TYVASKYLAN YLIOPISTO
H UNIVERSITY OF JYVASKYLA

This is a self-archived version of an original article. This version
may differ from the original in pagination and typographic details.

Author(s)' Virtanen, Emilia J.; Kukkonen, Esa; Yliharju, Janne; Tuomisto, Minnea; Frimodig,
) Janne; Kinnunen, Kimmo; Lahtinen, ElImeri; Hanninen, Mikko M.; Vaisanen, Ari;
Haukka, Matti; Moilanen, Jani O.

Title: Recovery of rare earth elements from mining wastewater with aminomethylphosphonic
" acid functionalized 3D-printed filters

Year: 2025

Version: pyblished version
Copyright: © 2024 The Authors. Published by Elsevier B.V.

Rights: ccya.0
Rights url: https://creativecommons.org/licenses/by/4.0/

Please cite the original version:

Virtanen, E. J., Kukkonen, E., Yliharju, J., Tuomisto, M., Frimodig, J., Kinnunen, K., Lahtinen, E.,
Hanninen, M. M., Vdisadnen, A., Haukka, M., & Moilanen, J. O. (2025). Recovery of rare earth
elements from mining wastewater with aminomethylphosphonic acid functionalized 3D-printed
filters. Separation and Purification Technology, 353, Article 128599.
https://doi.org/10.1016/j.seppur.2024.128599



Separation and Purification Technology 353 (2025) 128599

Contents lists available at ScienceDirect

Separation and
Purification
Technology

Separation and Purification Technology

journal homepage: www.elsevier.com/locate/seppur

ELSEVIER

Recovery of rare earth elements from mining wastewater with
aminomethylphosphonic acid functionalized 3D-printed filters

a,c a,c b,c,d

Emilia J. Virtanen *“, Esa Kukkonen *“, Janne Yliharju , Minnea Tuomisto °,
Janne Frimodig®, Kimmo Kinnunen ™, Elmeri Lahtinen %1 Mikko M. Hanninen ™",
Ari Vaisanen®, Matti Haukka ®, Jani O. Moilanen >~

@ Department of Chemistry, University of Jyvaskyla, P.O. Box 35, FI-40014 Jyvaskyld, Finland

b Department of Physics, University of Jyvaskyld, P.O. Box 35, FI-40014 Jyviskyld, Finland

¢ Nanoscience Center, University of Jyvaskyla, P.O. Box 35, FI-40014 Jyvaskyld, Finland

4 School of Resource Wisdom, University of Jyviskyld, P.O. Box 35, FI-40014 Jyviskyld, Finland
€ Department of Chemistry, University of Turku, FI-20014 Turku, Finland

ARTICLE INFO ABSTRACT

Editor: Kuo-Lun Tung Herein we report the use of nylon-12-based 3D-printed filters incorporating a-aminomethylphosphonic acid as an
active additive for the recovery of Y, Nd, and Dy from the mining waste solution containing Al, K, Ca, Sc, Fe, Co,
Cu, Zn, Y, Nd, Dy, and U. Nylon-12 was chosen for the polymer matrix of the filter due to its inactivity towards
the studied metals. The micrometer-level structure of the filters was studied with a scanning helium ion mi-
croscope and X-ray tomography to reveal the porosity, pore size, and active additive distribution in the filters.
Furthermore, FTIR spectroscopy was used to analyze the compositional changes in the 3D-printed filters after the
printing and adsorption processes. Adsorption of the metals was studied at a pH range of 1-4, and the following
adsorption trend Sc > Fe > U > Y, Nd, Dy > Al, Cu, Zn > K, Ca, Co was observed in each of the studied pH values.
The sequential recovery process for metals was studied at pH 2, and desorption of the metals from the filters was
performed with 6 M HNO3. 100 % adsorption of REEs, Fe, and U was achieved during the recovery process, and
on average, over 88 % of the adsorbed Y, Nd, and Dy were desorbed from the filters. In contrast to Y, Nd, and Dy,
the desorption of Sc, Fe, and U was minimal (Fe and U) or negligible (Sc) with 6 M HNO3 due to their strong
coordination to the active additive. Maximum adsorption capacities for Y, Nd, Dy, and U were determined by
using linear Langmuir adsorption isotherm. The best maximum adsorption capacity was determined for Sc, Qmqx
= 0.51 mmol/g followed by U, Nd, Dy, and Y with capacities of 0.47, 0.24, 0.23, and 0.17 mmol/g, respectively.
Overall, this study achieved a complete removal of Sc, Fe, and U from the simulated mining waste solution
leaving a final eluate that mainly contained Y (320 pg), Nd (350 pg), Dy (330 pg), and Al (710 pg) demonstrating
the applicability of the 3D-printed filters in the recovery of Y, Nd, and Dy from the multimetal solution.
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1. Introduction

Mining waste, which is a by-product of extracting and processing of
mineral resources, is one of the largest waste streams in the European
Union with roughly 500 megatons produced in 2020 [1]. Mining waste
includes topsoil material, such as sedimentary rocks which are removed
to access mineral resources, as well as waste rocks and tailings which are
left behind after valuable metals are extracted from minerals [2,3]. It has
been estimated that the annual production of tailings alone is up to 13

gigatons globally [4]. When sulphide-rich mineral waste is exposed to
air and water, it oxidizes and forms sulfuric acid causing acid mine
drainages (AMD). These drainages can be concentrated with metals, not
only because of the sulphide ores but also due to the acid leaching of the
surrounding minerals [5]. Depending on the types of minerals and the
target metals in a main extraction process, the (metal) composition of
the mining waste varies greatly. For example, mine tailings from Pb, Ag,
and Zn mining activity in Mazarron, Spain, consist of high amounts of
Al, Mn, Fe, Cu, Zn, As, Cd, and Pb along with elevated amounts of Ge,
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Mo, Sn, Cs, La, Ce, Bi, Th, and U [6]. Out of these metals, Al, Mn, Ge, As,
La, Ce, and Bi are classified as critical raw materials, for example, in the
EU and US, due to their economic importance and supply risk [7,8].
Especially rare earth elements (REEs) are needed in a variety of modern
technological applications and renewable energy production [9],
whereas Al, Mn, and Bi are used in a variety of alloys. Tailings from
quartzite and quarzitic sandstone mines in Kielce, Poland, consist of
elevated amounts of As and REEs due to the AMD leaching the metal
(loid)s from the surrounding minerals [10]. Valuable sources for REEs
can additionally be found in the mining waste of apatite ores, phos-
phogypsum, from which up to 80 % of REEs can be leached out for
further recovery processes [11,12]. Lixiviates from the Iberian Pyrite
Belt could account for the production of 24 t/year of REEs, 34 t/year of
Co, and 7000 t/year of Mg [13], all of which are classified as critical
elements, whereas from Idaho Springs mine tailings up to 985 kg of REEs
could be recovered annually [14].

