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l elements from NdFeB magnets
with aminophosphonic acid functionalised 3D
printed filters and their detailed structural
characterisation

Emilia J. Virtanen, ac Janne Yliharju, bce Esa Kukkonen, ac Tia Christiansen,a

Eero Hulkko, acf Minnea Tuomisto,d Arttu Miettinen, bce Mika Lastusaari, d

Ari Väisänena and Jani O. Moilanen *ac

3D printed filters containing 70 wt% of polyamide (PA) nylon-12 as a polymer matrix and either 30 wt% of

a commercial aminophosphonic acid functionalised resin (Lewatit TP260) or a synthesized

aminobisphosphonic acid (1) as an additive were manufactured via selective laser sintering and

investigated for the separation of elements from a NdFeB magnet waste. Prior to separation studies, the

magnet was leached with 10 v/v% methanesulfonic acid using an S/L ratio of 5 g l−1 for 20 h at 60 °C.

The PA-TP260 filters adsorbed rare earth elements (REEs) more efficiently than transition and main

group elements and showed greater uptake than the PA-1 filters at the studied pH range of 0.15–4.00.

Thus, the PA-TP260 filters were selected for the separation process, wherein Fe was first selectively

precipitated from the leachate, while solid-phase extraction was used to separate the remaining

elements from the leachate to four distinct fractions: REEs; B, Co; Al; and Cu. Neither significant

decrease in the adsorption and desorption percentages of the PA-TP260 filters over 50 adsorption–

desorption cycles, nor structural changes, as confirmed by the X-ray tomography and Fourier transform

infrared spectroscopy studies, were observed. Overall, the results demonstrate that highly porous and

reusable 3D printed filters efficiently separate critical elements from the NdFeB magnet leachate using

only eco-friendly solutions of MSA, ammonium chloride, and potassium oxalate, paving the way for

greener separation processes for these -critical elements.
Introduction

Neodymium–iron–boron permanent magnets, commonly
abbreviated as NdFeB magnets consist of an alloy mainly made
of 60–70 wt% of Fe, 20–30 wt% of Nd, and 0.3–1 wt% of B, as
well as 0.5–7 wt% of Pr.1 Small amounts of other metals such as
Al, Ga, Co, Cu, Dy and Tb are added to NdFeB magnets to adjust
their properties.2 For example, Dy and Tb are typically added to
increase the coercivity of a magnet at high temperatures.2,3 The
addition of up to 5% of Co increases the Curie temperature of
the magnet, a temperature at which the magnet retains its
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permanent magnetic properties.4 Ga and Al improve the
thermal stability of the magnet.5 Therefore, the used NdFeB
magnets are not only a potential secondary source for rare earth
elements (REEs) but also for other critical elements such as Co,
Al, or Ga.6

Larger-sized wind turbine and electric car magnets can be
recycled as they are, but smaller magnets from electric appli-
ances and hard disk drives (HDDs) must be separated from the
other components including plastic or metal parts either by
manual7,8 or automatic9,10 dismantling. Aer the separation,
demagnetisation and grinding of magnets into small particles
are typically required before the elements can be separated into
their respective fractions by pyro-, hydro-, or solvometallurgical
processes.11 Pyrometallurgical recycling can yield rather pure
fractions of REEs.12,13 However, it requires high temperatures
making it an energy-intensive process, although waste heat can
be recycled.14 In hydrometallurgy and solvometallurgy, the
elements are typically leached from NdFeB magnets by acidic
aqueous solutions or non-aqueous solvents and are then
commonly separated from each other by precipitation,15,16

liquid–liquid extraction,17 or ion-exchange.18 So far, the focus in
J. Mater. Chem. A, 2026, 14, 21065–21079 | 21065
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the literature has been on the separation of the main compo-
nents of magnets, i.e., Fe, Nd, and Dy, from the simulated
NdFeB solutions19–23 and/or binary solutions containing only
the most abundant elements (Fe/Nd or Nd/Dy).24–29 Using
precipitation, 100% pure Nd fraction has been obtained from
Nd/Fe26 and Nd/Dy28,30 binary systems, and Nd and Co have been
successfully separated from the multicomponent solutions
containing either Nd, Fe, Co, and Ni, or Co, Nd, and Dy,
respectively.19,20 Recovery of REEs from magnet leachates has
been studied by O'Connell-Danes et al. who found that the Nd/
Pr mixture can be separated from heavier REEs by precipitation
and aerwards Dy, Gd, and Ho can be recovered by solvent
extraction.31 Dupont and Binnemans separated Fe from the
magnet leachate with ionic liquids, and precipitated REEs and
Co with oxalic acid. Co was further separated from REEs by
adding ammonia to form soluble Co ammonia complexes
resulting in a 99.9% pure REE fraction.17

One commonly used ion-exchange material is amino-
phosphonic acids. These acids contain both an acidic phos-
phonate group (PO(OH)2) and a basic amine group (NH2), which
make aminomethylphosphonic acids versatile additives for
adsorption materials. Aminophosphonic acids can exist as
zwitterions, and thus are categorized as polyampholytes, con-
taining both positive and negatively charged moieties.32 They
tend to bind to metals through the phosphonic acid function-
ality, either ionically to P–OH or covalently to P]O, but the
amino moiety can also participate in the binding in an appro-
priate pH range.33 Moreover, previous studies have shown that
the aminophosphonic acid functionalized ion exchangers
adsorb heavy metals andmetals with high oxidation states more
strongly, in the following order: Th4+ z UO2

2+ z Fe3+ > REE3+ >
Al3+ > Cu2+ > Co+ > Na+.34–38 Aminophosphonic acid function-
alized commercial ion exchange resins are marketed under
commercial names such as MCR50, Purolite S940, or Lewatit
TP260. Commercial Lewatit TP260 resin is a macroporous,
weakly acidic aminomethylphosphonic functionalised ion
exchanger provided in the Na+ form.39 Kadous et al. studied the
sorption of U(IV) to Lewatit TP260 in acetate media and
proposed that the uranyl acetate coordinates to either both of
the deprotonated OH groups of PO(OH)2 or to a single OH
group.40 Suwannahong et al. studied Cu(II) adsorption from e-
waste leachate to Lewatit TP260 and suggested Cu(II) binding
to both of the acidic PO(OH)2 groups with coordination to the
nitrogen atom as well.41

