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Environmental significance

Robust calix[4]arene-polyethyleneimine coated
iron oxide nanoparticles for enhanced recovery of
gold and platinum chloride complexesy

Carlos Moya, 2" Natacha Brion,® Ludovic Troian-Gautier, & ¢
lvan Jabin @9 and Gilles Bruylants @ *2

Magnetic removal and recovery of precious metals from wastewater and complex biological media pose
significant challenges mostly due to the need for efficient, selective, and stable materials. This work reports a
methodology that allows these challenges to be addressed by synthesizing iron oxide nanoparticles (IONPs)
coated with a covalent layer of calix[4]arene-tetracarboxylate (X4C4) capable of binding polyethylenimine (PEI)
functionalities via electrostatic interactions. In contrast to citrate coating, which was previously utilized as an
attachment layer for PEl, the reductive grafting of X4C4-tetra-diazonium salts onto IONPs results in a
considerably more stable coating that proves to be an excellent substrate for the adsorption of PEl. This
efficiently results in a synergistic interaction that significantly improves the durability of the PEI coating and
maintains the particles in a dispersed state. The stability of the resulting IONPs@X4C4@PEl particles is
demonstrated by their ability to withstand both acidic and alkaline conditions without significant particle
aggregation or loss of magnetic properties. Moreover, these particles exhibit exceptional magnetic reusability,
retaining their selectivity and recovery efficiency over multiple separation cycles. The selective affinity of
IONPs@X4C4@PE| particles for gold (Au) and platinum (Pt) stems from the specific binding interactions between
the complexes formed by these metals in solution and the PEI coating, enabling efficient recovery of these
precious metals. This work places these IONPs at the forefront in terms of stability, reusability, and selectivity,
which will undoubtedly open new avenues for environmental remediation and purification applications.

This study presents a novel method for the synthesis and functionalization of IONPs aimed at the selective extraction of precious metals from complex aqueous
solutions. By using a polyethylenimine coating adsorbed onto a layer of covalently bound calix{4]arenes, we achieved enhanced stability and magnetic reusability of
the nanoparticles. Our approach shows exceptional efficacy in the recovery of gold and platinum complexes. This research aligns with the focus of Environmental
Science: Nano, which provides innovative solutions to environmental challenges. It provides valuable insights into the development of nanomaterials for efficient and
selective metal recovery, which is critical for pollution reduction and resource conservation. We therefore believe that our manuscript is well suited to the journal's

readership, highlighting advances in environmental nanotechnology.

“ Engineering of Molecular NanoSystems, Ecole polytechnique de Bruxelles,
Université libre de Bruxelles, Brussels 1050, Belgium.

E-mail: gilles.bruylants@ulb. be

b Departament de Fisica de la Matéria Condensada, Universitat de Barcelona,
Marti i Franqués 1, 08028 Barcelona, Spain

¢ Institut de Nanociéncia i Nanotecnologia (IN2UB), Universitat de Barcelona,
08028 Barcelona, Spain

4 Analytical and Environmental Geochemistry (AMGC), Vrije Universiteit Brussel,
Pleinlaan 2, 1050 Brussels, Belgium

¢ Université catholique de Louvain (UCLouvain), Institut de la Matiére Condensée
et des Nanosciences (IMCN), Molecular Chemistry, Materials and Catalysis
(MOST), Place Louis Pasteur 1, bte L4.01.02, 1348 Louvain-la-Neuve, Belgium

T Wel Research Institute, Avenue Pasteur 6, 1300 Wavre, Belgium

¢ Laboratoire de Chimie Organique, Université libre de Bruxelles, Avenue F.D.
Roosevelt 50, B-1050 Brussels, Belgium

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4en00408f

This journal is © The Royal Society of Chemistry 2025

Introduction

The removal of precious metals like gold (Au) and platinum
(Pt) from wastewater presents a multifaceted challenge,
demanding a range of treatment methods with distinct
advantages and limitations.'™ For example, the adsorption
of these metals on surfaces stands out for its simplicity,
cost-effectiveness, and efficiency but faces disposal and
regeneration issues.”® Membrane methods excel in heavy
metal extraction but suffer from fouling complexity and
high costs.” Electrochemical treatment, while offering rapid
and efficient metal removal with minimal sludge and
chemical use, is constrained by the high costs associated
with electrodes and energy consumption.® The choice of the
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most suitable method for removing these metals from
wastewater hinges on various factors, including operation
cost, initial metal ion concentration, environmental impact,
pH, matrix composition, removal efficiency, and economic
feasibility.

The integration of iron oxide nanoparticles (IONPs) into
these treatment methods, particularly the adsorption and
membrane processes,” presents a promising avenue for
enhancing their overall collection efficiency.'®™® These
systems, composed of magnetite (Fe;O0,), maghemite (y-
Fe,0;), or their combinations are ideal for selectively
extracting metals from water residues for several reasons.'*"?
Their large surface area and magnetic properties allow for
high metal ion binding, reduce waste, and simplify
separation processes.’* IONPs can also efficiently be used to
recover valuable metals from either organic and aqua,
residues, and lixiviates, avoiding the use of hazardous
chemicals and energy-intensive processes, thereby offering an
eco-friendly alternative. However, IONPs face stability issues
due to their susceptibility to aggregation and redox
reactions.’® Their coating with organic molecules is also
required to enhance their ability to selectively recover specific
metals.

To address the above-mentioned challenges, various
coatings have been developed,” including thiol-modified
silica,’® squaramide derivatives,”” and chitosan-based
coatings,'® each offering distinct benefits. Among the various
polymers employed to coat IONPs, polyethylenimine (PEI)
stands out for its hydrophilicity and abundance of amino
groups. PEI's structure, consisting of repeating units of
amine and aliphatic carbons, facilitates electrostatic
interactions with negatively charged IONPs, enabling their
effective coating. Moreover, PEI's amino groups can form
coordination bonds with anionic substances, including
biomolecules and metal complexes, thereby enhancing
selectivity, and promoting chelation effects.’®>' PEI-coated
IONPs have demonstrated promising performance in
recovering Au from thiosulfate and ammonia-thiosulfate
leaching solutions.>*** While modified PEI coated-IONPs
exhibit excellent characteristics such as enhanced surface
area and increased adsorption capacity, this strategy presents
challenges in precisely controlling the particle coating, which
can lead to aggregation, and compromises the reliability of
the functionalized IONPs.

This issue can be solved by the addition of an
intermediate coating that can enhance the interaction
between the PEI layer and the IONP core, improving the
overall stability and functionality. By strongly bridging the
iron oxide core and the PEI coating, intermediate layers can
effectively mitigate aggregation and enhance the practical
application  of PEI-coated IONPs, particularly in
environmental and biomedical applications where precise
and stable IONP performance is crucial.