The recovery of elements from mining waste typically includes a
combination of hydrometallurgical processes such as leaching the target
metals from the mining waste [15,16], precipitating the metals out from
leachate or mine wastewater [17-19], and/or ion exchange [20,21] to
separate the elements from other metals and impurities. In ion exchange,
a solution containing metals is passed through a resin containing func-
tional groups that selectively coordinate to one or more of the target
metals [22]. Commercial ion exchange resins typically contain sulfonic,
carboxylic, (amino)phosphonic, or iminodiacetic acids as functional
groups that are capable of cation exchange [23]. Silica-based materials
have also been studied for the recovery of REEs [24]. Amino-
phosphonates have shown great promise as chelating agents in ion-
exchange resins due to their generally low toxicity [25-27], ability to
coordinate with metals, such as Cu, Zr, REEs, Th, and U [28], and
robustness in acidic conditions [29,30]. Virolainen et al. have studied
REE extraction from phosphogypsum with aminophosphoric acid func-
tionalized resin and obtained recovery rates up to 75 % for REEs.
However, the reported purity of the REE fraction was 20 % due to the
strong coadsorption of Ca [31]. Phosphonate functionalized mesoporous
silica was found to be a selective adsorbent for U at pH 3, and U-con-
taining solutions could be enriched up to 15-fold [32]. With the com-
mercial aminophosphonate-functionalized resin TP260, REEs were
completely extracted from the acidic solution even at a low pH value of
0.5, but Al coextracted completely with REEs [33]. Hermassi et al. have
studied three commercial resins functionalized with sulfonic, amino-
phosphonic, and sulfonic/phosphonic groups for treating acidic mine
waters containing Mg, Al, Ca, Mn, Fe, Co, Ni, Cu, Zn, Cd, and REEs.
Although aminophosphonic-functionalized resin extracted over 90 % of
the REEs present in the solution at pH 2, the best separation between the
REEs and transition metals was achieved with the sulfonic resin [34].
Coextraction of Al, Fe Th, and U in conjunction with REEs has also been
reported to occur with other commercial aminophosphonate resins
[35,36].

3D-printed adsorption and ion exchange materials have increased
their utilization in the solid phase extraction of metals because they are
easy to manufacture, their sizes and shapes can be customized, and their
active additives can be readily changed [37-39]. Thus, they can be
adapted for a variety of different recovery and removal processes. For
example, 90 % of U has been extracted from acidic media by 3D-printed
material which has been coated with adsorbing quaternary ammonia
resins [40], or 98 % from acidic solutions by a 3D-printed biopolymer
filter with a solid/liquid ratio of 2 g/1 [41]. 3D-printed devices have also
been utilized for the preconcentration of Fe and Cr from low
concentration-solutions enhancing the detection of these metals
[42,43], and for removing radioactive 137¢s and 2%sr species from nu-
clear wastewater [44]. The selective recovery of Pd, Pt, and Au from
waste electrical and electronic equipment (WEEE) by using the patented
SLS 3D-printed filters has also been reported [45,46]. In these filters, the
printing material consisted of either a functional polymer or hybrid
material where a polymeric resin was used as the active additive.
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Another illustrative example was the selective removal of Cu from
multimetal solutions using 3D-printed filters that were manufactured
from a recycled polymer [38].

In the current work, we report a process for recovering Y, Nd, and Dy
from a multimetal mining waste solution with the o-amino-
methylphosphonic acid functionalized 3D-printed filters. The developed
recovery process shows a reasonably good selectivity towards Y, Dy, and
Nd among the investigated metals, while simultaneously minimize the
amount of problematic coadsorbed metals, such as Al and Ca, in the final
eluate. We demonstrate that 100 % of Fe, REEs, and U are adsorbed from
the simulated mining waste solution with the 3D-printed filters in a low
pH regime, and 88 % of adsorbed Y, Nd, and Dy can be desorbed,
alongside some amount of Al, from the filters by acid elution. We also
show that the 3D-printed filters are reusable in sequential adsorp-
tion—desorption cycles if the best adsorbing and accumulating metals,
namely Sc, Fe, and U, are removed from the mining waste before the
filtering process. Overall, the results demonstrate that the 3D-printed
filters are robust and reusable for the recovery of critical rare earth
metals from the multimetal mining waste solution.

2. Experimental
2.1. Materials and methods

Formaldehyde (36 %) was purchased from VWR, phosphorous acid
(99 %) from Fluka Chemical Co., and dodecylamine (98 %) from Merck.
All the chemicals were reagent grade and used without any further
purification. 1000 mg/1 standard solutions used for ICP-OES calibration
of Al K, Ca, Sc, Fe, Co, Cu, Zn, Y, Nd, Dy, and U in 5 % HNOs were
purchased from Perkin Elmer. NMR measurements were performed on
Bruker Avance III 300 MHz-spectrometer, and the obtained NMR data
was processed with Bruker TopSpin 4.0.8. FTIR spectra were measured
by Bruker Alpha FT-IR. Elemental analyses were conducted by Ele-
mentar Vario EL III- CHN analyser. Powder X-ray diffraction measure-
ments were conducted with PANalytical Aeris. Flowrate for the
adsorption/desorption experiments was controlled with Aladdin AL-
1000 syringe pumps. Metal concentrations were determined by Perki-
nElmer ICP-OES Optima 8300 spectrometer. The filters were printed
with ShareBot SnowWhite SLS 3D printer. X-ray tomography was per-
formed by using an in-house-built X-ray microtomographic scanner
JTomo in the X-ray tomography laboratory of the Department of
Physics.

2.2. Synthesis of additive 1

[(Dodecylimino)bis(methylene)]bisphosphonic acid 1 was synthe-
sized in three batches by dissolving phosphorous acid (44.5 g, 0.54 mol)
and dodecylamine (50 g, 0.27 mol) into 400 ml of 6 M HCI. After heating
the solution to reflux (>120 °C), an excess of 36 % formaldehyde (90 ml,
1.17 mol) was added to the solution dropwise within an hour after which
the solution was refluxed for two more hours. The resulting white pre-
cipitate was filtered out and washed with ethanol. Because 1 is only
soluble in basic aqueous solutions, NMR was measured in the presence
of NaOH. Yield: 75 g, 46 %. Melting point: 210 °C. 'H NMR (D>0 300
MHz): § 3.09-3.04 (m, 4H), 2.93 (d, 2H), 1.69-1.56 (m, 2H), 1.43-1.23
(m, 18H), 0.89 (t, 3H). *'P NMR (D20 300 MHz): 5 14.16. Elemental
analysis Caled. for C14H33NOgPo: C, 45.04; H, 8.91; N 3.75. Found: C,
44.92; H, 9.21; N, 3.76.