3D printed adsorption materials have become increasingly
common over the past decade,42 a trend inuenced by advances
in 3D printer technology and the ease of manufacturing lters
in various sizes, shapes, and with different adsorbents. Typi-
cally, an additive is mixed with a polymer matrix, which serves
as a framework where the additive can either attach or become
encapsulated within the pores of the matrix. The mixture can be
printed with different 3D printing techniques, for example,
Selective Laser Sintering (SLS),43–47 Direct Ink Writing (DIW),48–52

and Digital Light Processing (DLP).53,54 Porous SLS 3D printed
materials have been utilized, for example, in metal
recovery,37,43,47,54–57 analyte preconcentration,58–60 and organic
material capture.61 Lahtinen et al. studied the structure of SLS
21066 | J. Mater. Chem. A, 2026, 14, 21065–21079
3D printed lters containing commercial resin Dowex 21K as an
additive with helium ion microscopy (HIM) and X-ray tomog-
raphy and found out that the porosity of lters was 32% and the
additive was attached to the polypropylene matrix but was not
encapsulated inside the pores of the matrix.46 Ibebunjo et al.
mixed commercial Lewatit MDS TP220 with polypropylene and
characterized the SLS printed particles with Scanning Electron
Microscopy (SEM), and found that the Lewatit MDS TP220
particles attached to the polymer matrix.43 Geopolymers have
been 3D printed by the DIW technique which has yielded highly
organised and controlled structures. Additionally, the porosity
of the reported geopolymer materials was reported to be great,
over 60% enabling a high area for adsorption.57,62,63 Porous
objects have also been printed with DLP for the adsorption of
CO2 with surface area of up to 40.3 m2 g−1.54 While the afore-
mentioned studies demonstrate that porous structures can be
obtained using various 3D printing techniques, SLS has been
shown to offer distinct advantages. While DIW and DLP require
more careful tailoring of the composition of the ink or resin,64

SLS can utilize commercial polymer powders for essentially any
printable additive. Furthermore, the printed objects require no
further curing, unlike the onesmanufactured with the other two
methods. When considering metal recovery, the polymer
matrixes used in SLS printing have also been demonstrated to
be relatively inert and capable of withstanding strongly acidic
metal containing solutions which are commonly used in
industrial applications.37,47,65

In this work, we present the recovery of various elements
from NdFeB magnets using two types of 3D printed lters.
These lters contain polyamide (PA) nylon-12 as the polymer
matrix and either commercial Lewatit TP260 (PA-TP260) or
synthesized aminobisphosphonic acid 1 (PA-1) as an additive.
The 3D printed lters were thoroughly characterized with X-ray
tomography, Fourier transform infrared spectroscopy (FTIR), X-
ray powder diffraction (PXRD), and, for the rst time, scanning
near-eld optical microscopy (SNOM). These complementary
characterization techniques provided insight into their
composition, morphology down to the nanometer scale, and the
attachment of the additive, which seem to vary from one addi-
tive to another. Furthermore, adsorption behaviour was
systematically evaluated for a series of PA-TP260 lters con-
taining different amounts of TP260, and adsorption isotherms
were obtained for each composition, revealing how the amount
of additive inuences the metal uptake. 50 adsorption–
desorption cycles were also conducted to demonstrate long
term reusability of PA-TP260 lters. Such detailed studies have
not been previously reported for aminophosphonic acid based
3D printed lters, although the good performance of PA-1 lters
in REE recovery from mining wastewater has been demon-
strated.37 Methanesulfonic acid (MSA), which is a greener
alternative for the commonly used mineral acids like HCl,
HNO3 and H2SO4, was used in both the leaching of magnets and
as the acid background of recovery studies. Although the good
leaching and acid background properties of MSA have been
reported before in the recovery studies focusing on other
secondary sources,66–70 these properties of MSA have not yet
been utilized in the recovery studies of NdFeB magnets to the
This journal is © The Royal Society of Chemistry 2026
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best of our knowledge. Herein we show that by combining the
reusable 3D printed lters with ecofriendly MSA, ammonium
chloride, and potassium oxalate solutions, all the elements in
the studied NdFeB magnet can be separated into their own less
complex fractions. In particular, a very pure REE fraction with
the purity of 99.4 ± 0.4% is obtained. Four other fractions
containing majority of B, Al, Co, and Cu can be obtained for
further separation.
Results and discussion
Preparation of the 3D printed lters

Nylon-12 (polymer matrix) and two different additives, namely
Lewatit TP260 and dodecylaminobisphosphonic acid 1, were
used in the 3D printing of the PA-TP260 and PA-1 lters,
respectively. Nylon-12 was selected as the polymer matrix
because it was almost completely inactive towards metals in
a NdFeB magnet solution without the additives (Table S1). The
PA-TP260 lters were prepared by mixing 5, 10, 20, 30, 40, or
50 wt% of the nely grounded TP260 with commercial nylon-12
powder and the resulting mixtures were used for the 3D
printing. The lters containing #30 wt% of TP260 were robust
and durable, but when the amount of TP260 was increased over
40 wt%, the lters started losing their mechanical durability.
Thus, most of the studies were carried out for the 30 wt% lters
and the abbreviation PA-TP260 refers to a lter with 30 wt% of
TP260 unless stated otherwise. The PA-1 lters consisting of
30 wt% of 1 and 70 wt% of nylon-12 were manufactured as
previously reported.37 All 3D manufactured lters were 5 mm
thick with a diameter of 16.6 mm and they were prepared using
a ShareBot SnowWhite SLS 3D printer. Each lter was cleaned
thoroughly with deionized water to remove any unsintered
powder before further studies.
Fig. 1 High-resolution tomographic cross-sections of the PA-TP260
(left) and PA-1 (right) filters. These data were not used in the image
analysis, but were used to visually study the micrometre-level struc-
ture with an isotropic voxel size of 0.6 mm. The darker areas represent
the nylon-12 particles, while the lighter areas represent the additives.
Characterisation of a 3D printed lter

FTIR, PXRD, X-ray tomography, and SNOM were applied to
characterize the PA-TP260 lters. For PA-1, PXRD and FTIR
characterization has been reported before.37 According to the
measured FTIR spectra of nylon-12, TP260 and PA-TP260, the
additive (TP260) was proved to stay intact in the lter aer the
3D printing process (Fig. S1). This was further conrmed using
the PXRD although the peaks arising from TP-260 were broad
due to its amorphous nature (Fig. S2).

X-ray tomography and image analysis were applied to char-
acterise the morphology of the PA-TP260 lter at the microm-
eter level. In addition to the printed lter, a PA-TP260 powder
sample was imaged, and the particle size distribution of the
powder was measured. In both cases, the isotropic voxel size
was 6.6 mm (voxel refers to a 3D pixel). For the PA-TP260 lter,
the measured total porosity was 50 ± 2%, and the average pore
size was 34 ± 5 mm (Fig. S3). The estimated standard deviation
of the pore size was 13 ± 2 mm. Previously reported values for
PA-1 are 59 ± 2% (total porosity), 95 mm (average pore size), and
50 mm (the standard deviation of the pore size), which indicate
that small deviations are observed between the parameters of
PA-1 and PA-TP260.37 Only approximately 0.01% of the pores
This journal is © The Royal Society of Chemistry 2026
inside the printed material are not connected to the air outside
the sample. Furthermore, the measured surface area of the
printed lter was 221 ± 10 cm2 in the analysed volume, leading
to a specic surface area of approximately 0.12m2 g−1. However,
the measured specic surface area is strongly dependent on the
imaging resolution, and therefore, this value will underestimate
the surface area, e.g., available for the adsorption process.