In this context, calix[4]arene-tetradiazonium salts have
proven to  be  particularly = successful in  the
functionalization of metallic nanomaterials with dense and
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compact monolayers,> " providing extreme chemical and
colloidal stabilities to the particles. Furthermore, these
compounds allow the grafting of layers of tailored
compositions®® and defined densities of appending
functional groups,” that enable the additional coupling to
functional molecules. This makes calix[4]arene-coated
nanomaterials highly versatile for diverse applications.**™*"
The choice of calix[4]Jarene as a platform for surface
modification is primarily driven by its structural
properties. Unlike other diazonium salts,** which often
lead to multilayer formation, calix[4]arenes effectively
prevent this issue by inhibiting polymerization at the
surface. Calix[4]arenes also offer the flexibility to be
functionalized with various organic groups, such as
carboxyls,”® or PEG chains,®® at their smaller rim.*

This work reports on the development of a novel
method for synthesizing IONPs with a robust PEI coating
mediated by a grafted calixarene layer onto the IONP
surface. To achieve this, we used a calix[4]arene-
tetracarboxyltetradiazonium salt, namely X4C4-(N,"),, that
is functionalized with diazonium groups on its large rim
for anchoring to the IONP surface and with carboxyl
groups on its small rim. The reductive covalent grafting
of calixarenes X4C4 on the IONPs led to an ultrastable
organic layer able to establish strong electrostatic
interactions with the PEI polymer, optimizing the final
performance  of the functionalized IONPs. The
physicochemical features of these systems including
particle size, core composition, and surface characteristics,
were thoroughly characterized to assess the impact of the
particle coating. Besides, the stability of the synthesized
IONPs was evaluated in ionic, acidic, and basic solutions,
as well as wunder magnetic separations. Finally, the
collection efficiency and selectivity of Au and Pt chloride
complexes were evaluated in solution as a function of pH,
time, and particle concentration.

Experimental

Materials

Ammonia (NHj; 32%), hydrochloric acid (HCl; 35%), iron(u)
chloride tetrahydrate (FeCl,-4H,O; 97%), and nitric acid
(HNOj3; 68%) were obtained from VWR Chemicals. Copper(u)
chloride dihydrate (CuCl,-2H,0; 99%), iron(m) chloride
hexahydrate (FeCl;-6H,0; 99%), iron(m) nitrate (Fe(NOj)s;
98%), gold(m) chloride hydrate (HAuCl,; 99%), platinum(wv)
chloride (PtCly; >99%), PEI solution (Mw ~ 25000, 50% in
water), thiourea (SC(NH,),; 99%), trisodium citrate dihydrate
(Na;Cit-2H,0; 99%), and zinc chloride (ZnCl,, 99%) were
bought from Sigma-Aldrich. The X4C4-tetra-diazonium tetra-
fluoroborate and the methoxycarbonylbenzene-diazonium
(XC-N,") fluoroborate were supplied by the X4C company.*?
Milli-Q water (MQ-H,0) was employed in all the experiments.
Magnetic separations were performed with a 45 mm cylinder
magnet made of an alloy of Nd, Fe, and Be from
speromagnets.

This journal is © The Royal Society of Chemistry 2025
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Synthesis of IONPs

The IONPs selected for this work were synthesized following
a two-step co-precipitation protocol described by M. P.
Morales et al.***° During the first stage, 29.5 mL of a 32%
NH; solution was added with a 0.1-0.3 mL s * rate to 200 mL
of a mixture of FeCl;-6H,0 and FeCl,-4H,0 with a molar ratio
of 1:2 (0.594 M). The resulting mixture was left under
magnetic stirring for 3 h at 90 °C. This stage produced Fe;0,
NPs that required 3 magnetic washing processes with MQ-
H,O0 (see eqn (1)-(4)). The second stage was an acid treatment
to convert Fe;O, to y-Fe,O;. For this, 150 mL of 2 M HNO;
was added to the pellet resulting from the last magnetic
precipitation, and the mixture was stirred for 15 minutes at
room temperature. The resulting particles were precipitated
by magnetic separation and 150 mL of 1 M Fe(NOj;); was
added to enhance the particle crystallization. The solution
was brought to boiling and stirred for 30 minutes then left to
cool. The supernatant was removed by magnetic separation
and a second addition of 150 mL of 2 M HNO; was
conducted for 15 minutes to completely oxidize any
remaining Fe(u) (see eqn (5)). Finally, the whole was
magnetically washed 3 times with MQ-H,O to obtain the final
magnetic y-Fe,O; NPs.

FeClz(aq) + 30H (aq) = Fe(OH)3(aq) + 3Cl (g (1)
Fe(OH);(aq) — FEOOH,q) + H,O(; (2)
FeCly(aq) + 20H (aq) = Fe(OH)yaq) + 2C1 (g (3)
2FeOOH(,q) + Fe(OH)yaq) — Fe30y (5) + 2H,0( (4)

2Fe;04(s) + 2HNOj(aq) — 37-Fe;05() + 2NOyg) + HyOq)  (5)

Functionalization of IONPs

Functionalization with X4C4-(N,"); and XC-N,". Naked
IONPs were functionalized with X4C4-(N,"), at 30 °C with
an incubation time of 16 h in a thermomixer in two steps
to give the coated IONPs@X4C4. First, the pH of 20 mL of
naked IONPs with a [Fe] = 1 mg mL™ (0.0179 M Fe) was
adjusted to 12 by the addition of 2 mL of NaOH 0.1 M.
Then, 5 mL of the X4C4-(N,"), (5.26 mM, 29.25 mg) was
added to the solution and the pH was adjusted to 8 by the
addition of 0.1 M HCI. The washing process consisted in 4
cycles of centrifugation at 10000 rcf for 15 minutes. From
the second to the fourth cycles, the resulting pellet was
redispersed in 20 mL of 0.5 mM NaOH by sonication of the
solution for 5 minutes. Finally, the pellet corresponding to
the last wash was redispersed in 20 mL of MQ-H,O, and
the pH of the solution was adjusted to 8 by the addition of
0.1 M HCL The functionalization of IONPs with the XC-N,"
salt involved a similar procedure to that used for X4C4-
(N,")4, but with an initial pH adjustment: the XC-N,"
solution was first brought to pH 6 before being combined
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with the IONPs. The mixture was then further adjusted to
pH 8 and left under agitation for 16 hours.

Functionalization with citrate (Cit). 1 mL of IONPs (32
mg Fe mL™", 0.5728 M Fe) was added into 20 mL of a Cit
solution (0.052 M, 0.268 g).>> The pH of the dispersion
was adjusted by the addition of 0.1 M HCI to a final
value of 6. The whole was then placed in a thermomixer
at 1000 rpm and 90 °C for 6 hours. The obtained
particles were washed by centrifugation for 15 minutes at
15000 rcf and redispersed in MQ-H,O. This washing cycle
was repeated 2 times, and the resulting pellet was finally
redispersed in 20 mL of MQ-H,O.

Functionalization with PEI. This functionalization step
was directly linked to the above-mentioned functionalization
procedures. In a general way,>*> 1.12 mL of a 5% w/w PEI
aqueous solution was added to 20 mL of the above-prepared
IONPs (0.95-1 mg Fe mL ™", 0.017-0.0179 M Fe). The pH was
then adjusted to 8 using 0.1 M HCI and the resultant
mixtures were kept in a thermomixer at 50 °C for 16 h. After
that, the mixtures were cleaned 3 times by centrifugation at
10000 rcf for 15 minutes. Finally, the pellets were
redispersed in 20 mL of MQ-H,0.

Characterization techniques

Information on the particle size distribution, morphology,
and crystal structure of the different samples was obtained
using a ThermoFisher Tecnai T20 Transmission Electron
Microscope (TEM) operating at 200 kv. TEM samples were
prepared by placing a drop of a dilute water suspension of
IONPs onto a carbon-coated Cu grid and letting it dry under
a low vacuum.

Histograms of the IONPs were determined by counting at
least 300 particles with the Image] software and fitting the
results to log-normal distributions following eqn (6).>

1 -in*(2) /(25%)
P(D) = e Dy 6
(D) T (6)

where P(D) is a log-normal (m, o) type of probability
distribution of diameters D. D, stands for the median value
of the diameter on the natural scale and S is the log-normal
standard deviation of the logarithm of the reduced diameter
D/D,y. D, and S were determined by fitting experimental
histograms obtained from TEM data to eqn (6). The mean
particle size Dygy and the standard deviation o were
computed from eqn (7) and (8), respectively, as follows.

