCls, a decrease of R; has been
observed (Fig. 3 b), exponentially proportional to the amount of diop-
tase present (i.e. from 1.17 + 0.01 s in absence of dioptase to 0.95 +
0.01 s, 0.72 + 0.01 s* and 0.49 & 0.02 s! in presence of an excess of
20, 1000, 5000 mass ratios of dioptase/Gd3+, respectively). When the
mass ratio dioptase/Gd3+ is 5000, the Ry reaches the value of blank
(0.48 + 0.01 51, Fig. 3¢), indicating that all Gd*>" ions originally present
in solution have been removed, hence we selected this condition as the
reference one for any other capturing test.

Afterwards, we monitored under real-time condition Gd3+-uptake
over 24 h. In detail, dioptase (9.45 mg) was added at the bottom of 5 mm
NMR glass tubes and 120 pL of an aqueous 0.1 mM GdCl; solution at pH
5.5 was carefully added, keeping the selected dioptase/Gd>* mass ratio
of 5000. The selected pH (5.5) represents the optimal compromise be-
tween metal solubility and adsorption performance. Measurements of
longitudinal relaxation times R; were carried out immediately after
adding the metal solution, at 0.5 T and 298 K. The concentration of
gadolinium species in solution after contact with dioptase was then
determined by Eq. 1 (Marchesi et al., 2020). As shown in Fig. 4 the Ry
(herein normalized to 100%) decreases rapidly, reaching a -50% of the
initial value at approx. 3 h of contact with the substrate, with a final
plateau after 5 h. After 7 h, 99.6% of the metal content was removed by
dioptase. Using Eq. 1, we extrapolated the amount of sequestered Gd>*
over time (mmol of Gd3* per g of dioptase) (Fig. 4C). After 24 hours, the
measured R; value corresponds to that of water in the presence of
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dioptase alone (diamagnetic contribution), suggesting a complete
removal of the Gd** ions from the aqueous solution.

An assessment on the kinetics of Gd>* uptake process by dioptase
was performed with the results shown in Fig. 4. The process was
quantitatively analyzed with several mathematical models (zero-order
model, first-order model, Bhaskar Equation, parabolic diffusion model
and a modified Freundlich model (Zhang et al., 2009)) in order to obtain
more insights on the sequestration mechanism (Zhang et al., 2019, A
refinement of the structure of dioptase, 2021, Sen Gupta and
Bhattacharyya, 2011, Raji et al., 2023). Among all models tested, the
one that best fits our experimental data is the parabolic diffusion pattern
(Fig. 5), which describes a metal removal mechanism mainly governed
by diffusive phenomena (Awual et al., 2019, Shahat et al., 2021). The
kinetic constant, calculated by analyzing the NMR relaxometric data
with the parabolic model, was found to be 0.54 s, with the highest
correlation coefficient (Rz) among all models tested, equal to 0.9885.
After the first cycle, a mass-weighted distribution coefficient (Kq) of
641.3mL g (log K4 = 2.81) was calculated by applying Eq. 2. Based on
these results, contact time optimization was obtained, as we can confirm
that a dioptase/Gd** mass ratio of 5000 is sufficient to completely
remove all Gd* from a 0.1 mM solution when the contact time exceeds 7
hours. Subsequently, the ability of dioptase to remove Gd>* from
aqueous solution in multiple uptake cycles was explored. For this pur-
pose, we repeated the capture experiment for several cycles to under-
stand the loading capacity of the sorbent. The test was conducted for 8
cycles, keeping the same experimental condition over 24 hours per cycle
(298 K and the 5000:1 dioptase:Gd3+ mass ratio) (Fig. 6). The residual
concentration of the metal in the treated solution was monitored by 'H
NMR relaxometry at 0.5 T and 298 K (Fig. S3) and the quantification of
Gd>* sequestered per g of sorbent is reported in Fig. 6A. The ability of
dioptase to adsorb Gd3" decreases progressively with successive cycles
of sorbent reuse. After the first one, in which complete removal of
gadolinium was achieved, an overall reduction in capture efficiency is
observed in the remaining cycles (in particular from the 3™ cycle),
reaching a removal capacity of approx. 23% of the Gd>* content avail-
able in solution after the 7" cycle. At the end of the test, the total amount
of GA>* captured by dioptase was calculated to be (5.25 + 0.07) x 10>
mmol g’l. To validate the relaxometric measurements and confirm the
structural integrity of dioptase during the adsorption process, ICP-MS
analysis was performed on selected aqueous supernatants collected
(Fig. 6B). Three representative supernatants, corresponding to the first,
a middle, and final cycles, were analyzed to quantify Gd>* and Cu®*
concentrations, confirming relaxometric observations. In the first cycle,
negligible Gd* was detected in the supernatant, indicating
near-complete adsorption by the mineral while in the middle cycle, the
Gd* concentration in solution increased, reflecting the reduced avail-
ability of binding sites and incomplete adsorption. By the final cycle, the
Gd* concentration in the supernatant increased further, consistent with
the diminished sorption capacity observed in the Riops measurements.
Importantly, no significant Cu?** amount was detected in any of the su-
pernatants throughout the loading cycles, confirming that the dioptase
structure remained intact with no leaching of structural copper from the
mineral matrix during the adsorption process. This agreement between
relaxometric and ICP-MS data validates the use of NMR relaxometry for
monitoring lanthanide adsorption on mineral surfaces.