The particle size distributions for the printed lter and
powder sample are presented in Fig. S4. Most particles are
smaller than approximately 150 mm, but a small number of
larger particles are also present, ranging from 150 mm to 400
mm. Additionally, the mode of the distribution was 65 ± 5 mm
for both cases (powder and printed). The average particle sizes
were 69 ± 5 mm for the printed material and 64 ± 5 mm for the
powder. The distributions indicate a trend of increasing particle
size during the printing process. This likely results from mis-
interpreting connected particles as a single larger particle,
although the segmentation process aims to separate and iden-
tify particles individually, even when they are touching.
According to the information given by the supplier of nylon-12
(Materow Oy), 80% of the particles have sizes ranging from 40
mm to 90 mm (the size of 50% of the particles is approximately 58
mm), and the particle size of the Lewatit TP260 before
powdering was approximately 400 mm.39 Therefore, the results
of the image analysis were plausible. In addition to numerical
characterisation results obtained based on image analysis, the
structure of the PA-TP260 lter was visually studied, and the
additive was found to be uniformly distributed throughout the
lter (Fig. S5).

Concerning the accuracy of the results, it is essential to note
that the image analysis results describe the characteristics of
the pores and particles within the spatial scale determined by
the spatial imaging resolution. To examine the structure more
closely, small volumes (approximately 1 mm × 1 mm × 1 mm)
of both PA-TP260 and PA-1 lters were imaged using an
isotropic voxel size of 0.6 mm. Cross-sections from these high-
resolution 3D tomography images are shown in Fig. 1. The
images reveal that the additives (lighter parts) are attached to
nylon-12 particles (darker parts), most likely due to the partially
melted surfaces of the particles during SLS 3D printing.
J. Mater. Chem. A, 2026, 14, 21065–21079 | 21067
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Additive particles were generally not embedded in the pores of
the nylon-12 matrix. While some small particles may appear
encapsulated, the limited spatial resolution does not reveal all
the porosity, which could create ow paths toward the additives.
Thus, the structures are similar to what have been observed in
other SLS 3D printed lters with different additives and polymer
matrices.43,46 Furthermore, most of the surface of an additive
particle is not in contact with another particle (especially in PA-
TP260). In some instances, a particle may seem disconnected
from others, but this is because Fig. 1 is a 2D cross-section of
a 3D volume. In the case of PA-TP260, one can notice that
additive particles are parts of spheres (the initial shape of the
TP260). In contrast, in PA-1, the additives are partially present
in a plate-like structure, as previously observed when the PA-1
lters were studied using HIM.37 It also seems that 1 is more
rmly attached in the nylon-12 matrix than TP260, likely due to
the lower melting point (close to the laser temperature) of 1
compared to TP260.

To get more insight into these results, nano-FTIR71,72

measurements were performed on single particles collected
from PA-1 and PA-TP260 lters, as well as on pure 3D printed
nylon-12 for reference. The measured area was chosen to be
from 1800 cm−1 to 1000 cm−1 as characteristic P–O peaks can be
detected at 1156 cm−1 for the additives 1 and TP260. The nano-
FTIR spectral measurement positions are shown in Fig. S6, and
the spectra presented for the particles are an average of
different measurements of each particle (Fig. 2). In the case of
PA-1 particle, it was shown that the additive 1 is coating the
nylon-12 particle as a strong P–O peak can be detected at
1170 cm−1, which is slightly shied compared to the peak
observed in the FTIR spectrum of the bulk material. The nylon-
Fig. 2 FTIR-spectra for the bulk material (top), and spectra for the
single particles measured using SNOM (down).

21068 | J. Mater. Chem. A, 2026, 14, 21065–21079
12 particle measured for the reference also showed peak shi-
ing from 1635 cm−1 to 1645 cm−1. For PA-TP260, the measured
particle exhibited a P–O peak around 1156 cm−1, but no char-
acteristic C]O peak associated with nylon-12 was detected.
This nding suggests that TP260 and nylon-12 particles are less
strongly bound together compared to nylon-12 and PA-1, further
supporting the results from the X-ray tomography analysis.
Leaching of the NdFeB magnet

The elemental composition of the NdFeB magnet was deter-
mined by total acid digestion with aqua regia and an S/L ratio of
5 g l−1. The total dissolution time for the magnet was 3 h at 60 °
C, and no residues were detected aer ltration. The amount of
leached elements was determined using ICP-OES (Table S2).
The main components were Fe (63 wt%) and Nd (21 wt%), fol-
lowed by Pr (6 wt%), Dy (3 wt%), and B (1 wt%). The magnet also
contained small amounts of Al, Co, Cu, Sm, Tb, and Ho
(<1 wt%).

The efficiency of MSA in leaching the NdFeB magnet was
studied across various concentrations of MSA ranging from
10 vol% to 100 vol%. The leaching temperature (60 °C), time (20
h), and S/L ratio (5 g l−1) were kept constant. The 10–60 vol%
and 90–100 vol% MSA solutions efficiently leached the
elements, except Cu, from the magnet, but the leaching effi-
ciency signicantly decreased in the solutions containing
70 vol% and 80 vol% of MSA (Fig. 3). The decrease in the
leaching efficiency can partially be explained by the low solu-
bilities of metal salts in the concentrated MSA solutions.73 For
example, the leaching efficiency of MSA has been reported to
decrease for Zn,73 Fe,73,74 and the red phosphor (YOX;
Y2O3:Eu

3+)66 with the increasing concentrations of MSA.
However, in this study, the above explanation is only valid for
the dip region between 70 vol% and 80 vol% solutions, as the
90 vol% and 100 vol% solutions leached the metals similarly to
the 60 vol% solution. A similar dip in the leaching efficiency of
MSA has previously been reported for the halophosphate
phosphor (HALO; (Sr,Ca)10(PO4)(Cl,F)2:Sb

3+,Mn2+).66 It was
attributed to the formation of unstable calcium complexes in
Fig. 3 Leaching NdFeB magnet with different v/v% MSA at 60 °C
for 20 h.

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Adsorption percentage as a function of pH 0.15–4.00 for the
PA-TP260 filters.
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the dip region, whereas in higher concentrations, more soluble
calcium methanesulfonates are formed. Interestingly, no clear
Fe precipitation was observed during the leaching experiments
in regions of 10–60% and 90–100%, as reported in previous
studies.73,74 This may be because Fe is not fully oxidized to the
+3 state during the leaching process (see below).

Given that MSA completely leached most of the studied
elements, its leaching efficiency is comparable to or better than
that of previously investigated acids. For example, ∼90–100%
leaching of Nd and Fe from NdFeB magnets has been achieved
with H2SO4 (ref. 75) and acetic acid,16,76 depending on the
molarities of the acids and leaching conditions. Furthermore,
a selective 90% leaching of REEs has been reported for 1 M
HNO3 in an autoclave at 60 °C.77 Although the leaching effi-
ciency of MSA towards REEs has been investigated with the
lamp phosphor waste,66 its efficiency with NdFeB magnets has
only been tested for Co.78 Notably, 1 M MSA at 70 °C dissolved
100% of Co from the NdFeB magnet, similar to the results ob-
tained here.