Drgn = Doe>"? 7)
o = DyeS/2Ve 1 (8)

Finally, the polydispersity index of the samples was estimated
dividing the standard deviation by the mean particle size orsp
= 0/Drgm-

The information about the crystal structure of the samples
was determined by the analysis of selected area electron
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diffraction (SAED) patterns employing Image] graphical
analysis.”” The interplanar SAED distances were calculated by
measuring the separation between the central spot and the
diffraction spots and converting the reciprocal space
distances into real space. These results were compared to the
Fe;0, (ICSD: 01-089-3854) and y-Fe,O3 (ICSD: 00-039-1346)
reference phases using the X'Pert High Score Plus program.*®

The chemical composition of single and small
agglomerates of particles was analyzed by Energy-Dispersive
X-ray Spectroscopy (EDS) data, which was recorded with an
Ultim-Max (Oxford Instruments) detector, coupled to a probe-
corrected Titan (ThermoFisher Scientific) operated at 300 kv.
The spatial resolution of the titan microscope is about 0.1
nm, but the lateral resolution of EDS is approximately 1 nm.

XRD spectra of samples were collected using a PANalytical
X'Pert PRO MPD diffractometer with Fe-filtered Co Ko
radiation (1Ko = 1.7903 A; JKo, = 1.7890 A, Ko, = 1.7929 A).
The XRD data was collected within a range of 7 to 135° 26
with a step size of 0.017° and a measuring time of 100
seconds per step, making 8 repeated scans. The crystal size
(Dxrp) was determined following the Rietveld-Debye-Scherrer
eqn (9)

K2

p cosf ()

Dxrp =
where K is the shape factor (0.9), 1 is the wavelength of the
X-ray source (1.7903 A), 4 is the full width at half maximum
(FWHM) of the diffraction peak, and @ is the Bragg angle.*”
Additionally, the lattice constant (a) was calculated using the
eqn (10):

s
a= (10)

where s is the sum of the squares of the Miller indices (A, k,
1) of the diffraction planes.”>® XRD data were compared to the
references Fe;O, (ICSD: 01-089-3854) and y-Fe,O; (ICSD: 00-
039-1346) phases.*®

Dynamic Light Scattering (DLS) was used to determine the
hydrodynamic size (Dy,) of samples using a Malvern Zetasizer
Ultra ZSU5700 equipped with a He/Ne 633 nm laser. Results
were obtained with DTS0012 disposable cuvettes by
calculating the average of 3 measurements with 10 scans
each. The settings chosen were Fe,O; as the material with a
refractive index of 2.36 and an absorption of 0.147. Zeta ({)-
potential measurements were also conducted using the same
instrument and DTS1070 cuvettes. For both types of analysis,
solutions at 0.1 mg Fe mL™" were employed.

Fourier-Transform Infrared Spectroscopy (FTIR) was
performed using a Bruker Equinox 55 spectrophotometer at
room temperature with a liquid nitrogen-cooled Hg-Cd-
telluride  detector. Samples were precipitated by
centrifugation, deposited on Ge internal reflection pieces,
and water removed by application of an N, gas flow. For each
sample, 128 scans were recorded with a 2 cm™ resolution.

The organic fraction of the samples was evaluated by
thermogravimetric analysis (TGA). Measurements were
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performed in a TGA-SDTA 851e/SF/1100 (Mettler Toledo) in a
nitrogen atmosphere. Samples were kept for 2 h at 60 °C,
followed by a linear ramp up to 700 °C at a rate of 10 °C min ™.
The loss of organic material was obtained from the difference
in weight at the plateau of the 60 °C isotherm and the
remained mass at 700 °C.

The concentration of metals in synthetic metal solutions
mimicked industrial wastewater metal concentrations.*
Those metal concentrations were determined by High-
Resolution Inductively Coupled Plasma Mass Spectrometer
measurements (HR-ICP-MS) with a Thermo Scientific
Element II instrument (ThermoFisher Scientific) after aqua
regia digestion and diluting controlled volumes respectively
with HCI (2% w/w) and HNO; (2% w/w) for Au and Pt, and
Cu, Fe, and Ni.

UV-vis absorption spectra were recorded using a Shimadzu
UV-3600 Spectrometer with a fast-scanning rate between 200-
800 nm. 1 mL or 4 mL high-precision quartz cuvettes were
used with a path length of 10 mm. The Fe concentration of
the samples was determined using the protocol described by
Torras et al.,** which showed an absolute error of 4% with
the ICP-MS measurements. A calibration curve was produced
by measuring the absorbance of Fe standards with a
concentration between 2.96 and 25.80 mg L™ versus a 5 M
HCI blank (see Fig. S1 of the ESIf). The absorbance at a
wavelength of 349 nm, which corresponds to the maximum
of each curve, was picked to build the calibration curve using
a linear regression of the absorbance obtaining the following
expression:

mg Fe  A-0.00749
mL  0.05837

(11)

The sample preparation started with a digestion step where
the sample was mixed with 2 mL of concentrated HCI 35%.
The volume of sample added depends on the Fe
concentration present in the sample itself. Typically, enough
of the sample solution had to be added to the concentrated
HCI to reach a pale yellow/orange coloration and reach a Fe
concentration within the calibration curve. This volume
ranged from 50 pL to 200 pL. This digestion process was
carried out for 60 minutes to reach full particle digestion.
After 60 minutes, MQ-H,O was added to the solution to reach
a total volume of 4.5 mL in the sample. Measurements were
repeated in triplicates to ensure the consistency of sample
results.

The magnetic properties of samples were measured with a
Physical Properties Measurement System (PPMS) 9T
magnetometer. Precipitated samples were dried with an
airflow to remove a major part of the solvent. The resulting
powders were kept in vacuum conditions for at least 48 h at
room temperature to obtain compressed pellets. The
magnetic measurements were then performed by
encapsulating the pellets in a gelatine capsule. Magnetic
features of the samples were evaluated first by measuring
hysteresis loops M(H) recorded within +50 kOe at 5 and 300
K. Saturation magnetization (M;) was obtained by

This journal is © The Royal Society of Chemistry 2025
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extrapolation of the high-field region of M(H) to zero field,
assuming the high-field behavior,"%*>

M(H) = M, + y,H (12)

where x, is a residual susceptibility due to paramagnetic
species and/or noncollinear spin alignments.

Monitoring the robustness of the IONP particle coating in a
0.1 M NacCl solution

The stability of the naked, IONPs@X4C4, IONPs@XC, and
IONPs@Cit samples was investigated in the presence of 0.1
M NaCl with a [Fe] = 0.1 mg mL™" (0.0179 M Fe). The mixture
was subjected to sonication for 15 minutes to ensure
complete IONP redispersion, followed by mechanical stirring.
The evolution of the Dy, and {-potential were monitored over
incubation periods ranging from 1 to 24 hours depending on
the stability of the sample.