To evaluate the practical applicability of dioptase for Gd>* recovery
and potential reusability, we investigated the stability of both unloaded
and Gd®*-loaded dioptase under different aqueous conditions. No sig-
nificant release of Cu?" ions -from dioptase- into the solution was
observed during the cycles, indicating that the experimental R; values
are attributable exclusively to the gadolinium content in water (Fig. 6B,
Fig. S6). As reported in Fig. 7A, no significant increase in Rjops was
observed, indicating no detectable release of paramagnetic species,
confirming structural integrity of the mineral and at the same time the
retention of the metal for the Gd**-loaded powder, with no release of
cu?* or Gd>" ions over 6 cycle steps in pure water and pH 5.5 (Fig. S5,
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of uptake shown in the Fig. 4.

removal data for dioptase in the first cycle

S6).

Quantification of Gd** and Cu?* by ICP-MS analyses was also per-
formed on the samples to further confirm these data (Fig. S2). The sta-
bility of the silicate structure and the retention of the Gd>* was further
confirmed in the presence of high ionic strength, by treating dioptase
with a saturated NaCl solution (Fig. 7B). For the experiment being
conducted on Gd3*-saturated dioptase, after 8 treatment cycles, the
powder was first washed to remove any non-adsorbed gadolinium,
freeze dried, and then re-suspended in a NaCl solution. Then, 6 uptake
cycles (24 hours each) were performed on the metal-loaded powder,
using an orbital shaker for the agitation of the system. At the end of each
cycle, the supernatant was removed by centrifugation and replaced with
a fresh NaCl solution. The modified sorbent appeared to be stable under
the tested condition, as no significant release of Gd*>" from the Gd>*-
loaded silicate was observed, as shown in Fig. 7B.

Following the previous experiments, the regeneration capability of
dioptase in the context of sustainability and recycling of the inorganic
matrix in a real-world application was assessed. To this end, dioptase
was brought in contact with strongly acidic solutions after Gd>*-uptake.

As a reference value, commercial cyclosilicate was placed in an acidic
aqueous solution at pH 2 and 298 K in an orbital shaker and tested in 6
cycles. In each one, the supernatant was removed and replaced with
fresh acidic water, with the pH controlled and kept constant throughout
all cycles.