Iron precipitation

Because Fe is the major element in the NdFeB magnet leachate,
its precipitation from the leachate simplies the recovery and
separation of other metals in the subsequent solid-phase
extraction step. The oxidation state of Fe should be (II) aer
the MSA digestion due to the non-oxidizing nature of MSA, as
has been reported before for other non-oxidizing acids.16 The
complete precipitation of Fe(II), however, requires a pH of 9.5,79

which is an unviable option due to the co-precipitation of other
elements under such basic conditions.80 Therefore, the oxida-
tion of Fe(II) to Fe(III) is necessary for the successful precipita-
tion at lower pH values. The oxidation was carried out by adding
an equivalent amount of 30% H2O2 to the solution, and raising
the pH to 3.7 with 25% NH4OH.81 During the oxidation process,
a brown precipitate formed, which was removed by ltration.
The absence of Fe in the ltrate was conrmed by ICP-OES
measurement. Only traces of Fe were detected in the ltrate,
and the obtained precipitation percentage for Fe was 99.9%,
indicating complete removal of Fe from the magnet leachate.
Only Al (27% ± 3%) and Cu (12% ± 7%) co-precipitated clearly
with Fe during the oxidation process, whereas the precipitation
of other elements was less than 5% (Table S3).

Adsorption studies

Adsorption tests were performed for the three stacked PA-1 and
PA-TP260 lters, and each test was done in triplicate. In the tests,
40 ml of the Fe-free MSA leachate of NdFeBmagnets was injected
through the lters with a ow rate of 90 ml h−1. The tests were
rst performed at two different pH values, which were 0.15 and
4.0. The former is the pH of 5% MSA, and at the latter pH, the
deprotonation degree of the additives increases.82,83 At both pH
values, the PA-1 lters adsorbed each element substantially less
than the PA-TP260 lters (Fig. 4 and S7). As seen in Fig. 4, the PA-
TP260 lters adsorbed over 90% of REEs but no signicant
amount of other elements at pH 0.15. This can likely be attrib-
uted to the interplay between ionic radius, coordination number,
This journal is © The Royal Society of Chemistry 2026
Lewis acidity and oxophilicity. REEs with larger ionic radii typi-
cally prefer higher coordination number and exhibit stronger
oxophilicity than Al, Cu, or Co.84–89 Thus, REEs form more stable
complexes with aminophosphonates in PA-TP260 even though
the effective Lewis acidities of Al, Cu and Co are similar in
strength. For the PA-1 lters, at this pH, the adsorption
percentages of all elements were 10% at maximum (Fig. S7). This
is in line with the previous study, because the PA-1 lters showed
low uptake of REEs under strongly acidic conditions (pH # 2).37

At pH 4, the PA-1 lters adsorbed less than 50% of REEs, Cu, and
Al, while the PA-TP260 lters completely adsorbed all elements
except B. The low adsorption for B is likely due to its existence as
B(OH)3 under acidic pH conditions, rather than as a free cation,
and therefore cannot participate in cation-exchange or chela-
tion.90 The results obtained here are similar to what Hermassi
et al. previously reported for TP260, with the exception that they
observed 20% of Co adsorbing at pH 0, which likely results from
the different acid background (H2SO4).35 The results indicate that
the REEs can be separated from B, Al, Co, and Cu at pH 0.15
using the PA-TP260 lters, whereas the PA-1 lters are rather
ineffective in these concentrations. The better uptake of PA-
TP260 lters compared to that of the PA-1 likely stems from
TP260's polymeric structure, in which phosphonate groups are
immobilized in proximity within an organized matrix.91,92 This
prearranged environment can enhance metal uptake from the
magnet solution. In contrast, PA-1 consists of discrete amino-
bisphosphonate molecules and therefore does not provide as
highly preorganized coordination environment as PA-TP260. The
PA-TP260 lters also separate B from other elements at pH 4.

Due to the better performance of the PA-TP260 compared to
the PA-1 lters, a more accurate pH screening was only per-
formed for the PA-TP260 lters to nd out the optimal pH range
for better separation of all elements. Three additional pH values,
1.0, 1.5, and 2.0 were tested. At pH 1.0, the adsorption of B andCo
J. Mater. Chem. A, 2026, 14, 21065–21079 | 21069
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remained low (∼4%), whereas 48± 5% of Cu, 65± 8% of Al, and
all the REEs were adsorbed by the lters. When the pH was
adjusted to 1.5, and subsequently to 2.0, the adsorption of Al was
observed to increase to 95 ± 4% and 98 ± 3%, respectively. For
Cu, the increases were 60 ± 10% and 97 ± 2%. Although the
adsorption of Al was almost complete at pH 2, the co-adsorption
of Co was also signicantly greater (17%) compared to pH 1.5
which was not aimed for. Therefore, pH 1.5 was deemed to be the
best pH for separating Al and Cu from B and Co once the REEs
were separated from all other elements at pH 0.15.
Adsorption–desorption cycles

The reusability of the lters and their possible structural
changes associated with the adsorption and desorption steps
were investigated by performing 50 subsequent adsorption–
desorption cycles for one PA-TP260 lter. Only one lter was
selected because an X-ray tomography image was taken from
that lter every tenth step of the cycles. Importantly, its
adsorption and desorption capacity were within the standard
deviation (Table S4) of those observed for three stacked lters
(Table S5), validating the results obtained only for one lter. In
each adsorption–desorption step, 9 ml of simulated NdFeB
solution was injected into the lter at pH 0.15 with a ow rate of
90 ml h−1, followed by the elution of the lter with MSA with
a ow rate of 15 ml h−1. According to the initial test, 3 M MSA
was used as an eluent in the rst ve cycles, but it was shortly
noticed that better desorption of elements is obtained with 5 M
MSA. Indeed, the additional desorption tests performed for
a different set of lters showed that 5 M MSA desorbs the REEs
better than 3 M MSA (Fig. S8). 6 M HNO3 was also tested as an
eluent because it was previously shown to elute Nd from the PA-
1,37 however, it performed poorly at eluting heavy REEs (Dy, Tb,
and Ho) from PA-TP260 compared to MSA.

As seen in Fig. 5, a small decrease in the adsorption effi-
ciency was observed aer the rst 15 cycles, but otherwise it
Fig. 5 Amounts of adsorbed (green) and desorbed (orange) elements
in mg during the 50 adsorption–desorption cycles.