Monitoring the robustness of the IONP coating in basic or
acidic media

To elucidate the digestion kinetics of the iron oxide core
under alkaline and acidic conditions, a combined approach
of UV-vis absorption spectroscopy and DLS measurements
was employed. First, the pH of 5 mL aliquots of IONPs@X4C4,
IONPs@XC, and IONPs@Cit solutions containing 0.1 mg mL™
iron (0.179 M Fe) was adjusted to 12 using 0.5 M NaOH and
the suspensions were kept under mechanical shaking. The
absorbance of these suspensions was monitored at
wavelengths ranging from 200 to 600 nm over 120 minutes.
Subsequently, the absorbance at 300 nm was chosen as the
representative wavelength for tracking iron digestion. The
same process was repeated with the three corresponding PEI-
coated IONPs solutions but adjusting the pH to 1 using 0.5 M
HCI. Their absorbance was continuously monitored over 2
hours to assess their stability under acidic conditions. Dy, of
the IONPs at both pHs was monitored using DLS.

Magnetic reutilization of IONPs

The magnetic reutilization capability of three PEI-coated
IONP batches was assessed through cycles of magnetic
separation and redispersion. In each cycle, 2.5 mL of an
initial IONP suspension at pH 8 was placed in a 4 mL flat-
bottomed glass vial, which was then subjected to collection
with a neodymium magnet for 30 minutes. After magnetic
precipitation, the supernatant was carefully removed using a
glass Pasteur pipette, ensuring the vial remained on the
magnet to prevent nanoparticle loss. The IONPs remaining in
the vial were re-suspended in 2.5 mL of MQ-H,O at pH 8,
followed by a 15 minute sonication to ensure full
redispersion. Subsequently, the Dy and (-potential of the
IONPs were measured. This separation and redispersion
process was repeated until the IONPs could no longer be
effectively redispersed, indicating a loss of stability.

This journal is © The Royal Society of Chemistry 2025
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Magnetic collection of precious metals

The extraction capacity of IONPs was studied in triplicates in
synthetic solutions of Au(m) and Pt(iv) chlorides. This study
monitored the influence of temperature, pH, particle
concentration, and time on the extraction yield and selectivity
in comparison to other metals, with concentrations of 76 ug L™
(0.387-0.390 uM), replicating the metal levels present in
industrial wastewater intended for treatment at certain urban
sewage treatment facilities in Europe.' In brief, a certain
volume of particles was added to 1 mL of a synthetic solution
containing NaCl 0.1 M and the metal salts at the desired
concentrations. After 1 hour of incubation, particles were
collected by magnetic separation with a neodymium magnet
and separated from the supernatant. The supernatant was then
acidified with either chloride or nitric acid solutions to
determine the concentrations of Au, Pt or other metals,
respectively, using ICP-MS. The content of the precipitate could
be deduced from the analysis of the supernatant. For
comparison purposes, control samples were prepared without
the addition of particles.

[C]total = [C]supematant + [C]precipitate (13)

Results and discussion
Synthesis and surface engineering of IONPs

IONPs synthesized in this work were produced by a two-step
coprecipitation method, as described in the Experimental
section.***> First, Fe;0, NPs were prepared at 90 °C by
mixing iron(u, m) chlorides with NH; as a mild base to obtain
particles around 16 nm. The resulting particles were oxidized
to form y-Fe,O; which enhanced the particle stability while
retaining approximately 80% of their initial magnetic
properties.’®*? Fig. 1 summarizes the overall structural
properties of the synthesized IONPs. The TEM
characterization of the as-prepared sample shows faceted
spheroid particles with an average particle size of 16 + 3 nm,
which falls within the typical range of polydispersity of 20%
for this synthesis method (see Fig. 1a and c). Besides, the
interplanar distances determined by SAED were associated
with the crystallographic planes of y-Fe,O3, specifically (111),
(220), (311), (400), (511), and (440) (Fig. 1b). The crystal
quality of the sample was corroborated through High-Angle
Annular Dark-Field (HAADF) imaging analysis, as depicted in
Fig. 1d. This analysis shows particles with a good level of
crystal quality throughout the entire particle ensemble,
confirming single-crystal IONPs. Besides, The XRD analysis
in Fig. S2, comparing naked IONPs with reference patterns
for y-Fe,O; and Fe;O,4, reveals that the sample is mainly
formed of the y-Fe,O; phase. This is evidenced by specific
peak positions, the absence of the (222) plane indicative of
Fe;0,4, and a closer match of 26 values to y-Fe,O3 as detailed
in Table S1.f The lattice parameter (a = 8.35 A), as shown in
Table S2;f further supports the y-Fe,O; structure. The
observed Dxgp of around 12 nm is slightly smaller than Drgy,
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Fig. 1 Structural TEM characterization of the synthesized IONPs. (a)
Representative TEM image showing tens of IONPs. (b) SAED
characterization shows the most intense pattern rings of the y-Fe,Osz
phase. (c) Particle size distribution obtained by fitting the histogram to
a log-normal distribution function. The inset shows the magnetic
response of the ferrofluid to an applied magnetic field from a
neodymium magnet. (d) HAADF-STEM image of IONPs displaying an
interplanar distance of 5.9 A associated to the (111) plane of y-Fe,O3
phase.

likely due to particle size defects typically found in this
synthesis method."®

The main objective of this work was to enhance the
robustness of the PEI coating on IONPs beyond the current
standards by generating an interface of calixarenes X4C4 (see
Fig. S37). A high robustness was anticipated as i) the
reduction of the four aryldiazonium groups present on the
calixarene large rim generates radicals that enable a strong
binding of the macrocycles to the IONP surface,** and ii) the

@

X4CA(N,), <
pH 8, rt, 16 h ; i
Ny(9) -

Step 1 B
Naked IONPs p I

IONPs@X4C4
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large number of carboxylate groups on the calixarene small
rim was expected to improve the electrostatic binding of
PEL>**” Fig. 2 summarizes the functionalization process
performed for the IONPs@X4C4@PEI sample. The
experimental details of this process can be found in the
Experimental section. Briefly, X4C4-(N,"), was grafted onto
the particle surface by the reduction of the diazonium group
and release of nitrogen under slight basic conditions,
allowing a slow grafting process onto the IONP surface.
Second, the PEI functionalization was driven by electrostatic
interactions at pH 8, which favors the interaction between
deprotonated carboxylates and protonated amines.

The physicochemical features of the above-mentioned
samples were compared to those made either with a classical
aryl diazonium salt (i.e. XC-(N,"), see step 1 in the Fig. 2) or
Cit, employing a similar functionalization methodology to
X4C4 and a modified standard methodology, respectively (see
Fig. S3t1).>> Note that XC represents a subunit of X4C4
bearing only one diazonium group. Therefore, its grafting
enables the study of the impact of forming multiple
anchoring points on the coating's robustness. Moreover, XC
is known to form multilayers at the surface through
polymerization, while the methylene bridges of X4C4 prevent
the polymerization of the macrocycle, resulting in ultra-thin
organic layers.>® Cit is a common functionalization agent for
IONPs since it provides stability and enables further
modification of the particle surface.***® However, it shows
the drawbacks of being sensitive to particle agglomeration,
likely due to poor stability of the citrate layer to variations in
pH, or the presence of other ions in the solution, which can
disrupt the stabilizing effects of the citrate and lead to
undesirable aggregation.*”*?

The TEM characterization of the three series of
functionalized IONPs before and after the addition of PEI are
depicted in Fig. S4-S10.f They show particles with similar
size (i.e. average diameter of 15-18 nm) and exhibiting only
y-Fe,O; interplanar distances, regardless of the particle

Step 2

|ONPs@X4C4@PEI

Fig. 2 Two-step functionalization approach for the functionalization of IONPs with X4C4@PEI. The top left and right panels show the chemical

structures of X4C4-(N,*), and PEI, respectively.
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coating. This trend is also evident in the XRD spectra for the
X4C4 series of samples, which consistently display the
y-Fe,O; phase (see Fig. S2t).