2.3. 3D printing

The 3D model of the filters was designed using FreeCAD v. 0.16 and
further processed into 0.1 mm layers with Slic3r v. 1.2.9. The 3D-printed
filters were manufactured from the mechanically mixed powder, con-
sisting of 70 wt-% of a powderous nylon-12 (particle size ca. 50 pm) and
30 wt-% of a finely grounded additive 1 (<125 pm), using selective laser
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sintering 3D printing, which is a robust method to manufacture porous
3D-printed filters [37,45,47-49]. The laser power, speed, and printing
temperature were set to 40 % (of 14 W), 1600 mm/s, and 172 °C,
respectively. These parameters were selected to prevent the melting of
the active additive 1 (mp 210 °C) while enabling the partial melting of
nylon-12 particles in the printing process. Prior to the recovering and
imaging experiments, the 3D-printed filters were thoroughly washed
with water to remove any unsintered powder.

2.4. X-ray tomography

A filter was scanned inside a syringe before and after the adsorption
tests. The voxel size of the 3D image was set to 8.1 x 8.1 x 8.1 pm to
estimate the properties of the structure of the filter and simultaneously
obtain a representative volume of the sample. The current and the
voltage of the X-ray tube were set to 0.2 mA and 40 kV, respectively, and
no additional filtering was used in the X-ray source to minimize the
average energy of the X-ray spectrum of the source. The image size was
1374 x 1314 x 444 voxels in both cases, i.e., before and after the
adsorption tests. In the reconstruction of the tomographic image, pi2
software was used [50]. The noise of the reconstructed images was
reduced by using bilateral filtering and the segmentation of the pores
was performed utilizing the Otsu thresholding method [51]. The pore
size distribution of the sample was analysed within a selected 11.1 x
10.6 x 3.6 mm? volume using the tmap -function of the pi2 software,
which calculates the local thickness map of the image [52].

2.5. Adsorption and desorption

The metals and their concentrations in the simulated mining waste
solution were adjusted with a small modification according to the re-
ported concentrations of metals observed in the biggest mine in Finland
[53] and in aqueous mining waste [10,54]. Because REEs were of
particular interest in the study, and because the AMDs of coal and ore
mines typically contain 0-5 mg/1 (0-5 ppm) and 5-25 mg/1 (5-25 ppm)
of REEs, respectively [55,56], the REE content of the analyte was set to
10 mg/1 (10 ppm). The investigated mining waste solution was prepared
by diluting the 10 000 mg/1 stock solutions of Al, K, Cs, and Zn and 1000
mg/] standard solution of Sc, Fe, Co, Cu, Y, Nd, Dy, and U with 0.5 M
H2SO4 to obtain an analyte solution containing 100 mg/1 of Al K, Ca,
and Zn as well as 10 mg/1 of Sc, Fe, Co, Cu, Y, Nd, Dy, and U. pH for the
adsorption tests was set to 1-4 with 25 % ammonia solution. In the
initial tests 5 ml of the solution, and in the longer adsorption tests 40 ml
of the solution was withdrawn into a 60 ml syringe that was attached to
a syringe pump. The flow rate of the pump was set to 90 ml/h and the
simulated mining waste solution was passed through three stacked fil-
ters. Samples were taken every 5 ml to monitor the adsorption process,
and pH was measured from each sample to confirm the stability of
adsorption conditions. The amount of adsorbed metals was determined
with Perkin Elmer ICP-OES Optima 8300 by measuring the metal con-
centration in the solution before and after passing the solutions through
the 3D-printed filters. From these values, adsorption percentages were
calculated with Eq. (1)

Adsorption-% = S-G9 x 100% (@D)]

i

where ¢; is the metal concentration (mg/l) in the solution before
adsorption tests, and cy is the concentration (mg/1) in the solution after
tests.

Desorption of the metals from the used filters was studied with 1, 3,
and 6 M HCl, H5SO4, and HNO3 by passing 30 ml of the acids through the
filters with a flow rate of 15 ml/h. Desorption percentages were calcu-
lated with Eq. (2)

CgxV
Desorption-% = Sa X ¥V x 100% (2)
a
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in which Cj is the concentration of desorbed metals in the solution (mg/
1), Vis the volume of the acid passed through the filters (1), and m, is the
adsorbed amount of metals in the filters (mg).

2.6. Adsorption isotherms

The adsorption mechanism and capacity of the filters for Sc, Fe, U,
Nd, Dy, and Y were determined by fitting their adsorption isotherms to
linear Langmuir and Freundlich models [57,58]. Adsorption isotherms
were determined in 0.5 M HySO4 at pH 2 for Sc, Y, Nd, Dy, and U, and at
pH 3 for Fe. For each metal 10, 50, 100, 250, 500, and 1000 mg/1 so-
lutions were passed through one filter at a time and the concentrations
of both the initial eluent and final eluate were measured with ICP-OES.
The total contact time for the adsorption isotherm tests was 1.5 h. All the
tests were performed in triplicate. The results were plotted to the linear
Langmuir adsorption isotherm Eq. (3) [57].

C. 1 1

Yo L4 3
Q. = Qe B Qpr ®

where C, is the concentration of the metals in the solution at equilibrium
(mg/1), Q. is the equilibrium loading of the metals (mg/g), b is Langmuir
constant (1/mg), and Qg is the maximum adsorption capacity (mg/g).
The results were also fitted to the linear Freundlich adsorption isotherm
Eq. (4) [58]

logQ. = logK; +%logCe 4)

where Ky is the Freundlich isotherm constant (L/g) and n is constant
indicating adsorption intensity. The capacity was calculated with
respected to the amount of active material 1 in the filter.

2.7. Adsorption-desorption cycles

The reusability of the 3D printed filters was studied at pH 2 by
performing five sequentially adsorption-desorption cycles for the three
stacked filters. In the adsorption step, 40 ml of the mining waste solution
was injected through the filters with a flowrate of 90 ml/h. The
following desorption step was performed by injecting 30 ml of 6 M
HNOgs into the filters with a flowrate of 15 ml/h. Between the adsorption
and desorption steps, the filters were washed with 10 ml of ultrapure
water to remove metal and acid residuals on the surface of a syringe and
tubing that could cause errors to the results and change the value of pH,
respectively. The adsorbed and desorbed amount of metals in each cycle
were determined as described above.