21070 | J. Mater. Chem. A, 2026, 14, 21065–21079
remained almost invariable during the 50 cycles. It even slightly
increased at the end of the cycles. Desorption of the elements
was also very efficient except in the rst ve cycles when 3 M
MSA was used as an eluent instead of 5 M MSA. Only a small
amount of heavier REEs accumulated in the lter during the
process, as indicated by the residual amount of elements
present in the lter (Fig. S9). Aer completing the 50 cycles, an
IR spectrum was measured by scratching a small amount of the
material from the bottom of the lter, and no deterioration was
observed. The small detectable changes arise from metals
coordinating to the TP260 functional sites (Fig. S10), which are
discussed in more detail in the following chapter. 50 or over 50
cycles have been performed before for adsorbent materials93 in
adsorption–desorption studies, but usually much more less
cycles are performed.43,59,94–96 Concerning this, the 50 adsorp-
tion–desorption cycles truly highlight the reusability of the PA-
TP260 lters. Also, the adsorption efficiency of adsorption
materials can decrease from 100% to nearly 60% even aer ve
cycles, as reported for the 3D printed adsorbent in the adsorp-
tion of Cu.43 A similar, though less pronounced, decrease has
also been reported for an ion-imprinted silica, where the
adsorption of Dy decreased from 100% to 81% within ve
cycles.95 This kind of behaviour was not observed for the PA-
TP260 lter within ve cycles, but it performed similarly to
the previously reported aminophosphonate sorbents, which
adsorbed 95% of Nd aer six cycles.94

A total of six tomographic scans were performed during the
50 adsorption–desorption cycles. The rst scan was conducted
at the initial stage aer the lter was prepared. Subsequent
scans were conducted every ten cycles to assess changes in total
porosity, pore and particle size distributions, total surface area,
and connected porosity. The size of the volume under study was
the same in every 3D image, and its location was visually
matched in each step. The images essentially covered the same
part of the studied lter (as also illustrated in the features of the
depth proles of the porosity in Fig. S11). Considering the
uncertainties in the results, no signicant changes were
observed in the global averages of any of the measured prop-
erties (Table S6). The depth proles of the porosity and pore size
distributions (Fig. S11 and S12) also show overall minor
changes. However, at the end state (aer 50 cycles), there is
a slight increase in the number of smaller pores compared to
other states, and there is also a slight decrease in local porosity
with depth in the studied volume. These observations suggest
some minor local structural changes. However, due to uncer-
tainties in the measurements (2 percentage points for porosity),
the changes are not signicant. These ndings, along with
adsorption–desorption cycles, provide robust evidence for the
reusability of the lters, supporting their utilisation in indus-
trial recovery processes.
Adsorption mechanism

To get more insight into the adsorption mechanism, the PA-
TP260 lter saturated with Nd was characterized using FTIR
and X-ray tomography. At the molecular level, the adsorption of
Nd to an aminophosphonic acid moiety can occur via different
This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Possible coordination modes of Nd3+ to the aminophosphonic
acid moiety in the neutral (above) and zwitterionic (below) form.

Fig. 7 FTIR spectra of the unused PA-TP260 filter (green), PA-TP260
filter saturated with Nd (red), and ammonium salt of MSA (grey).
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coordination modes as illustrated in Fig. 6.83,97,98 It has been
reported that an acid anion, MSA anion in this case, can
protonate the NH moiety, leading to the salt formation
(NH2

+CH3SO3
−).35 Therefore, the coordination of a metal ion

likely only occurs in the phosphonic acid moiety at low pH
values,99 whereas at higher pH values, the coordination to
neutral amine is possible.100

When the FTIR spectrum of the unused PA-TP260 was
compared to the one saturated with Nd, it was found that the
peaks associated with nylon-12 remained unchanged as ex-
pected, but changes in the peaks arising from the phosphonate
moiety were observed (Fig. 7). The asymmetric and symmetric
P–O3 stretches at 1156 cm−1 and 1064 cm−1 shied to
1158 cm−1 and 1040 cm−1, respectively. The P–O3 bend at
541 cm−1 shied to 551 cm−1 upon coordination of Nd. Sahni
et al. reported that the zwitterionic structure is retained aer
coordination if only minimal changes are observed in the
asymmetric P–O3 stretch.99 The most noticeable changes were
observed for the P–OH stretch at 924 cm−1, which shied to
943 cm−1 with a signicant decrease in intensity. All these
observations indicate that Nd coordinates to the phosphonic
acid group, and in particular to the P–OH moiety, retaining its
zwitterionic structure. The peaks arising from the C–S stretch
and the S–O deformation101 vibrations of MSA at 771 cm−1 and
523 cm−1, respectively as well as the S–O3 stretches102 at
1158 cm−1 and 1040 cm−1 indicate that MSA anion(s) most
likely complete the coordination sphere of Nd ion. The
appearance of the peak at 1216 cm−1 either arises from a coor-
dinating MSA or a trapped MSA–H2O adduct inside the lter.103

Unfortunately, FTIR spectra do not reveal anything about the
HN/Nd coordination as the characteristics of the nylon-12
matrix mask all possible shis. The problem has also been
observed before, however, if the phosphonic acid exists as
a zwitterionic form, it is unlikely that the NH2

+ moiety partici-
pates in coordination.99,104

To conrm the adsorption of Nd to the additive at the
microscale, a lter was imaged with X-ray tomography before
and aer the Nd adsorption, and then the voxel values of the 3D
images were compared. The tomographic reconstruction yields
the values of the linear attenuation coefficient, which depend
on the energy, density, and elemental composition of the
This journal is © The Royal Society of Chemistry 2026
sample. Therefore, the local values of the linear attenuation
coefficients change during the adsorption of Nd. However, in
practice, the result of the reconstruction is the so-called effec-
tive attenuation coefficient, which is not the true material
property but depends on several factors, e.g., the camera's
response, beam hardening effect (corrected here with the
polynomial method105), and scattering of X-rays. It was evalu-
ated whether the measurement accuracy was sufficient to
observe the introduction of Nd into the lter structure. To this
end, the distributions of the attenuation coefficient values
before and aer Nd adsorption were compared, as shown in
Fig. 8. The rst peak at −1.0–0.0 corresponds to the air inside
the lter, the second peak around 1.0–2.0 corresponds to nylon-
12, and the third weak peak corresponds to the additive. There
are small systematic differences in the positions of the air and
nylon peaks due to differences in imaging conditions (e.g.,
source and detector stability). However, the change in the peak
corresponding to the additive is evident and caused by the
increase in density due to Nd. Thus, it can be concluded that the
introduction of Nd into the structure is well visible in the
distribution of attenuation coefficient values. Fig. 8 also
includes a visualisation where the voxels corresponding to the
additive and Nd are coloured red. The selection of a lower
threshold, here 3.0, for visualisation, is a rough estimate, which
introduces some uncertainties in interpretation. However, the
overall trend is clear; Nd is only found in the additive particles,
and only a negligible amount might remain in nylon-12 parti-
cles. The result is fully in line with adsorption tests performed
for the pure nylon-12 and the PA-TP260 lters (see above).
Additionally, the height of the nylon-12 peak in Fig. 8 increased
aer the adsorption of Nd, indicating a higher concentration of
nylon-12 particles in the studied volume. However, this increase
is not related to the adsorption process but most likely to the
moisture in the surrounding air and the minor shrinking of the
lter.
J. Mater. Chem. A, 2026, 14, 21065–21079 | 21071
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Fig. 8 Distributions of the attenuation coefficient values before (blue)
and after adsorbing Nd (red). The inset figure highlights the TP260
particles that are saturated with Nd. The asterisks indicate qualitatively
the attenuation coefficient values corresponding to the TP260
particles.
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Adsorption isotherms