These findings indicate that the functionalization
processes have a low impact on both the size and the
particle core composition. Therefore, these samples display
analogous iron oxide cores, with only a slight increase in
core size observed for the PEI-coated IONPs, probably due
to the higher number of cleaning cycles achieved by
precipitation. Remarkably, the TEM characterization of the
IONP@X4C4@PEI sample reveals an extensive organic
coating around the particles, suggesting a large presence
of organic material on the particle surface (see Fig. S57).
Regarding the FTIR characterization, naked IONPs show
bands typical of hydroxyl and nitrate groups adsorbed
onto the particle surface, such as a broad peak centred at
3443 cm™* attributed to O-H bond stretching, and a peak
located at 1332 cm™ corresponding to the asymmetric
stretching of the N-O bond (Fig. 3a and S10, and Table
S1f), due to the reagents employed in the synthesis
method.*® Additionally, in the low-wavelength region, three
bands characteristic of the y-Fe,O; phase are observed
between 630 and 430 cm™' (see Fig. S11 and Table S3t).

In the case of the functionalized series of
IONPs@X4C4, IONPs@Cit, and IONPs@XC samples, two
characteristic bands appear around 1600-1400 cm’,
associated with the asymmetric and symmetric stretching
vibrations of COOH groups present in X4C4, Cit, and XC
molecules (Fig. 3a and $10, and Table $17).*> Notably, the
asymmetric stretching bands are shifted to higher energies
suggesting the attachment of the organic molecules to the
IONP surface.
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Fig. 3 Structural and magnetic characterization of naked IONPs (red
line), IONPs@X4C4 (blue line), and IONPs@X4C4@PEl (orange line)
samples. (a) FTIR spectra of the samples. The vibration modes of the
most relevant functional groups are indicated for each spectrum. (b)
(-Potential vs. pH for samples from pH 2 to 10 in MQ-H,O. (c) TGA
thermograms of the samples from 60 to 700 °C. (d) Hysteresis loops of
samples at room temperature with a H = +50 kOe. The inset shows
the low-field region of samples.
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The detection of PEI in the FTIR spectra was confirmed by
the presence of the following prominent bands: PEI samples
contain a typical doublet between 2900 cm™ to 2800 cm ™,
corresponding to the asymmetric and symmetric C-H
stretching's vibrations, respectively (Fig. 3a and S12, and
Table S4t). Besides, there are two peaks observed at 1600
em ™ and 1400 cm™ due to N-H and C-H bending vibrations,
respectively; and a band at around 1000 cm™' due to ~CN-
stretching of the primary amines.?* All the above-mentioned
bands are shifted due to the interaction between the X4C4
and the PEI layers, as was confirmed by the presence of a
band at 1300 cm™ attributed to the symmetric COO
stretching.*’

Next, the particle stability of the three series of samples
was monitored by DLS and {-potential in MQ-H,O solutions
with pHs ranging from 2 to 10 (Fig. 3b, S13 and S14t}). Naked
IONPs show an isoelectric point (pI) of around 6.5 in good
agreement with previously reported works on y-Fe,03.'**%>°
This means that IONPs are positively charged at pHs below
6.5 and negatively charged above this pH. IONPs@X4C4 have,
nonetheless, a pI of =4 and more negative {-potential values
at pH > 7. This suggests the presence of carboxylate groups
exposed to the solvent, resulting from the successful
attachment of X4C4. Consequently, this promotes the
deagglomeration through a combination of electrostatic and
steric interactions, in a similar manner to that found for
AuNPs.”” This methodology was expanded for both
IONPs@XC and IONPs@Cit samples (Fig. S14t). As expected,
both samples show a similar trend to IONPs@X4C4 in both
Dy, and {-potential suggesting similar stabilization thanks to
the carboxylates present on these organic molecules. In
contrast, the PEI samples show positive {-potential values
around 30 mV across the pH range from 2 to 9 in good
alignment with previous works on PEI samples,®***>!
indicating that the cationic charge density of PEI has shifted
the highly negative surface potential to more positive ones
(Fig. 3b and S147). This fact can be attributed to the presence
of the ammonium groups (-NH;") of the polymer. It is worth
mentioning that the dramatic decrease in potential at pH 10
can be explained by the partial deprotonation of the amines
which have a pK, = 10-11."%°?

TGA analyses were conducted to assess the weight fraction
of the organic coating on the iron oxide core. To achieve this,
samples were heated first at 60 °C for 2 h and then heated to
700 °C at 10 °C min~" under a nitrogen atmosphere. The results
of the series of X4C4 samples are shown in Fig. 3¢, while the
corresponding XC and Cit samples are depicted in Fig. S15.f
Additionally, the calculations derived from these findings are
detailed in Table S5.f As a general trend, all samples show a
slight diminution of mass of around 1-2% during the first
stage of heating at 60 °C attributed to the removal of water
present in the samples. Naked IONPs show the lowest organic
fraction, with a mass loss of approximately 4% starting at
around 200 °C and levelling off at around 600 °C. This mass
loss can be attributed to the decomposition of some traces of
reagents used for the synthesis.”*>* IONPs@X4C4 exhibit, on
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the other side, a progressive decrease in mass between 200 and
400 °C, which is associated with the removal of the X4C4
fraction, corresponding to 14%. This corresponds to 1900 + 700
X4C4 per IONP (2.1 + 0.3 X4C4 per nm?) assuming the TEM
data. Note that these results resemble those obtained for
spherical AuNPs of similar sizes suggesting an X4C4 monolayer
at the IONP surface.*

IONPs@XC and IONPs@Cit samples show similar trends
showing a single-step mass loss located between 200 and
400 °C, yielding a 6% organic loss. This organic loss
corresponds to an average of 2700 + 1300 XC per IONP,
which translates to approximately 3.3 + 0.9 XC per nm?
and 1800 + 800 Cit per IONP, equating to roughly 2.5 + 0.6
Cit per nm” It is worth mentioning that the grafting
density obtained for XC lies within the range of densities
reported in the literature for the reductive grafting of
aryldiazonium derivatives on different surfaces, which
ranges from approximately 0.3 to 8 molecules per nm?>®
These compounds are known to lead to polyaryl film growth
unless sterically hindered reagents are used.”® The Cit
density found is also similar to that of other spherical
IONPs of similar size.*®

All the PEI functionalized samples show a two-step weight
loss between 200 and 600 °C with different fractions of
organic loss. The IONPs@X4C4@PEI sample shows the
highest organic loss of approximately 23%, compared to the
11% in the other two PEI coated-IONPs in good agreement
with the TEM findings described above.