3. Results and discussion
3.1. Preparation, characterization, and structure of the 3D-printed filters

[(Dodecylimino)bis(methylene)]bisphosphonic acid 1 was synthe-
sized by following the previously reported method by Moedritzer and
Irani, where dodecylamine is reacted with phosphorous acid and
formaldehyde in a one-pot acid-catalyzed reaction (Scheme 1) [29,59].
The resulting white solid, which started precipitating out from the

o HOL O
N/\ . /""IIOH excess CH,O M )
LN 2 TN SN e iz0 G s N o
£ JOH
I
o

Scheme 1. Synthesis route for the [(dodecylimino)bis(methylene)] bisphos-
phonic acid 1 that was used as the active additive in the investigated 3D-
printed filters.
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solution when the heating was turned off, was filtered and washed with
ethanol to remove HCl residuals. The purity of the compound was
confirmed with 'H and 3'P NMR (Figs. S1 and S2), elemental analysis
(see above), and FTIR (see below). The active additive 1 was insoluble in
both neutral and acidic aqueous solutions, in which the adsorption and
desorption processes take place, but 1 dissolved into basic aqueous so-
lutions (pH > 8).

The printing material for SLS printing was prepared by mixing 30 wt-
% of the active additive 1 with the commercial nylon-12 powder. Nylon-
12 was selected for the polymer matrix because it adsorbed only negli-
gible amounts of the studied metals from the mining waste solution
without the active additive (Table S1). A similar finding has previously
been reported for nylon-12 although it adsorbed strongly and selectively
Au [45]. The round 5 mm thick filters with a diameter of 16.6 mm
(Fig. S3) were prepared using ShareBot SnowWhite SLS 3D printer. Each
filter was cleaned thoroughly with deionized water to remove any
unsintered powder before the experiments. Although the filters were 3D-
printed the same way each time, variation in the distribution of the
active additive inside filters may exist.

The micrometer-level structure and the distribution of the active
additive inside the prewashed 3D-printed filter were analyzed by Heli-
um Ion Microscopy (HIM) and X-ray tomography. The HIM images show
that the porosity is homogeneous throughout the 3D-printed filter which
is particularly visible from the HIM picture taken from the pure nylon-12
(Fig. 1). The porosity ensures that 3D-printed filters manufactured by
the selective laser sintering contain voids and flow channels along which
solutions can flow-through as previously reported [45,47,60]. Fig. 1 also
shows that the aminomethylphosphonate additive 1 formed an adsorp-
tion layer on the surface of nylon-12 particles causing them to look more
like plate-like particles than round-shaped ones as observed for the pure
nylon-12. Importantly, prewash with the deionized water before imag-
ing did not leach the active additive out from the filters. The negligible
solubility of 1 in mineral acids and water at room temperature can
contribute to its minimal dissolution during the adsorption and
desorption steps, but it is more likely that the partially melting nylon-12
particles attached 1 to their surfaces during the 3D-printing process as
depicted in Fig. 1. These are important findings because it is crucial that
the active additive of the 3D-printed filters will remain intact during the
recovery process and forms the adsorption layer which metal can co-
ordinate to.

With X-ray tomography, the average porosity of the whole filter was
determined to be 59 + 2 % before the adsorption process and 60 + 2 %
after the adsorption indicating that there was no significant loss of
material during the metal recovery process although leaching of some
solids could sometimes be detected during the first millilitres of the
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adsorption tests. The average pore size was determined to be 95 + 5 pm
with a standard deviation of 50 pm and no significant difference was
found in the pore size before and after using the filter. Similar pore sizes
have previously been reported for 3D-printed filters utilized for recov-
ering precious metals from electronic waste [37]. Fig. 2 shows that there
were no significant changes in the structures of the unused and used
filters. The ring-like structure was only marginally smaller in the used
one, but otherwise no significant changes were detected. It should also
be noted that the filter possibly moved a little during the adsorption
process, and thus the image was not taken from the exactly same spot.
Overall, HIM and X-ray tomography studies indicated that the filter has
good porosity for the adsorption and desorption tests and the additive 1
is not leached from the filters in acidic aqueous solutions.

The 3D-printed filter was further characterized by a powder X-ray
diffractometer (PXRD) and a FTIR-spectrometer, and its measured dif-
fractogram and spectrum were compared to ones of the pure nylon-12
and the active additive 1. The PXRD diffractogram of the pure nylon-
12 filter was similar to the previously reported one [61], whereas the
diffractogram of the 3D-printed filter containing both nylon-12 and 1
showed characteristic peaks of nylon-12 and 1 although some charac-
teristic peaks of 1 were masked by the peaks of nylon-12 (Fig. S4). In the
IR spectra of nylon-12 and the filter, the N—H stretch of the amide group
was observed at 3291 cm ™! (Fig. 3). The less intense band at 3090 cm !
in the IR spectrum of nylon-12 is the overtone of the C—N—H bend
which was observed at 1540 cm ™. This band was only barely visible in
the spectrum of the filter, and no band was observed for 1. The latter
should not show the C—N—H bend because it is a tertiary amine
[62,63], but depending on the pH, 1 can exist as a zwitterion [29]. The
characteristic C=0 stretch of nylon-12 at 1635 cm ™! was slightly shifted
to 1633 cm™! in the IR spectrum of the filter. Also, the asymmetric
(2916 cm_l) and symmetric (2848 cm_l) stretching bands of CHj
groups of nylon-12 shifted to 2919 cm ™! and 2850 cm ™! for the additive
1 and filter, respectively. The slight shifts of the CHy bands are expected
because the additive and, therefore, the filter contain CHg groups which
typically are observed at slightly higher wavenumbers than CHy groups
[62,63]. The rocking of CHa group occurred at 719 cm™ for nylon-12
and at 713 cm ™! for the additive 1 and filter [62,63]. Vibrations asso-
ciated with P—OH stretch were observed at 2309 cm ™! for the additive 1
and at 2324 cm ™! for the filter. The additive 1 showed strong bands at
1154 cm™! and 936 em ™! which could be attributed to the asymmetric
and symmetric stretch of the PO3 group, respectively [64]. For the filter,
these bands were shifted to 1157 cm ™! and 938 cm™!. The bending of
C—PO3 groups was observed as a strong band at 585 cm™! for the ad-
ditive 1 and filter [65]. Overall, these findings supported the results
obtained from the HIM and X-ray tomography studies and indicated that

Fig. 1. HIM picture of the pure nylon-12 filter (left) and the filter with the additive 1 (right).
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Fig. 2. X-ray tomography of the filter with the active additive 1 before metal adsorption test (left) and the same filter after the test (right).
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Fig. 3. FTIR spectra of nylon-12 (black), aminobisphosphonate additive 1
(red), and the 3D-printed filter (blue). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

the active additive 1 inside in the 3D-printed filters did not decompose
in the manufacturing process. In contrast to mineral acids and water, 2
M NaOH can leach a small amount of 1 out from the filters. Thus, the
stability of 1 was further confirmed by recording the 'H (Fig. S5) and 3'P
(Fig. S6) NMR spectra of the leached active additive 1. No signs of
decomposition were observed in the recorded NMR spectra.