As shown in Fig. 8A, treatment of dioptase at pH 2 causes a partial
increase of the Rjqps value for the supernatant, indicating a release of
paramagnetic metals in solution. After the saturation steps, the Gd>*-
loaded powder was considered for the same experimental setting at pH 2
(Fig. 8A). As shown, the variation between the two curves appears to be
more relevant in the first three cycles, and the increase in the Ry value
was due to the strong release of Gd>* in solution. The Gd*" released after
the acidic treatment was calculated to be close to 95% in moles respect
to the total amount captured in the previous 7 adsorption cycles, as they
are calculated to be (4.31 + 0.05) x 102 mmol g'l, showing a near-
complete release of the metal. Data reported in Fig. 8B and Fig. S5 ac-
quired via ICP-MS confirmed the behavior. As reported in Fig. 2B and
Fig. S6, XRD analysis confirms no structural damages or changes after
treatment with acidic condition, meaning that the phenomenon re-
ported depends on non-structural Cu?" release during the cycles. We
then decided to evaluate if pre-conditioning in acidic condition of the
powder could affect the adsorption capacity of the silicate. As reported
in Fig. 8C after six days of acidic treatment (pH 2) in which an increase
in the R; value is reported, due to paramagnetic metal species release,
the powder was put in contact with a 0.1 mM gadolinium solution, and 6
saturation steps were conducted. In this case, no significant decrease in
the Ry value was observed, which is indicative of a poorer capturing
capacity, meaning no significant amount of Gd>* was removed from the
solution. Excluding any structural damage, these results are probably
due to the competition of H30" delocalized in the channels of the
adsorbent with the metal cations.

The affinity of the sorbent for other lanthanides was also explored,
selecting lanthanum (La®*h) and lutetium (Lu*) to evaluate any size/
charge affinity mechanism during the experiments (Islam et al., 2025,
Zhang et al., 2025). These two lanthanides display specific coordination
numbers and ionic radii (for CN = 6 the ionic radii are La:1.027 A >
Gd®*:0,929 > Lu®":0.831. Data reported in Table S1, Fig. S7), as a
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consequence of the lanthanide contraction phenomenon (Lundberg
et al., 2010, D’Angelo et al., 2011).

To this end, we first treated two independent batches of the dioptase
with a 0.1 mM Gd>* solution. At the end of six loading cycles, for both of
the two independent Gd®* loaded matrices, we quantified the amount
Gd>* adsorbed. Powders were then washed to remove any non-adsorbed
Gd>* ion. Subsequently, a solution containing an excess of La>* or Lu®*
ions with respect to Gd®" in the uptake solutions (molar ratio of 20:1)
was prepared to perform lanthanide exchange tests, aimed at evaluating
the efficiency/selectivity of lanthanide substitution, on the previously
mentioned loaded matrices. In the substitution test, fresh La* or
Lu**solution was added for 6 cycles to the corresponding sorbent batch,
while the removed exhausted supernatant at the end of each cycle, was
processed for relaxometric quantification of the gadolinium released. In
addition, in low-field NMR relaxometry (0.5 T), the observed signal
arises from the longitudinal (T;) and transverse (T5) relaxation of nu-
clear spins. Paramagnetic ions such as Gd** enable the exploitation of
dipolar interactions with surrounding water protons. In contrast, La®,
being diamagnetic, and Lu®*, with negligible unpaired electron density,
do not significantly affect proton relaxation. Therefore, any observed

variation in relaxation can be attributed solely to the presence of a
varying Gd** concentration.

Comparing the results for both the considered lanthanides, Lu*
treatment (Fig. 9B) leads to a sharper and more pronounced initial
release of Gd** (Fig. 9C), suggesting a stronger competitive displacement
effect, with the majority of Gd>" released in the first two cycles in both
the experiments, indicating that a significant fraction of the adsorbed
Gd* is readily exchangeable under the applied conditions. In contrast,
the desorption profile of the La**-treated system shows a more gradual
decrease (Fig. 9 A, C, Fig. S4), with residual Gd** continuing to be
released over several cycles with a behavior indicating a less efficient
exchange process in the presence of La**, possibly due to weaker in-
teractions with the sorbent or lower competitiveness in occupying the
interaction sites. Looking in detail, the moles of gadolinium released
after the treatment with the other lanthanides (Fig. 9D), the moles
released in the presence of Lu>t where 89.91 + 2.86 % from the total
Gd>* captured, compared to the 61.38 + 1.40 % value of La>", con-
firming the hypothesis.