This pattern suggests a denser and/or thicker coating (an
increase of the organic weight fraction by 9% upon PEI
addition on IONPs@X4C4, while it is only 5% for the two
other sets of IONPs), which is probably due to the dense
packing of carboxylates provided by the X4C4 layer that
allows the interaction with a larger number of ammoniums
groups of the PEL

These results are linked to the magnetic response of the
samples, which was studied by recording hysteresis loops
with a H = +50 kOe at 300 K (Fig. 3d and S167). All samples
exhibited zero M, and H,, consistent with a
superparamagnetic behaviour and ruling out the presence of
large IONPs or significant agglomerates. The measured M,
progressively decreased, in coherence with the increased
amount of organic content present in samples. Besides, these
values are in the same order of magnitude as the M, of bulk
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y-Fe,0; (76 emu g ') and consistent with those typically
found in single-crystal IONPs.>* 3¢

Table 1 recapitulates the main physicochemical features
of the samples prepared for this work. As a general trend, all
samples show similar sizes and crystallographic structures
associated with y-Fe,0j3, regardless of the functionalization
strategy, which suggests that all the samples have analogous
iron oxide cores. Furthermore, the stability of the samples
was evaluated by comparing the DLS and (-potential of
aqueous solutions across a wide range of pH values.
Consistent trends were observed for all samples in link to
their organic coating. For example, DLS of IONPs@X4C4,
IONPs@Cit, and IONPs@XC samples show a decreased Dy
compared to the naked IONPs, which is due to the increased
electrostatic repulsion between particles due to the presence
of carboxylate groups at their surface. On the other side, PEI
samples show a moderate increase of Dy due to the PEI's
bulky polymer chains. The TGA results indicate a progressive
increase in mass loss with increasing organic layer thickness.
IONPs@X4C4@PEI have been shown to be the sample with
the highest organic content. Finally, all samples show high
M, typical of single nanocrystals, with a coherent decrease
with the amount of organic fraction in the sample in good
agreement with the TGA results. Stability experiments for all
samples were assessed based on their organic content levels
to highlight the significance of coating density in
determining interaction and stability properties.

Monitoring the robustness of X4C4@PEI coatings of IONPs

A series of experiments were conducted to evaluate the
stability of the different functionalized IONPs across various
environments (Fig. 4 and S17-S19f). According to the
Derjaguin-Landau-Verwey-Overbeek (DLVO) model,”” the
colloidal stability of particles in suspension is the result of
the balance between the attractive and repulsive forces
between the charged particles, that are influenced by the
ionic strength of the solution. By increasing the ionic
strength, the counter ion cloud is compressed, which can
induce a reduction of the repulsive forces between IONPs
and lead to particle aggregation.’” Therefore, a simple
manner to track the effect of the IONP coating on their
colloidal stability is to monitor the D), and {-potential of
samples in an ionic 0.1 M NaCl solution at pH 7 as a

Table 1 Summary of the overall characterization of the three series of samples including TEM characterization (Dgm * 0) and orsp, particle stability in
MQ-H,0 at pH 8 (D, * 5, Pdl, {-potential), saturation magnetization (M), and % organic lost in TGA

Samples Drgy £ 0 (Nm) ORrsD Dy, + 0 (nm) PdI {-Potential (mV) M, (emu g™) % organic fraction
Naked IONPs 16 £ 3 0.19 179+ 1 0.2 -28+1 66 +1 —

IONPs@X4C4 17 +£3 0.18 116 + 2 0.14 -41+1 60 £1 14 +1

IONPs@XC 16 £3 0.19 120 + 2 0.2 -36+1 64+1 6+1

IONPs@Cit 15+3 0.20 110 + 4 0.2 -38+1 641 6+1
IONPs@X4C4@PEI 183 0.17 188 + 6 0.16 35+1 <56 >23
IONPs@XC@PEI 17 +3 0.18 225+5 0.18 35+1 601 11+1
IONPs@Cit@PEI 18+3 0.17 185+ 5 0.19 32+1 60 £1 11+1
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Fig. 4 Comparative experiments of IONPs functionalized with various
coatings in different aggressive media. (a) Time-resolved DLS
measurements in 0.1 M NaCl of the naked IONPs, IONPs@X4C4,
IONPs@XC, and IONPs@Cit samples. (b) Illustrative picture of the
above-mentioned IONPs showed after 144 h of incubation. (c)
Absorbance spectra in acidic conditions (pH 1) for the
IONPs@X4C4@PEI particles with times ranging from 0 to 120 min. (d)
Absorbance at 300 nm at pH 1 as a function of time for the samples
IONPs@X4C4@PEI, IONPs@XC@PEI, and IONPs@Cit@PEl samples.

function of time. As observed in Fig. 4a and S17,f the
IONP@X4C4 sample shows the best stability behavior
throughout the 24 hour incubation period, likely attributed
to the protective effect of the compact and strongly grafted
X4C4 layer, which effectively shields the metal oxide core
from the destabilizing effects of the high ionic strength of
the solution, even after 144 h of incubation (Fig. 4b). These
findings indicate that the X4C4 coating remarkably enhances
the colloidal stability of IONPs compared to XC and Cit.

Another common approach for assessing the durability of
the IONP coating involves exposing the particles to either
acidic or alkaline solutions. The iron oxide core can indeed
react with both types of media, resulting in the formation of
salts or hydroxides under acidic and basic conditions,
respectively. So, it means that these reactions can be tracked
using UV-vis spectroscopy, as the reactants and products
exhibit distinct UV-vis signatures. Fig. S18 and S19t present
the outcomes of UV-vis degradation kinetic experiments
conducted on IONPs@X4C4 and IONPs@X4C4@PEI samples
in basic and acidic conditions, respectively, and the
comparison with the samples functionalized with XC and Cit.
The UV-vis spectrum of the IONPs@X4C4 remains stable all
through this experiment showing almost no modification for
the duration of the experiment. This stability is further
supported by DLS measurements, which indicated nearly
identical hydrodynamic diameters for all samples throughout
the experiment. On the contrary, the same experiments with
IONP@XC and IONP@Cit samples show a clear decrease in
the UV-vis signal over time, likely due to the digestion of the
iron oxide core together with a broadening of the UV-vis
spectra, certainly related to the particle agglomeration as
confirmed by the DLS experiments (Fig. S187).
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Next, the robustness of the IONPs@X4C4@PEI coating
was evaluated by tracking the UV-vis spectrum of the sample
incubated at pH = 1 for times varying from 0 to 120 min
(Fig. 4c and S197). The obtained UV-vis spectra only show an
insignificant decrease of the absorbance with time and no
noticeable shifts in peak position or signs of broadening,
indicating that the organic coating confers an efficient
protective barrier, effectively safeguarding the IONP core
against the aggressive acidic conditions. Additionally, the Dy
remains stable and centred at 200 nm. In contrast, the
IONPs@XC@PEI and IONPs@Cit@PEI samples
demonstrated a faster digestion rate in the presence of HCI,
showing a decrease of the absorbance ranging from 250 to
400 nm, likely due to the IONP digestion and/or
agglomeration as was depicted by DLS. To recapitulate, X4C4-
coated IONPs clearly exhibit the most robust coating in both
ionic media and acidic/basic environments.