3.2. Metal adsorption

The adsorption tests were performed for the simulated mining waste
solution containing 100 mg/1 of Al, K, Ca, and Zn and 10 mg/1 of Sc, Fe,
Co, Cu, Y, Nd, Dy, and U in 0.5 M H3SO4. The solid-phase extraction
system utilized in the study contained three stacked 3D-printed filters
inside a 10 ml syringe and a syringe pump that was equipped with a 60
ml syringe (Fig. S7). The initial adsorption tests of the filters were per-
formed by withdrawing 5 ml of the synthetic solution into the syringe
and then injecting it through the three stacked filters with a flow rate of
90 ml/h. A pH range of 1 to 4 with an increment of 1 was studied to find
out the effect of pH on adsorption. In this pH range, the protonation
degree of the hydroxy groups (—OP(OH),, x = 1 or 2) of phosphoric
acid 1 varies from 0 % to 100 % which was determined by using the
Henderson-Hasselbalch equation [66] and the previously reported pKa

values of 1.33 and 5.55 for the first and second protonation, respec-
tively, of the similar aminobisphosphonic acid (Table 1) [29]. The
leaching of 1 was monitored by measuring the phosphorus concentra-
tion of the samples during the adsorption studies. It was found to be
minimal (<1 %) indicating no loss of the active additive 1 in the process.

The adsorption of each metal increased with increasing pH value
(Fig. 4). Of all adsorbed metals, Sc adsorbed most strongly. Roughly 80
% of Sc was already adsorbed at pH 1, whereas the adsorption per-
centages for Fe and U were ~ 35 %, and for Y, Nd, and Dy they were less
than 10 % at the same pH value (Fig. 4). No adsorption of Al, K, Ca, Co,
Cu, or Zn was detected at pH 1. A similar but stronger trend was
observed at pH 2, where 96 % of Sc, ~75 % of U and Fe, and >20 % of Y,
Nd, and Dy were adsorbed by the filters, but no significant adsorption of
other metals was observed. However, when the pH value was increased
from 3 to 4, the adsorption percentages increased from 22 % to 50 % for
Al, from 14 % to 46 % for Cu, from 9 % to 35 % for Zn, and from 1 % to 5
% for Co. No significant adsorption of K and Ca was detected at pH 3 or
pH 4. The adsorptions of Sc, Fe, Y, Nd, Dy, and U were strong at pH 3 and
practically quantitative at pH 4. The efficient and selective adsorption of
Sc and U by bisphosphonic acid-based adsorption materials in the
presence of other metals has been reported before [32,67], but the above
results demonstrated that the 3D-printed filters can also effectively
adsorb other REEs (Y, Nd, and Dy) like commercial aminophosphonic
acid resin, Purolite S950, that adsorbs La, Sm, and Ho well [35]. How-
ever, the coadsorption of Al with REEs (Sc, Y, Nd, and Dy) in percentages
was much smaller for the investigated 3D-printed filters than for Pur-
olite S950, which adsorbed Al equally or stronger if compared to the
adsorption of Ho and La, respectively. It should be mentioned that the
result obtained for Fe at pH 4 should be interpreted with caution because
roughly 30 % of Fe precipitated out from the solution as a brown solid
(most likely as FeOOH) [68] when the value of pH was increased to 4.
This solid was filtered from the solution before the adsorption tests were
continued. Moreover, while the adsorption percentages for Al and Zn
were not high in the studied pH range, their adsorbed amounts in mi-
crograms were high due to their high initial concentrations in the mining
waste solution. For example, the adsorption for Al at pH 3 was 56.7 +
12.5 pg, whereas for Sc and Dy they were 32.3 + 9.1 pg and 26.8 + 5.8
ug, respectively.

To investigate the saturation limit of the three stacked 3D-printed
filters, 40 ml of the synthetic solution was passed through them, and
samples were taken every 5 ml. As already explained above the filters

Table 1

Degree of protonation for the P-OH groups of 1 at pH values of 1-4.
pH 1 2 3 4
OH! 68 % 18 % 2% 0%
OH? 100 % 100 % 100 % 97 %
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Fig. 4. Avarage adsorption percentages and their standard errors for the eluted
metals in a function of pH (1-4) when 5 ml of synthetic solution is passed
through the filters.

adsorbed Sc, Fe, and U better than the rest of the investigated metals.
However, the adsorption of these three metals quickly decreased after
the first 5 ml of the mining waste solution was passed through the three
filters in the pH regime of 1-3 and passing more than 40 ml of the so-
lution through the filters decreased the adsorption percentages below
20 % for each metal (Fig. 5). In contrast to this, at pH 4, the saturation
was not achieved even after 40 ml of the solution was passed through the
three filters and the adsorption percentages remained over 60 % for Sc
and Fe, over 40 % for U, and over 20 % for Y, Nd, and Dy. The adsorption
percentages of the less adsorbed metals, namely Al, Cu, and Zn followed
by K, Ca, and Co, also increased in pH 4 if compared to the lower pH
values, but their adsorption percentages were ~10 % or less when more
than 20 ml of the mining waste solution was passed through the filters.

Overall, the results of adsorption studies indicated that in a low pH
value of ~1, Sc, U, and Fe could be selectively recovered from the
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investigated mining wastewater, although their total adsorption per-
centages remained rather low and passing more than 40 ml of the so-
lution through the three filters in the pH regime of 1-3 was not
reasonable. However, if the aim is to recover Y, Nd, and Dy from the
mining waste solution, higher than pH 1 should be used in the adsorp-
tion process.