To gain insight into the underlying adsorption mechanism, the pro-
cess was investigated in the simultaneous presence of different
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lanthanides (Awual et al., 2017) Lu®" being the smallest trivalent
lanthanide, has a higher charge density than Gd** and La®*, and this
leads to a greater electrostatic attraction and a more favorable
inner-sphere complexation with the surface of dioptase at pH 5.5
compared to the other two metal ions (Jordan et al., 2010). It is known
that the number of water molecules in the first coordination shell in the
lanthanide series decreases across the series, as La>" has a larger first
hydration shell compared to smaller lanthanide ions as we move from a
CN of 9 to 8 along the series (Miller et al., 2017, Rudolph and Irmer,
2020), and this could impact the interaction with silica surface.
Considering radius size, smaller ions with the most exothermic hydra-
tion free energy (AGpyq,), with a difference between La and Lu in water
amounting to 416 kJ mol?! (Sijl, 2011, D’Angelo and Spezia, 2012),
could easier bind to external sites or diffuse and bind more in internal
sorbent sites (Tansel et al., 2006, Ogata and Narita, 2024). Lu®* is able
to ‘approach’ silica surfaces more closely due to the preferential inner
sphere coordination, this leads to a more efficient adsorption and of a
favorable displacement of previously adsorbed Gd®* ions (Ilgen et al.,
2023). Considering La®>* tendency to form weaker outer-sphere com-
plexes, it seems to be less ‘reactive’ toward the silica surface and less
effective at displacing Gd>* ions already adsorbed on them.

Lastly, a competition test was carried out with all the three metal
ions simultaneously present in the test solution. As shown in Fig. 10, the
adsorption tests were conducted for 9 cycles.

The concentration of each metal in the solution was fixed to 0.1 mM
for each metal Gd®>', La®" and Lu®". As previously described, at each
step the solution was completely removed and processed for subsequent
quantitative analysis and substituted with the standard solution of the
three metals. As reported in Fig. 10, Lu" exhibited a greater uptake

0.1 mM solution signal.

compared to the other metals, showing at the end of the cycles the one
with a lower residual amount not captured. The mmol of lanthanide
captured per gram of sorbent after the first cycle and after the 9 cycles
are reported in Table 1.

In this competitive interaction experiment involving La3*, Gd** and
Lu®*, we observed a preferential uptake of Lu®*, suggesting a stronger
interaction with the sorbent material. Under competitive conditions,
Lu®* could not only bind more strongly but also effectively outcompetes
the other lanthanides for the available sites, with a diminished ability to
interact with the surface of La> and Gd>* compared to isolated systems.
Lu®* being the smallest and therefore the one with the highest charge to
radius ratio among the three lanthanides, can more readily displace
hydration waters and approach the surface closely enough to form stable
inner-sphere complexes. In contrast, La>" ions tend to remain more
solvated becoming less competitive in a mixed-ion environment, while
Gd®* position in between the two extremes being still outcompeted by
Lu®*. These findings underscore the antagonistic effects of a multi-
component ion system, where differences in ionic radii and solvation
energies can influence selective adsorption properties of materials.

Discussion

Among the REEs, the lanthanide series is considered one of the most
valuable metals for a range of applications spanning from energy and
green technologies to medical, electronics, defense and aerospace, in-
dustrial and catalytic applications. We selected three lanthanide ele-
ments for our adsorption tests with dioptase, i.e. gadolinium, lutetium
and lanthanum. Gadolinium is a metal widely used in medicine for
Magnetic Resonance Imaging (MRI) analyses. It is commonly employed
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Table 1

mmol of lanthanides captured per g of material in the first cycle and after all the
9 cycles.