The effect of the wt% of TP260 on the adsorption efficiency and
mechanism of the PA-TP260 lters was investigated by tting
the adsorption isotherms of Nd to the Langmuir (monolayer
adsorption),106 Freundlich (multilayer adsorption),107 and Sips
(a combination of Langmuir and Freundlich models)108 models.
All isotherm experiments were performed in triplicate by
passing 10 ml of 50–1000 mg per l Nd solution in 5% MSA
through one lter containing 5 wt% to 50 wt% of TP260 at a ow
rate of 90 ml h−1. The adsorbed amount of Nd was determined
using ICP-OES. Qm was calculated with respect to the mass of
the lter and the amount of TP260 in the lter. The lters
containing 10–30 wt% of TP260 tted best to the Langmuir
model, whereas lters containing 40 wt% and 50 wt% of TP260
followed Freundlich adsorption isotherms (Table S7 and
Fig. S13–18). Interestingly, the 5 wt% PA-TP260 lter t well only
to the Sips model. Given that the lters contain the same
adsorbent (TP260), the adsorption mechanism at the molecular
level should be identical for all lters, but the isotherm results
indicate differences on a larger scale. However, the adsorption
Table 1 Maximum adsorption capacitiesQm for the 5–50 wt% PA-TP260
and the amount of TP260 (mg per g TP260) in the filter

Langmuir

Qm (mg
per g lter) Qm (mg per g TP260

5% — —
10% 7.6 � 2.2 76.4 � 21.8
20% 9.7 � 2.4 48.6 � 12.1
30% 9.12 � 0.8 30.7 � 2.5
40% 10.1 � 0.5 25.2 � 1.3
50% 12.2 � 0.9 24.4 � 1.7

21072 | J. Mater. Chem. A, 2026, 14, 21065–21079
mechanism (here mono- vs. multilayer) cannot always be sup-
ported only by the curve tting.109 Controversial results have
also been reported before, for example, for the adsorption of
La3+ by Lewatit TP260.110–112 Similarly to this study, the
isotherms of La3+ t well to both the Langmuir and Freundlich
models. For this reason, the primary purpose of the isotherm
analysis in this work is to compare the adsorption capacities of
lters with different wt% amounts of TP260, rather than to
interpret adsorption mechanisms.

The maximum adsorption capacity Qm can be determined
with Langmuir and Sips isotherms. As expected, when
compared to the whole mass of the lter, it was found to
increase as the amount of additive increased (Table 1). The
capacities varied from 2.6 mg g−1 to 12.2 mg g−1 for the 5–
50 wt% lters. When themaximum capacity was calculated with
respect to the amount of active additive, the maximum
adsorption capacity decreased with the increasing amount of
the additive. For example, for the 5 wt% lter, the capacity was
50.9 mg g−1, while for the 30 wt% lter it was 30.7 mg g−1. Thus,
it could be concluded that the 5–20 wt% lters are more effec-
tive in adsorbing metals compared to the 30–50 wt% lters. The
results indicate that the metal-rich leachate does not reach the
adsorption sites of TP260 as easily when the amount of additive
in the lter increases. It is difficult to determine whether this is
related to the porosity and ow channels of the PA-TP260 lters
or to the adsorption mechanism of TP260. Because the
maximum adsorption capacities of the PA-TP260 lters were
determined at a low pH of 0.15, they are generally lower than
those reported for other aminophosphonate-based adsorbents
at higher pH values (Table S8).37,94,113–115
Separation process

For separating elements of the NdFeB magnet into their own
fractions, a process based on the PA-TP260 lters was developed
according to the leaching, adsorption, and desorption studies
wherein the underlying mechanics have been described in more
detail. The process is depicted in Fig. 9, and the adsorption and
desorption percentages as well as the amounts of the recovered
elements (in mg) for each step of the process are presented in
Table S9.

The process begins with the leaching step (step 1), aer
which Fe is removed from the leachate as described above (step
filters calculated with respect to the mass of the filter (mg per g filter)

Sips

) Qm (mg per g lter)
Qm (mg
per g TP260)

2.6 � 0.2 50.9 � 4.6
5.8 � 1.6 58.2 � 15.7
— —
— —
— —
— —

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 Separation process for the investigated NdFeB magnet. The purity of each filtrate is given in percentages.
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2). Then the pH of the leachate is set to 0.15 using 5%MSA, and
REEs are completely adsorbed into the lter, while most of Al,
Cu, Co, and B pass through the lters (step 3). At this low pH
value, the aminophosphonic functional groups of TP260
remain mainly protonated while still having high affinity for
REEs.116 The lters containing REEs, and possibly a small
amount of Co, Cu, and Al, are eluted with 1 M NH4Cl to desorb
weaker coordinated Cu from the lter (step 4). This step is fol-
lowed by the elution of the lter with 30 ml of 5 M MSA, to
recover REEs almost completely (>96%) from the lter into their
own fraction with a purity of 99.4% (step 5). The pH of the
ltrate, containing B, Al, Co, and Cu from step 3, is adjusted to
1.5 using 25% NH4OH (step 3.1). The resulting solution is
injected into the new set of lters to adsorb 100% of Al, 80% of
Cu, and 50% of Co, whereas B remains in the solution, resulting
in the ltrate containing 62% of B and 38% of Co (step 3.1). In
this pH value the deprotonation degree of aminophosphate
groups of TP260 is higher, and have better ability to adsorb Al,
Cu, and Co from the solution.37,116 The amount of Cu in the
passing Co + B fraction is minimal (Table S9). The lters con-
taining Al, Cu and Co is then eluted rst with 30 ml of 1 M
NH4Cl (step 3.2), followed by 30 ml of 0.4 M potassium oxalate
elution (step 3.3) to obtain a Co rich (step 3.2) fraction and Al
rich (step 3.3) fraction, respectively.117

The results obtained for REE recovery in the above-described
separation process are comparable to the best ones reported in
the literature. For example, 99.9% pure REE fractions with
a recovery rate of 99% have also been obtained in the separation
processes of NdFeB magnets utilizing ionic liquids and oxalate
precipitation.17,118,119 In contrast to this, the 90% recovery of B in
This journal is © The Royal Society of Chemistry 2026
the developed process is lower by a small margin compared to
that of alkali baking (90.3%)120 and selective leaching (99.5%).119

It is also worth mentioning that 99.9% of Fe with the purity of
97.6% was isolated in the preceding precipitation step, and Al,
Co, and Cu were separated into their own less complex fractions
in the subsequent separation steps. The latter is an important
result because, apart from the separation of REEs, Fe, and B,
previous studies have not extensively focused on the separation
of other elements present in NdFeB magnets, to the best of our
knowledge.19–31 Overall, the obtained results highlight that
precipitation combined with solid-phase adsorption, utilizing
3D printed lters and eco-friendly MSA, ammonium chloride,
and potassium oxalate as eluents, is an efficient way to separate
the elements from NdFBe magnets without strong mineral
acids.
Conclusions