3.3. Adsorption isotherms and adsorption capacities for Sc, Fe, Y, Nd, Dy,
and U

The adsorption isotherms were fitted to linear Langmuir (Eq. (3)) and
Freundlich (Eq. (4)) models to get more insight into the capacities of the
filters and the adsorption mechanism of the studied metals. The Lang-
muir adsorption isotherm describes the equilibrium between an adsor-
bate and a monolayer adsorbent surface with equal binding sites and
energies [57], whereas the Freundlich adsorption isotherm describes
multilayer adsorption to a heterogenous surface which binding sites and
energies can differ from one to other [58,69]. The adsorption isotherms
were determined for Sc, Fe, Y, Nd, Dy, and U from samples whose
concentrations ranged from 10 to 1000 mg/1 either at pH 4 (Sc, Y, Nd,
Dy, and U) or at pH 3 (Fe), due to the excessive precipitation of Fe at pH
4. This means that the results obtained for Fe are not directly compa-
rable to the results of other metals. The maximum adsorption capacities
(Qmax) determined from the Langmuir adsorption isotherms were
calculated with respect to the amount of the active additive 1 in the
filter. All tests were performed with three replicates and the results were
displayed as a mean with a standard deviation of the replicates. For all
other metals, except for Fe, the adsorption isotherms were fitted to the
Langmuir model with decent correlations of R = 0.97-0.99, while the
correlation of Fe was only R?>=0.89 (Table 2 and Fig. S8). However, the
adsorption isotherms of Fe were well fitted to the Freundlich model with
the correlation of R? = 0.99 (Table 2 and Fig. S9). The Freundlich model
also showed an equally good correlation for Sc than for Fe, while for Y,
Nd, Dy, and U statistically meaningful results were not obtained ac-
cording to the F-tests. All determined parameters along with their errors
from the adsorption isotherm fits are presented in Table 2.
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Fig. 5. Average adsorption percentages and their standard errors at pH values of 1-4 for every 5 ml of the synthetic solution passed through the filters at pH 1 (a) pH

2 (b), pH 3 (c), and pH 4 (d). The adsorption tests were performed in triplicate.
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Table 2
Calculated maximum adsorption capacities Qnax, Langmuir constants b, Freundlich constants Kf and n, and correlation coefficients for the linear fittings for Sc, Fe, U,
Dy, Nd, and Y.
Element Langmuir Freundlich
Qmaxmg/g Qmaxmmol/g bL/mg R? Ky n R?
mg' "L"/mg
Sc 22.86 + 3.61 0.51 £ 0.08 0,018 + 0,002 0.970 + 0.006 410 £ 1.01 4.15 £ 0.71 0.994 + 0.005
Fe* — - - 0.887 + 0.041 1.57 £ 0.41 1.98 + 0.18 0.997 + 0.003
U 111.65 + 3.77 0.47 £+ 0.02 0.036 + 0.004 0.985 + 0.001 — - 0.776 + 0.028
Dy 37.84 + 6.45 0.23 £ 0.04 0.030 + 0.018 0.975 + 0.018 - - 0.743 + 0.033
Nd 34.60 £ 2.11 0.24 £ 0.01 0.024 + 0.005 0.979 + 0.003 - - 0.798 + 0.023
Y 14.74 + 2.84 0.17 £ 0.03 0.030 + 0.008 0.996 + 0.004 — - 0.794 + 0.019

" Determined at pH 3.

The highest adsorption capacity was determined for U (111.65 mg/
g), followed by Dy (37.84 mg/g), Nd (34.60 mg/g), Sc (22.86 mg/g),
and Y (14.74 mg/g). No adsorption capacity was determined for Fe
because the Langmuir model did not fit well the adsorption isotherms of
Fe. Because elements with higher molar masses have naturally higher
capacities in mg per g than lighter ones, the adsorption capacities were
also converted to mmol per g. When the values in mmol per g were
examined, it was found that Sc had the highest adsorption capacity of
0.51 mmol/g among all investigated metals, whereas the values for U,
Nd, Dy, and Y were 0.47, 0.24, 0.23, and 0.17 mmol/g, respectively. The
data indicates that the 3D-printed filters can adsorb U almost as effec-
tively as Sc in mmol per g. Although the determined maximum
adsorption capacities for the investigated 3D-printed filters are decent,
they are smaller than the highest ones reported for other similar ad-
sorbents and ion-exchange resins. For example, almost three times larger
maximum adsorption capacity of U (1.31 mmol/g) has been reported for
synthesized aminophosphonate resins [70]. The capacity for Sc is higher
than what has been reported for mesoporous silica (1 mg/g) [71], but
lower than the capacity of commercial aminophosphonate functional-
ized resin that is 35.5 mg/g (dry resin) at pH 1.5 [72]. The adsorption
capacity of Nd was 70.1 mg/g for aminophosphonate functionalized
metal-organic framework [73], and the adsorption capacities of 104.1,
118.0 and 63.9 mg/g were reported for Nd, Dy, and Y, respectively,
when phosphorylated phenolic resins where used as adsorbents [74].
Theoretical adsorption maximums for the 3D-printed filters containing
30-wt% of the active additive 1 were calculated by assuming that metals
bind to 1 with 1:1 ratio. The calculated values were 120.4 mg/g for Sc,
238.0 mg/g for Y, 386,0 mg/g for Nd, 435,3 mg/g for Dy and 637.4 mg/
g for U which were considerable higher amounts than what were ob-
tained from the experimental data. The differences between the 3D-
printed filters and previously reported adsorbents and ion-exchange
resins most likely originate from the fact that there is only 30-wt% of
the active additive 1 in the 3D-printed filters and/or likely only some of
the active additives on the surfaces of nylon-12 particles are available
for binding as suggested by the theoretical maximum capacities.

3.4. Adsorption mechanism and selectivity of 3D-printed filters

Given that the 3D-printed filters contain aminophosphonic acid 1 as
an active additive, they should function like a chelating ion exchange
resin in which adsorption kinetics are dictated by the formation of a
coordination bond between the functional groups of an active additive
and metal ions [35,75-77]. To get more insight into the adsorption
mechanism and selectivity of the 3D-printed filters, we utilized the
above-described Langmuir (Eq. (3)) and Freundlich (Eq. (4)) models as
well as FTIR spectroscopy.

The good fits of adsorption isotherms of Y, Nd, Dy, and U to the
Langmuir model indicated that they likely bind only to one adsorbent
site of the active additive 1. The result is in par with the assumption that
the active additive 1 forms (mono)layer on the surfaces of nylon-12
particles to which metals can coordinate. The data also showed that
the 3D-printed filters adsorbed U stronger than Y, Dy, and Nd because

the determined Langmuir constants b for U, Y, Dy, and Nd were in
descending order: 0.036, 0.030, 0.030, and 0.024 L/mg, respectively.
Because the larger Langmuir constant b is associated with the stronger
interaction between the adsorbate and the adsorbent [78], the above
data also explained the stronger selectivity of the 3D-printed filters to-
wards U over Y, Nd, and Dy. Contrast to Y, Nd, Dy, and U, the adsorption
isotherms of Sc and Fe fitted better to the Freundlich than to the Lang-
muir model implying that the adsorption mechanism of Sc, and in
particular of Fe, might differ from Y, Nd, Dy, and U. It should be noted
that the fit of the adsorption isotherm of Sc to the Langmuir model was
reasonably good, so the nature of the adsorption mechanism of Sc
cannot be unambiguously determined from two different fits. Because
the metal-ligand coordination is controlled by several factors, such as
the geometry and energy of the bonding orbitals [77], it is difficult to say
a specific reason for the different adsorption mechanisms. Because the
Freundlich model indicates the multilayer adsorption mechanism, the
active additive 1 could bind more than one Sc or Fe ion per adsorbent
site, due to their smaller ionic radii compared to Y, Nd, Dy, and U [79],
and/or the coordination mode of 1 with Sc and Fe could differ from Y,
Nd, Dy, and U. Although aminophosphonic acids usually bind the
trivalent metal ions via the phosphonate oxygen atoms, their coordi-
nation modes with different metals can differ [80,81]. Unfortunately, no
direct evidence was obtained for either case from FTIR spectroscopy
studies (see below). Importantly, the fitted Freundlich constant Kj, the
distribution coefficient which indicates similarly to b the interaction
between the adsorbate and the adsorbent [82], was larger for Sc than for
Fe. The result was in line with the adsorption studies and proved that the
3D-printed filters adsorbed stronger and more selectively Sc than Fe.