Magnetic reutilization of the IONPs

As described above, the IONPs prepared and functionalized
in this work show a superparamagnetic behavior. Evaluating
the limits of reusability of these systems could help to boost
their applicability from an industrial point of view. An
interesting manner to test the maximum magnetic stability
of IONPs is by repeatedly precipitating them under a
magnetic field and redispersing them by sonication. After
several cycles, this can lead to the degradation of the IONP
coating, which favours their irreversible aggregation. Fig. 5
summarizes the experimental details carried out to determine
the threshold in the reusability of the different functionalized
PEI samples. The different batches of IONPs showed
distinctive behaviours depending on the functionalization
agent employed. IONPs@XC@PEI displayed early signs of
irreversible aggregation after 7 magnetic cycles, accompanied
by a dramatic 3200% increase in Dy. The IONPs@Cit@PEI
sample exhibited a better stability, enduring 10 magnetic
cycles before demonstrating a 200% D), enhancement.
Finally, the most resistant sample appeared to be the

(a)
30 minutes
pH8

|ONPs@Git@PEI |IONPS@XC@PEI
s

(Aw) envaiod-5
0, (nm)
g

(Aw) enuatod 5

de— K

99%0 o0 ’
oo s900,00

]

0 g 0 12 14

4 6 8 0 12 14 2 4 6 5 10 12 NG
Magnetic separations (n° cycles) Magnetic separations (n° cycles) Magnetic separations (n° cycles)

Fig. 5 Monitoring of the particle reusability at pH 8 under magnetic
separation of the PEI coated-IONPs. (a) Top side: Graphical view of the
experimental procedure. (b) D, and (-potential values along the
different  magnetic  separations for the IONPs@X4C4@PEl,
IONPs@XC@PEI, and IONPs@Cit@PEl samples.
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IONPs@X4C4@PEI batch, which supported 13 magnetic
cycles before showing signs of aggregation with a 135%
increase in its Dy. Notably, the {(-potential of all samples
transitioned from positive to negative values, showing the
release of PEI from the particle surface. The stability of
IONPs@X4C4@PEI is due to the dense packing of negatively
charged X4C4 on the IONP surface, creating a strong
electrostatic interaction with the dense PEI coating. This
forms a protective barrier around the IONPs. This dense
packing, confirmed by TGA results, favours a protective
barrier around the IONPs, shielding them from the
aggregation caused by magnetic forces. Additionally, the
higher organic content in the IONPs@X4C4@PEI sample
contributes to its stability, acting as a steric barrier,
preventing aggregation, and providing extra protection
against the deteriorating effects of the magnetic precipitation
cycles.

Magnetic extraction of Au and Pt chlorides

We investigated the efficiency of the most robust PEI coated-
IONPs, i.e. IONPs@X4C4@PEI, in the collection efficiency of
Au(m) and Pt(1v) solutions by monitoring the impact on the
extraction yield of several variables including pH, particle
concentration, extraction time, and the presence of other
metals. These experiments were conducted with the same
concentration of Au(m) and Pt(iv), i.e. 76 ug L', mimicking
the metal concentrations found in industrial waters intended
for treatment in some urban wastewater plants."*° Fig. 6
shows the experimental design for the magnetic collection
experiments. In brief, a certain number of particles was
added to the Au(ur) and Pt(v) solutions in a NaCl 0.1 M buffer
to prevent the precipitation of the metals.”®>® After 1 h of
incubation, particles were precipitated by magnetic
separation. Subsequently, the supernatants were treated with
HCl or HNO; and then subjected to ICP-MS for metal
quantification. It is worth noting that this analysis indirectly
revealed the composition of the precipitate, based on the
principle that the total metal concentration equals the sum
of the amounts in the supernatant and the precipitate. This
method was validated by comparing the calculated and
directly measured quantities of metals in the precipitate after

|IONPs@X4CA@PEI
\ .
Magnetic Dilution in
. Incubation (1h) collection (0.5h) HCI/HNO; (2%) ICP-MS
e ‘ measurements
. -

.

1 mL synthetic metal U Supernatant

solution at 0.1 M NaCl
Fig. 6 Experimental procedure to determine the extraction capacity
of the IONPs@X4C4@PEl sample in synthetic Au or Pt solutions
employing ICP-MS experiments. The concentration of [Au] and [Pt]
selected for these experiments was the same for both metals and
equalto 76 ug L%
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Fig. 7 Percentage (%) of the initial Au and Pt content remaining in
solution after extraction with IONPs@X4C4@PEIl as a function of the
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respectively, while those for Pt(iv) are shown in (c) and (d).

dissolution across several samples, which showed consistent
results.

Fig. 7 shows the impact of pH, concentration of particles,
and temperature on the collection of Au(m) and Pt(wv). As
observed, pH is influencing differently the collection of these
two precious metals, probably due to the tuning of the
electrostatic interactions between the cationic PEI shell and
the different metal complexes present in the solutions or
favoring the diffusion of the different species present in low
concentration. Particles display only a limited collection
capacity for Au(m) at pH 2 and only at high particle
concentrations, while the collection at pH 8 appears very
efficient even at a low [y-Fe,O5] of 5 mg L™". This is because
at pH 2, AuCl, tends to hydrolyse to the neutral complex
AuCl,(H,0)(OH) in the presence of NaCl, while the most
abundant Au complex at pH 8 is the negatively charged
Au(OH),".”®*° On the contrary, the collection of Pt follows a
very similar trend at both pH values, showing the maximum
collection of 80% at the concentration of 75 mg y-Fe,O3 L
at 25 °C, probably because of the greater stability of the
[PtClg]*” complex, regardless of the pH. At the lowest IONP
concentration, the collection capacity at 25 °C for Au and Pt
is 12.6 mg Au g' yFe,O; and 12 mg Pt g' y-Fe,Oj,
respectively. Besides, both solutions show a slight increase in
metal collection at the highest temperature. It is worth
mentioning that these values are one-fourth those published
for PEI functionalized IONPs for Au(m) thiosulfate, most than
probably because of the much higher metal concentration
employed in these experiments (see Table S6t).>
Additionally, while our IONPs@X4C4@PEI show lower gold
adsorption capacities compared to other systems, such as
chitosan resin embedding IONPs (709.2 mg Au(m) g~ IONP)
and IONPs-thiourea (118.5 mg Au(u) g~ IONP),"®®° they still
achieve nearly 100% Au release under mild conditions.
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Fig. 8 The top panel shows the % of Au (a) and % of Pt (b) remaining in 5
magnetic separations employing a concentration of IONPs@X4C4@PEI
of 25 mg mL™ and 75 mg mL ™" in fresh synthetic Au(in) and Pt(iv) chloride
solutions with equal Au and Pt concentrations of 76 pg L™ at pH 8. The
lower panel shows the effect of the incubation time on the collection of
Au (c) and Pt (d), with times ranging from 0 to 60 minutes in synthetic Au
and Pt chloride solutions at 25 °C. % Au and % Pt indicate the percentage
of metal remaining in solution.

To further explore the influence of the PEI layer on Au
collection, naked IONPs, IONPs@X4C4, and IONPs@Cit@PEI
were subjected to the same experimental conditions at pH 8.
Interestingly, while the first two systems failed to
demonstrate Au uptake (Fig. S207), IONPs@Cit@PEI collected
a comparable amount of Au(m) than IONPs@X4C4@PEI (Fig.
S217), suggesting a good efficiency of the PEI layer deposited
on the Cit to collect Au(m) complexes in solution.

The reusability of a same batch of particles was tested for
5 successive cycles of immersion/magnetic separations in
fresh Au(m) and Pt(iv) chloride solutions with metal
concentrations equal to 76 pg L' at pH 8 (Fig. 8). For both
precious metals, the particles seem capable of collecting large
amounts of Au (95%) and Pt (from 90 to 70%) at each cycle
even after 5 magnetic separations, which indicates that they
were not saturated even after several magnetic collection
cycles. Besides, the PEI shell likely maintains its integrity, as
observed in prior analyses. Elucidating the minimum time
required to collect most of the precious metals contained in
the sample can save time and consequently increase the cost-
effectiveness of the future industrial process. Additionally
knowing the specific collection time for each metal could be
an efficient manner to collect selectively the different metals,
by playing on this parameter. For these reasons, the effect of
the incubation times on Au(m) and Pt(wv) trapping in
synthetic metal solutions was investigated at pH 8.
Fig. 8¢ and d show the influence of the incubation times
from 0 to 60 min at 25 °C. As a general trend, both metals
show a large collection in the first incubation instants, which
is more prominent in the case of Au, while the collection of
Pt requires a longer incubation time of 60 minutes. The

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Gallery of TEM images showing IONPs@X4C4@PEIl particles
after one collection process in synthetic Au(i) chloride solutions. (a)
and (b) Show bright field TEM images at several magnifications of
IONPs@X4C4@PEI containing large Au particles indicated with red
arrows. (c) HAADF-STEM image highlighting bright spots indicative of
heavy elements within a nanoparticle matrix, correlated with EDS
spectra analysis for elemental composition determination. (d) Shows
the spectrum 1 in zone 1 containing a high percentage of Au. (e)
Depicts the spectrum 2 from zone 2 containing other elements.

faster collection rate of Au by PEI compared to Pt might be
attributed to the synergistic effects of electrostatic and steric
interactions between PEI and the Au(OH),  complex. This
stabilization and strong electrostatic attraction might lead to
efficient encapsulation of Au(OH),” within the PEI matrix,
contributing to the faster collection rate.