mmol of metal captured after
the first cycle

mmol of metal captured after
the last cycle

(mmol g'l) (mmol g'l)
Gadolinium  9.13 x 10™* 2.21 x 10°°
Lanthanum  3.39 x 10°* 1.46 x 10
Lutetium 9.92 x 10 3.11 x 102

in the form of linear or macrocyclic polyaminocarboxylate complexes as
contrast agents (Gadolinium based contrast agents, GBCAs). In clinical
diagnostic, GBCAs are normally intravenously administered at a dose of
0.1-0.4 mmol/kg. They have a short blood half-life (approximately 20
min) and, because of their low molecular weight and high hydrophi-
licity, are rapidly excreted through the kidneys into the urine. Following
GBCA administration, urine collected during the first 24 h may contain
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gadolinium at concentrations substantially higher than those typically
detected in environmental waters (ca. 2-4 mmol Gd/L in urine within 24
hours, ie. in the millimolar range), whereas Gd concentrations in
wastewater, rivers, lakes, and other aquatic environments are generally
in the nanomolar range.

In the present study, a Gd** concentration of 0.1 mM was selected to
enable reliable characterization of adsorption kinetics, uptake capacity,
selectivity, and regeneration under well-controlled laboratory condi-
tions. This concentration was not intended to reproduce a specific
environmental or clinical scenario, but rather to provide a practical
model system for investigating the adsorption behaviour of natural
dioptase toward free lanthanide ions.

It should be noted that the proposed adsorption strategy is applicable
only after the release of free lanthanide ions. Therefore, the treatment of
GBCA-containing wastewaters requires a preliminary decomplexation
step, such as advanced oxidation processes (AOPs) followed by acidifi-
cation, which was not experimentally investigated in the present study.
The validation of this integrated approach using pretreated and real
wastewater matrices will be the subject of future investigations.

Within this framework, the present results provide the first system-
atic evaluation of the adsorption behaviour of natural dioptase toward
free lanthanide ions, including adsorption kinetics, selectivity, regen-
eration capability, and structural stability. These fundamental data
establish the basis for future investigations under more complex and
application-oriented conditions. Future studies will also investigate the
performance of dioptase using real hospital wastewater, municipal ef-
fluents, and environmental water samples, together with continuous-
flow operation and techno-economic assessment, to evaluate the prac-
tical applicability of the proposed recovery strategy.

We investigated the potential of a natural mineral, dioptase, for
metal removal from aqueous solutions. We began with a characteriza-
tion of the cyclosilicate, followed by studies on the capture of Gd**, La*,
and Lu®* ions. The adsorption process was evaluated at different pH
values (2.0 and 5.5). Lanthanide capture was monitored using
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relaxometric measurements (*H NMR, 0.5 T, 25°C), and the results were
further validated by ICP-MS analysis using standardized metal and sil-
icate concentrations. The first 24 hours of the adsorption process were
monitored to determine the time at which nearly all the added metal was
captured. Consequently, we chose 24 hours as the duration for each
cycle to enhance the efficiency of subsequent cycles, repeating the
adsorption process at least six times per saturation cycle. We decided to
test whether a preconditioning treatment of the powder under acidic
conditions (pH 2) could enhance the capture efficiency, as our analysis
suggested that the release of non-structural Cu®* in acid could increase
the number of available sites for metal binding. Data showed no increase
in adsorption capacity probably due to H30" competition for the same
sites. Under the tested conditions, we found that the capture efficiency
of Gd* ions after a single cycle is nearly 100%. Then we evaluated the
desorption capacity of the silicate first subjected to repeated capture
cycles. This metal loaded powders, were tested by placing them in a
saturated NaCl solution, which resulted in negligible Gd** release. Then
the tests were conducted under acidic conditions, which instead led to a
moderate Gd* release. We further investigated the desorption mecha-
nism by testing Gd**-loaded powder in the presence of an excess of La®*
or Lu**, maintaining a fixed 5000:1 weight ratio, to determine whether
the powder preferentially binds metals according to a size-exclusion
affinity process. We observed a higher affinity for the Lu®" ions, with
an adsorption that could be not only governed solely by ionic radius, but
rather by charge density and hydration thermodynamics. Following the
results, we tested the adsorption properties by putting in contact the
sorbent powder with simultaneously the same amount of all the three
lanthanides, finding again a preferential binding for Lu®>' ions con-
firming the hypothesis of a charge-to-size related preferential binding
mechanism. Although its adsorption capacity does not surpass that of
more efficient engineered materials reported in the literature (Table 2),
considering its natural origin, structural stability, reversible metal
release, and the possibility of repeated use, dioptase represents a
promising low-processing alternative for sustainable rare-earth recovery
applications.