Because the adsorption isotherms were only determined for the best
adsorbing metals, the stronger selectivity of the 3D-printed filters to-
wards Fe, REEs, and U over other investigated metals will only be dis-
cussed at a qualitative level. The adsorption percentages and capacities
of the studied metals mainly followed the strength of their effective
Lewis acidities whether they are determined from Gutmann-Beckett-
type [83], fluorescent [84,85], or ESR [86] measurements. The Lewis
acidity of the two strongest adsorbed metals, Sc and U, is strong which is
further augmented by their strong oxophilicity [87]. Unfortunately,
references 83-86 report no data for Fe, which was adsorbed as strongly
as U by the 3D-printed filters. However, a previous study has shown that
the simple aminobisphosphonates coordinate stronger to Fe than Nd in
aqueous media [81], although Fe is not calculated to be as oxophilic as
lanthanoids [65]. For the remaining well-adsorbed metals—Al, Cu, Zn,
Y, Nd, and Dy—the reported effective Lewis acidities are similar in
strength [83-86], but REEs are more oxophilic than Al, Cu, and Zn,
which most likely facilitates their adsorption to the investigated filters
over Al, Cu, and Zn [87], if the phosphonic acid groups of 1 play the
largest role in the adsorption mechanism. To find out this, FTIR spec-
troscopic studies were carried out for the unused and used filters.

The FTIR spectra of the 3D-printed filters were measured after
passing the mining waste solution and the solutions containing either Sc,
Nd, or U through the filters at pH 4 until the capacity of the filters was
reached (~100 ml). Unfortunately, only small shifts (less than 1 em ™)
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were observed in the vibration bands when the measured spectra of the
used and unused filters were compared together (Figs. S10-S13).
Although the shifts associated with the vibration bands of phosphonate
groups upon coordination can be very small for aminophosphonate and
aminophosphonic acids [80], the role of the phosphonate groups in the
adsorption mechanism cannot be determined based on such small shifts.
Zhao et al have reported the FTIR spectra of aminophosphonate
extractant where the shifts of vibration bands were only detected when
the extractant was fully loaded with Yb®* [88]. Given that the maximum
adsorption capacity of the 3D-printed filters is reached before the full
deprotonation of phosphonic acid groups and the amount of the active
additive is only 30-wt% in the filters (see above), it is possible that more
intense vibration bands of the nylon-12 matrix and/or unoccupied
phosphonic acid groups mask the characteristic shifts arising from the
coordination of metal ions to the phosphonic acid groups. A slightly
more indicative proof of the metal coordination to the phosphonic acid
groups of 1 was observed in the intensity of P-OH stretches observed at
~ 2324 em™}; it slightly decreased upon metal coordination (Fig. S14).
Indeed, a similar decrease in the intensity or complete removal of P-OH
stretches has been reported for aminophosphonates and amino-
phosphonic acids upon coordination to a metal ion [80].

Although the direct shifts of the functional groups and changes in the
intensities of vibration bands were rather uninformative, three facts
supported the role of the phosphonate groups in the adsorption mech-
anism. First, the adsorption tests performed for the 3D-printed filters
consisting only of pure nylon-12 showed very limited adsorption, almost
negligible within the margin of errors, towards any of the investigated
metals (Table S1). Second, the adsorption of all investigated metals
increased in tandem with the increasing pH as the deprotonation degree
of the phosphonic acid group increased (Table 1). The ion exchange
mechanism is pH-dependent [89,90]. Third, XPS measurements per-
formed for the aminophosphonate-based sorbents showed that phos-
phonate groups in conjunction with amine groups play an important role
in the sorption process of REEs [91]. Taking into account all the above
mentioned, it is highly likely that the adsorption process is dictated by
the phosphonic acid groups of the active additive 1 in the investigated
3D-printed filters and that the functional groups of nylon-12 play only a
minor role.

3.5. Mineral acid elutions

Three different mineral acids, namely HNO3, H2SO4, and HCI, with
three different molarities 1, 3, and 6 M were investigated as eluents in
desorption studies. 30 ml of the eluent was used in each desorption
experiment and the experiments were performed for the filters utilized
in adsorption tests at pH 3 and 4, where the adsorptions of metals were
stronger compared to pH 1 and 2. With 1 M acids generally less than 50
% of the adsorbed metals were eluted out from the filters and the
desorption of Y, Nd, and Dy was only 30-40 % (Fig. S15). Minimal
amounts (~6 %) of Fe and U were eluted out from the filters with 1 M
acids. Increasing the molarity from 1 M to 3 M resulted in higher elution
percentages. For example, 50-75 % of Y, Nd, and Dy were eluted with all
3 M acids, and the percentages for Fe and U increased to 11 % and 7 %,
respectively, with 3 M HCl, whereas with 3 M HSO4 increase were 18 %
and 8 %, respectively. In contrast to 3 M HCl and H3SOy4, the elution
percentages of 3 M HNOs for Fe and U remained rather low (<5 %). With
6 M mineral acids over 90 % of Y, Nd, and Dy were desorbed from the
filter, while the desorption of Fe and U remained low. For Fe and U, the
best-performing 6 M acid was HoSO4 which was able to recover 20 % of
Fe and 50 % of U from the filter indicating that these metals can also be
eluted to some extent. All the used acids also eluted a significant amount
of Zn and Ca from the filters in terms of milligrams and percentages.
Therefore, the adsorption of these two metals should be minimized if the
aim is obtain a high-purity REE fraction. The elution percentages of Al
and Co also improved when the molarity of the acid was increased.
However, the total amount of eluted Co in milligrams was low because it
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was poorly adsorbed by the filters (see above). The eluted amount of Cu
increased with increasing molarity of HNO3 but with HCI, it remained
similar (73-78 %) despite the increase in molarity. HoSO4 was also able
to remove Cu effectively from the filters. In contrast to all other metals,
Sc remained in the filter regardless of the used eluent most likely
because of its strong Lewis acidity and oxophilicity. Only 6 M HCI was
able to desorb a small amount of Sc (~2 %), but with all other acids, the
elution percentage for Sc was less than 1 %. Overall, Y, Nd, and Dy were
desorbed from the filters well, but no clear selectivity towards metals or
any group of metals was observed in the elution studies. In principle,
only Fe and U could be eluted to their own fraction with HySO4 if other
metals are first washed out with HNO3 or HCI.