Separation of critical elements from the NdFeB magnet was
studied with nylon-12 based 3D printed lters containing self-
synthesised (1) or commercial amino-phosphonic acid (TP260)
as an additive. In the adsorption tests, the PA-260 lters out-
performed the PA-1 lters as they separated REEs from Al, Co,
Cu, and B at a low pH value of 0.15. The adsorption mechanism
of the PA-TP260 lters were investigated using X-ray tomog-
raphy and FTIR, while the tting procedure to the adsorption
isotherms were inconclusive. FTIR measurements revealed that
(metal) ions present in the NdFeB magnet leachate coordinate
to the phosphonate groups of the additive TP260, whereas, to
the best of our knowledge, X-ray tomography was used for the
J. Mater. Chem. A, 2026, 14, 21065–21079 | 21073
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rst time to demonstrate that Nd is adsorbed by the additive,
with minimal or no adsorption to the nylon-12 particles. Even
though adsorption isotherms did not shed light on the
adsorption mechanism, the maximum capacities of the 5–
50 wt% PA-TP260 lters were extracted from them and they
ranged from 7.6 ± 2.2 mg g−1 to 12.2 ± 0.9 mg g−1 (per mass of
the lter) at pH 0.15. Finally, a separation process for separating
REEs, B, Al, Co, and Cu was developed by combining MSA
leaching, precipitation and solid phase extraction with eco-
friendly MSA, ammonium chloride and potassium oxalate as
eluents. The separation process resulted in the separated Fe and
REE fractions with high purities of 97.6% and 99.4%, respec-
tively, and four other fractions containingmajority of Al, Co, Cu,
and B. These results demonstrate that the separation of
elements from the NdFeB magnet starting from the leaching
step can also be performed without strong mineral acids like
HNO3, HCl, and H2SO4. Moreover, the PA-TP260 lters were
thoroughly characterised with X-ray tomography. These studies
showed that the lters are highly porous, robust, and fully
reusable aer 50 cycles, indicating their long-term performance
ability in separation processes and applicability to industrial
processes. Overall, this study paves the way for greener sepa-
ration processes for secondary sources containing REEs as well
as elements like Al, Co, Cu, or B.
Experimental details

Formaldehyde (36%) was purchased from VWR; phosphorous
acid (99%) from Fluka Chemical Co.; dodecylamine (98%) from
Merck, and methanesulfonic acid >98% from Thermo Scientic
Chemicals. Nd2O3 (99.9%) was purchased from Sigma-Aldrich.
1000 mg per l ICP standard solutions for calibration were
purchased from PerkinElmer. All chemicals were reagent grade
and were used without further purication. [(Dodecylimino)bi-
s(methylene)]bisphosphonic acid 1 was synthesized as
described previously.37 Aminophosphonic acid resin Lewatit
TP260 was acquired from Lanxess. Metal concentrations were
determined using a PerkinElmer ICP-OES Optima 8300 spec-
trometer and the lters were printed with a ShareBot Snow-
White SLS 3D printer.
3D printing

FreeCAD v. 0.16 was used to design the model for the 3D printed
lters. The model was further processed into two-dimensional,
0.1 mm thick layers using Slic3r v. 1.2.9. Powderous nylon-12
(particle size ca. 50 mm) was used as the polymer matrix in
which 30 wt% of nely ground additive aminobisphosphonic
acid 1 or 5–50 wt% of TP260 was mechanically mixed. The
resulting powder mixtures were used as such to manufacture the
respective 3D printed lters. For the powder containing additive
1, print speeds between 1480 and 1600mms−1 were tested before
selecting 1560 mm s−1 as the nal speed; laser power was kept
constant at 40% (of 14W). The PA-TP260 lters were printed with
laser power and speed of 50% (of 14 W) and 1480 mm s−1. The
printing temperature was kept constant (172 °C) for lters of
additive 1 and PA-TP260 lters containing 50–30 wt% of the
21074 | J. Mater. Chem. A, 2026, 14, 21065–21079
additive. The temperature was gradually lowered to 167 °C for
5 wt% lters to accommodate the increasing amount of nylon.
The number of warming layers was kept at 40 for all prints, while
the wait-time parameter was adjusted between prints (ranging
between 450 and 900 seconds) to ensure the powder was evenly
warmed up to prevent detaching layers or warping of the printed
objects. The powder was sieved to remove any larger residues and
mechanically mixed again between every print. The printed lters
were thoroughly rinsed with water to remove any unsintered
powder before using them in any experiments.
X-ray tomography

X-ray tomographic imaging was conducted at the Department of
Physics of the University of Jyväskylä using two tomographs: an
in-house-built X-ray tomographic scanner JTomo, and the Xra-
dia MicroXCT-400 (Xradia, Concord, California, USA). Most of
the tomographic scans in this study were performed using
JTomo because it allows imaging of larger volumes relatively
fast. The advantage of the Xradia MicroXCT-400 is its higher
spatial resolution compared to the JTomo device, and it was
used to study the micrometre level structure of PA-TP260 and
PA-1 in more detail in a small volume.

In the JTomo scans, the voltage and current of the micro-
focus X-ray tube (Hamamatsu L12161-07) were 40 kV and 200
mA, respectively, and no ltering of the X-ray spectrum was
applied. The exposure time of the at-panel detector (Teledyne
Dalsa Shad-O-BOX, 7 MP) was two seconds. During the contin-
uous rotation of 360°, either 1500 or 6000 projections (X-ray
image at a certain rotation angle) were acquired. Most of the
scans were performed with 1500 projections. However, when
the changes in the grey scale distribution of the 3D image
caused by the adsorption of Nd were assessed, the signal-to-
noise ratio was improved by increasing the number of projec-
tions by a factor of four. The isotropic voxel size was set to 6.6
mm to study the micrometre level structure and still obtain
a representative volume within the lter or powder sample. The
image analysis for printed lters was performed in a volume of
9.6 mm × 9.6 mm × 4.8 mm. The lters imaged in this study
were placed inside the syringe, which served as a sample holder.
The same isotropic voxel size (6.6 mm) was used when the PA-
TP260 powder sample was imaged and analysed in a volume
of 4.3 mm × 6.5 mm × 9.9 mm.

In the Xradia MicroXCT-400 scans, the voltage and current of
the microfocus X-ray tube (Hamamatsu L9421-02) were 40 kV
and 100 mA, respectively, and no ltering of the X-ray spectrum
was applied. The exposure time of the CCD camera (Andor
DW436-BV-550, 4 MP) was 15 seconds. Two thousand projec-
tions were acquired during the rotation of 184°. MicroXCT-400
is an X-ray microscope in which a scintillator is coupled to the
CCD camera via an optical microscope. Here, 20× magnica-
tion was used to achieve an isotropic voxel size of 0.6 mm. Small
pieces (1 mm × 1 mm × 4 mm) were cut from the printed PA-
TP260 and PA-1 lters for the scans.