However, the recovery and monitoring of metals in environmental
matrices extend beyond aqueous-phase chemistry and represent an
increasingly important challenge for environmental management.
Future research should not only focus on optimizing the adsorption and
regeneration performance of natural sorbents but also explore their
integration with emerging technologies for the detection, monitoring,
and discrimination of metals in complex environmental matrices.
Although these approaches rely on different methodologies, their com-
bination could support more efficient resource recovery, environmental
monitoring, and sustainable management of critical raw (Khan et al.,
2024).

Conclusions
In this study, we demonstrate, to the best of our knowledge, for the
Table 2

Comparison of different sorbent material as capacity of removing Gd>* from the
solution.

Sorbent mmol Gd** / g mg Gd®" / g
sorbent sorbent
Dioptase 1.33 x 10° (24 h) 0.21 (24 h)
5.25 + 0.07 x 103 (8 0.83 (8 cycles)
cycles)
Synthetic saponite clay, Na-SAP- 3.43 x 10° £ 1.27 x 0.54 +0.02 (5
110* 10 (5h) h)
Synthetic saponite clay, Na-SAP-20%*  3.56 x 10° + 6.36 x  0.56 + 0.01 (5
10° (5 h) h)
Mesoporous KZnFC ion exchange ( 3.50 x 103 0.55
Rizk et al., 2017)
Na-MMT (Maza-Rodriguez et al., 1992) 0.3 47
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first time the use of dioptase as a natural sorbent for rare-earth element
recovery by applying low-field "H-NMR relaxometry for real-time, non-
destructive monitoring of lanthanide uptake. Dioptase achieved near-
quantitative removal of Gd** from aqueous solution (99.6% within 7 h
at pH 5.5, Kd = 641.3 mL g™1), with adsorption kinetics best described by
a diffusion-controlled parabolic model. Competition experiments
revealed a selectivity order of Lu®** > Gd*" > La*, consistent with the
effects of lanthanide contraction, ionic radius, and charge density,
although the molecular adsorption mechanism requires further spec-
troscopic investigation. The material also showed remarkable structural
stability over multiple adsorption/desorption cycles, with minimal
release of non-structural Cu®** ions and partial regeneration under acidic
conditions.

Dioptase therefore represents a promising natural sorbent for the
recovery of free lanthanide ions from aqueous media. However, the
extension of this strategy to GBCA-containing wastewaters will require
an appropriate pretreatment step to release free lanthanide ions prior to
adsorption, and the validation of this integrated approach in real
wastewater matrices remains the subject of future investigations.

The adsorption performance observed in this study, together with the
absence of chemical modification or complex material synthesis, high-
lights the potential of natural dioptase as a sustainable alternative for
rare-earth recovery. Beyond biomedical applications, this approach may
also be relevant for the recovery of lanthanides from industrial and
electronic waste streams, contributing to circular economy strategies
and to reducing the environmental mobility of strategic metals. Future
work will focus on validating the proposed approach using pretreated
real wastewater matrices under continuous-flow conditions and evalu-
ating its techno-economic feasibility for practical implementation.

Abbreviations
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The rising rare earth elements (REEs) demand and environmental
emissions into aquatic ecosystems through industrial effluents, medical
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the trapped metals, that enable potential reuse and metal recycling,
supporting circular economy principles.
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