To gain insights into the characteristics of the precious
metal coating on the IONPs@X4C4@PEI surface after
collecting Au or Pt, a comprehensive microscopic
compositional analysis was performed. This analysis was
conducted with the samples involving collection at pH = 8,
25 °C, and a y-Fe,O; concentration of 75 mg L Fig. 9
displays the TEM study of the particles after the collection of
Au(m), while Fig. S221 shows the particles after collection of
Pt. For the Au case, the bright field TEM images reveal new
dark features, indicating the formation of Au nanostructures
at the IONP surface without the addition of any reducing
agent. EDS analysis as shown in the HDDAF-STEM image
corroborates this finding. This image exhibits bright spots,
corresponding to a heavier element than the iron oxide cores.
Moreover, EDX analysis in two distinct regions, labelled
zonel and zone 2 shown in Fig. 9d and e respectively, verifies
the presence of Au. Fig. 9d shows a prominent Au peak, with
a weight percent of 92.2%, along with O and Fe, confirming
the growth of Au nanostructures at the surface of the IONPs.
In contrast, Fig. 9 shows no Au signal, implying that large
areas of the sample do not contain a measurable
concentration of Au. The low amount of nanoscale Au is due
to the low concentration used in these experiments. These
results are likely caused by the amine groups in PEI acting as
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electron donors in good alignment with previous studies.®!
In contrast, the experiments performed with Pt do not show
the appearance of metallic nanostructures, suggesting that
PEI does not reduce Pt(wv), which probably remains adsorbed
on the IONP surface under the form of a complex (Fig. S227).
This finding aligns well with the typical larger redox potential
of Pt complexes.

Next, the release of the two precious metals was studied
under basic and acidic conditions, or with the addition of
thiourea (SC(NH,),) (Fig. S231). Note that the latter stands
out as an eco-conscious alternative to cyanide, enabling Au
recovery and refinement from diverse sources, including
electronic waste.>®> The addition of SC(NH,), leads to the
almost complete release of Au and Pt metals from the
particles. As reported in previous works,>®* the dissolution of
Au in the presence of SC(NH,), is based on a redox reaction,
in which Au is oxidized from Au(0) to Au(u) forming a stable
gold thiocyanate complex, as shown in eqn (14).

AU(S) + ZSC(NHZ)Z(aq) - AU[SC[NH2)2]+(aq) +e [14)

In the case of Pt, there is a ligand exchange reaction, in
which the chlorides are replaced by the SC(NH,), following
eqn (15).%

[PtCle]* (aq) + 2SC(NH,)2(aq) — P{SC(NH,),]" (aq) + 6CI (aq) (15)

The selectivity of IONPs@X4C4@PEI particles towards
Au(m) and Pt(iv) complexes was investigated in solutions
containing three times higher concentrations of Zn(u) and
Cu(u) chlorides at 25 and 50 °C and pH 8. The
IONPs@X4C4@PEI particles exhibit good selectivity for Au
and Pt over Zn and Cu, even in the presence of higher
concentrations of the latter metals (Fig. S24t). These
findings suggest that the negatively charged Au and Pt
complexes are attracted by the positively charged PEI
coating on the IONPs@X4C4@PEI particles, on the
contrary to the Zn and Cu complexes which are barely
affected.®*®> At 25 °C and pH = 8, the collection efficiency
for Au and Pt is around 80%, while that for Zn and Cu
averages around 20% despite their higher concentration.
At 50 °C, the collection efficiency for Au and Pt increases
to around 90%, while that for zinc and copper even
seems to decrease. The findings of this study suggest that
IONPs@X4C4@PEI particles can be used to selectively
recover Au and Pt from wastewater or other industrial
effluents also containing Zn and Cu.

In the final step of the study, we investigated the
effectiveness of IONPs@X4C4@PEI in real processing
solutions with water derived from the wet oxidation process
of domestic sludge, referred to as WetOx solutions.’® Our
experiments encompassed fresh WetOx solutions and
thiosulfate enriched WetOx solutions, as depicted in Fig.
S25.1 Under these specific conditions, we observed that the
IONPs@X4C4@PEI particles exhibited a lack of Au and Pt
extraction ability, probably due to the saturation of the
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cationic layer by either negative organic substances present
in the WetOx solutions or an excess of thiosulfate. Despite
these challenges, IONPs@X4C4@PEI particles show promise
as a viable material for Au recovery from inorganic matrices,
such as those encountered in mine and electronic scrap
leachates. These particles could also be envisaged for
biotechnological applications such as nucleic acid
purification.

Conclusions

In this work, we have developed a novel method for the
synthesis of IONPs with a robust PEI coating mediated by the
grafting of a X4C4 onto the IONP surface. This innovative
approach results in magnetic particles that exhibit
remarkable stability across a wide range of pH conditions,
exceptional magnetic reusability, and outstanding selectivity
in the recovery of Au and Pt from solutions containing
competing metals.

The developed methodology stands out from
conventional PEI-coated IONPs due to its ability to
effectively anchor the PEI layer onto the IONP surface,
preventing its detachment and maintaining the particles
in a dispersed state. This resilience may stem from the
potent electrostatic attraction between the densely packed,
negatively charged carboxylate groups of the X4C4 on the
particles, and the positively charged ammonium groups of
the PEI Additionally, the enduring stability of the X4C4
coating is attributed to the formation of numerous
covalent bonds with the IONP surface, which anchors the
coating firmly in place and enhances the overall durability
of the nanoparticle structure.

The exceptional stability of IONPs@X4C4@PEI particles
is evident in their ability to withstand both acidic and
alkaline conditions without significant particle aggregation
or loss of magnetic properties. Moreover, these particles
demonstrate exceptional magnetic reusability, maintaining
their selectivity and recovery efficiency over multiple cycles
of separation. The selectivity of IONPs@X4C4@PEI
particles lies in their ability to preferentially bind anionic
Au and Pt complexes over other neutral metal complexes
or cations.

This work paves the way for the sustainable utilization of
these particles across a diverse range of potential
applications. In environmental remediation, these particles
could selectively recover precious metals from wastewater,
thereby reducing environmental pollution and fostering
resource conservation. In addition to the promising results
obtained for the recovery of Au and Pt, future work may
explore the applicability of this chemical functionalization
strategy to other hazardous metallic ions such as chromium,
cobalt, and cadmium, thereby broadening the environmental
relevance and impact of our approach. Additionally, these
particles may find applications in the recovery of precious
metals from leachates in mining or electronic scrap
processes.

This journal is © The Royal Society of Chemistry 2025
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