In both cases, the 3D tomographic image was reconstructed
using the Feldkamp–Davis–Kress formulation of the ltered
back-projection algorithm121 in the pi2 soware. The noise in all
This journal is © The Royal Society of Chemistry 2026
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the tomographic images was reduced by applying bilateral
ltering in 3D. Pore volume and material segmentation were
performed using the Otsu thresholding method122 for printed
lters. For the PA-TP260 powder sample, the exact same
threshold as for the corresponding printed lter was applied to
ensure the comparability of the particle size distribution results
(Fig. S4). Aer segmentation, the binary image containing only
two voxel values/colours (black for air and white for the lter
material) was used for the image analysis. The pore size distri-
bution was estimated based on statistical binning of the local
thickness map of the image.123 The value of a voxel in the
thickness map is the diameter of the largest sphere that ts into
the pore volume and contains the voxel, and therefore encodes
the local pore size. For particle size distribution measurement,
individual particles were segmented using the watershed
segmentation algorithm.124 The size of an individual particle
was estimated by determining the radius of the smallest sphere
containing all the voxels in the particle.125

Furthermore, the total surface area between the lter mate-
rial and air in the printed lter was measured using the
marching cubes algorithm.126 In addition, the connected
porosity was calculated from the total pore volume that was
reachable from the outside of the lter with a ood ll algo-
rithm. All image analyses were performed using the pi2 so-
ware.127 The error estimates of the image analysis results are
based on repeating the analysis workow using slightly
different parameter values in the analysis methods.

Scanning near-eld optical microscopy (SNOM)

Broadband scattering-SNOM imaging and nano-FTIR
measurements were performed using a NeaSNOM™ instru-
ment (Attocube Systems AG) equipped with a tunable broad-
band mid-infrared laser source (Toptica Photonics AG). Nano-
FTIR phase (4n) and amplitude spectra (An) were measured in
the 1000–1800 cm−1 spectral range as a function of harmonic
demodulation orders (n× U, where n = 1,.,4). The second
harmonic phase (42 = O2P) was chosen to represent the near-
eld absorption spectrum. Pt/Ir-coated AFM tips (Arrow-NCPt,
Nanoworld® AG) with a fundamental mechanical frequency
(U z 275 kHz) were used in the measurements.

Spectra were recorded using a liquid nitrogen-cooled HgCdTe
(MCT) detector, with a spectral resolution of 16 cm−1, a pixel
integration time of 20 ms, and averaged over 10 scans to improve
signal quality. Contact tapping amplitude of 60 nm was used in
the acquisition of the spectra from sample surfaces. All nano-
FTIR spectra are referenced to an Au background and baseline-
corrected using soware packages neaPLOT and OriginPro 2017.

Magnet leaching

Methanesulfonic acid (MSA) was used for leaching the groun-
ded magnets with 10–100 vol%MSA solutions. The temperature
was kept at 60 °C for 24 hours and S/L ratio of 5 g l−1 was used by
weighing 25 mg of the magnet to 5 ml of the acid. The undis-
solved material was ltered, and the solution was diluted to
100 ml with ultrapure water and adjusted with MSA to obtain
5%MSA. The concentrations of each metal were measured with
This journal is © The Royal Society of Chemistry 2026
ICP-OES. For accurate determination of the percentages of di-
ssolved ions, total dissolution was performed by dissolving
25 mg of the magnet in 5 ml of aqua regia which was similarly
ltered and diluted to 100 ml.

Iron precipitation

Iron was removed from the magnet leachate by oxidizing Fe(II) to
Fe(III) with an excess of H2O2 and adjusting the pH to 4 using 25%
NH4OH. More than 99% of Fe precipitated from the leachate,
with only insignicant amounts of other elements present.

Adsorption and desorption tests

For the adsorption tests, the pH of the NdFeB magnet solution
was set to 1–4 with 25% NH4OH. A 40 ml of the solution was
withdrawn into a 60 ml syringe that was attached to a syringe
pump and the ow rate was set to 90 ml h−1. The solution was
injected through the three stacked 3D printed lters. pH was
measured before and aer the adsorption process to conrm
the stability of adsorption conditions. Adsorption percentages
and the amounts of desorbed metals were determined with
a PerkinElmer ICP-OES Optima 8300 by measuring the
concentrations of elements in the solution before and aer
passing the solutions through the 3D printed metal lters.
Adsorption percentages were calculated with eqn (1)

Adsorption% ¼ ci � cf

ci
� 100% (1)

where ci and cf are the element concentrations (mg l−1) before
and aer adsorption tests, respectively.

Desorption of the metals from the used lters was studied
with 3 M and 5 M MSA as well as with 6 M HNO3 by passing
30ml of the acid through the lters with a ow rate of 15ml h−1.
Desorption percentages were calculated with eqn (2)

Desorption% ¼ Cd � V

ma

� 100% (2)

in which Cd is the concentration of desorbed metals (mg l−1), V
is the volume of the acid passed through (l), and ma is the
adsorbed amount of metals in the lter (mg).

Adsorption–desorption cycles

The structural changes in the lter during 50 adsorption–desorp-
tion cycles were investigated with X-ray tomography. 9 ml of the
simulated NdFeB solution containing 22 mg l−1 of Nd, 3.5 mg l−1

of Dy, 8 mg l−1 of Pr, 2 mg l−1 of Al, 1.5 mg l−1 of B and#1 mg l−1

of Co, Sm, Tb, Ho, and Cu was injected to one lter at pH 0.15 with
a ow rate of 90 ml h−1. The elements were desorbed from the
lter with 20 ml of 5 MMSA, except for the rst ve cycles where 3
M MSA was used, using the ow rate of 15 ml h−1. Elemental
concentrations were measured with an Optima ICP-OES 8300.

Adsorption isotherms

Nd solutions containing 50, 100, 250, 500, 750 and 1000 mg l−1

of Nd were prepared from Nd2O3. 10 ml of each solution was
passed through one lter containing 5 wt%, 10 wt%, 20 wt%,
30 wt%, 40 wt%, or 50 wt% of the additive TP260 using a ow
J. Mater. Chem. A, 2026, 14, 21065–21079 | 21075
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rate of 90 ml h−1. Langmuir,106 Freundlich,107 and Sips108

adsorption isotherm models were then tted to the experi-
mental data points. All tests were performed in triplicate, and
the concentration of Nd was measured with an Optima ICP-OES
8300. Langmuir isotherm106 is expressed as

qe ¼ qmbCe

1þ bCe

(3)

in which qm is the maximum adsorption capacity (mg g−1), b is
the Langmuir constant (l mg−1), qe is the equilibrium loading
(mg g−1), and Ce is the concentration at equilibrium (mg l−1).
Freundlich adsorption isotherm107 is expressed as

qe ¼ KfCe

1
n (4)

in whichKf is the Freundlich constant (l mg−1) and n is a constant
indicating adsorption intensity. Sips isotherm108 is expressed as

qe ¼ qmKsCe
ns

1þ bCe
ns

(5)

in which Ks (L
ns mg−ns) and ns are the Sips constants.
Separation process

For the recovery cycle, 10 ml of the NdFeB leachate was rst
passed through the three stacked PA-TP260 lters at pH 0.15
using a ow rate of 90 ml h−1. The pH of the ltrate, which
passed through the rst set of lters, was adjusted to 1.5 with
25% NH4OH and passed through the second sets of lters with
the same ow rate. The rst set of lters was eluted with 30 ml
of 1 M NH4Cl with a ow rate of 15 ml h−1 followed by 30 ml of 5
M MSA. The second set of lters was eluted rst with 30 ml of 1
M NH4Cl followed by 30 ml of 0.4 M potassium oxalate. All the
concentrations from the initial solutions and ltrates were
determined with an Optima ICP-OES 8300. For further details
see Fig. 9 as well as the Results and discussion section.
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