3.6. The recovery process for REEs

The adsorption and desorption studies described above demon-
strated that the 3D-printed filters selectively adsorbed Sc, Fe, Y, Nd, Dy,
and U below pH 2, but no selectivity was observed in the desorption
studies, except for Fe and U. The three tested mineral acids particularly
eluted Al, Ca, and Zn, which were adsorbed by the filters over pH 2.
Thus, to minimize the contamination of the final REE-rich eluate with
other metals, the sequential recovery process for Y, Nd, and Dy was
developed at pH 2. The flow chart of the developed recovery process is
depicted in Fig. 6, and the amounts of adsorbed and desorbed metals in
each step of the process are also given in Tables S2 and S3. In the re-
covery process, 40 ml of the synthetic mining waste solution in 0.5 M
H2SO4 was passed through five sets of the three stacked 3D-printed fil-
ters and samples for ICP-OES measurements were taken from each
fraction. The adsorbed metals were eluted with 6 M HNO3 to minimize
the amount of Fe and U in the final eluate that mainly consisted of Al, Y,
Nd, and Dy.

During the first two steps of the process, Sc and Fe were completely
removed from the mining waste solution. Already at the first step, 350
+ 10 pg (95 %) of Sc and 290 + 50 pg (76 %) of Fe were adsorbed from
the solution, and the second step recovered the rest of Fe and traces of
Sc. For U, however, three steps were necessary for its complete removal
from the solution. During the first two steps, 250 + 30 pg (69 %) and
100 =+ 40 pg (86 %) of U were adsorbed, and the rest of it (~20 pg, 100
%) was finally adsorbed in the third step. The first three steps also
adsorbed 318 + 6 pg of Y (84 %), 372 + 6 pg of Nd (93 %), and 352 + 1
ng Dy (92 %). However, for complete removal of Nd and Dy, four steps
were required, whereas for Y all five steps were needed. Most of K, Ca,
Co, Cu, and Zn passed through the filters during the five adsorption steps
because less than 20 % of K, Ca, and Co, 25 % of Zn, and 30 % of Cu were
adsorbed into the filters. Interestingly, K starts to adsorb only in the last
(i.e. fifth) step of the process, after stronger adsorbed metals are
removed from the mining waste solution. In contrast to K, Ca, Co, Cu,
and Zn, the adsorption of Al was significant, and particularly increased
after Sc was removed from the mining waste solution. In total, 1460 +
197 pg (48 %) of Al was adsorbed in the process. The high adsorbed
amount of Al could be problematic in the elution steps because it can
contaminate the final REE-rich eluate. Fortunately, the strong adsorp-
tion of Al is compensated by its weaker desorption if compared to Y, Nd,
and Dy in the desorption steps (see below).

When the first-step filters were eluted with 6 M HNOg, 110 + 26 pg
of Nd (84 %), 94 + 20 ug of Dy (77 %) and 80 + 16 pg (77 %) of Y were
desorbed from the filters along with 90 + 15 pg (52 %) of Al. Eluting the
second-step filters yielded to similar results because 90 % of adsorbed Y,
Nd, and Dy as well as 54 % of adsorbed Al were eluted from the filters.
The coadsorption and desorption of Al alongside REEs has been reported
to be an issue in the separation processes when aminophosphonic acids
have been utilized [33-35]. However, it is worth mentioning that the
two sequenced adsorption and desorption steps result in the elute in
which equal amounts of Nd, Dy, Y, and Al are present. This is a signif-
icant result because the concentration of Al in the unprocessed simu-
lated mining waste solution is ten times higher than the concentrations
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Fig. 6. Sequential five-step adsorption and desorption process developed for recovering Sc, Fe, and U as well as concentrating Y, Nd, and Dy into their own less
complex fractions at pH 2. The top, middle, and bottom figures show the concentrations of metals in the solution, in the 3D-filters, and in eluate, respectively, after

each step of the process along with the total amounts.

of Y, Nd, and Dy. Only a small amount (<20 pg) of each Cu, Fe, and U
was washed out from the filters with 6 M HNOs in the first and second
elution steps, as expected.

Over 95 % of the adsorbed Y, Nd, and Dy was desorbed during the
elution of the third-step filters, but unfortunately, the amount of des-
orbed Al also increased and exceeded the amount of Y, Nd, and Dy.
Eluting the fourth and fifth sets of filters yielded elutes that mostly
contained 170 + 20 pg and 160 + 10 pg of Al respectively. Only minor
amounts of other metals than Al, Y, Nd, and Dy were desorbed during

Fig. 7. The total amount of metals adsorbed and eluted during the sequential
five-step recovery process. Close-up view of initial, adsorbed, and eluted
amounts of metals with the lower initial concentrations are given in Fig. S16
and total percentages in Fig. S17.

the third, fourth, and fifth elution steps. Fig. 7 summarizes the amount of
adsorbed and desorbed metals in the sequential five-step recovery pro-
cess. It is evident from Fig. 7 that complete adsorption of Sc, Fe, U, Nd,
Dy, and Y was achieved and that Y, Nd, and Dy were desorbed from the
filters alongside Al with 6 M HNOs. This yielded the final eluate which
consisted of 91 % of three REEs (Y, Nd, and Dy; 53 %) and Al (38 %) as
well as 9 % of other metals (Fig. S17).

Based on the results above, to obtain the pure REE fraction from the
mining waste solution, three sequential sets of three stacked 3D-printed
filters would be enough because these adsorb as much as 84-100 % of
REEs from the mining waste solution. Only two sequential adsorption
steps could also be considered if Al desorption must be minimized in the
subsequent elution steps. Even though Fe and U were adsorbed strongly
in the first steps of the process, they did not extensively contaminate the
final REE-rich fraction because only a minimal amount of these two
metals was desorbed from the filters with 6 M HNO3. However, Fe and U
can, to some extent, be desorbed from the filters with 6 M H,SO4 after
elution with 6 M HNOg3, unlike Sc which was not desorbed in significant
amounts from the filters with any of the investigated acids. When the
total amounts of the most desorbed metals—Al, Y, Nd, and Dy—in the
final eluates are compared to their initial concentrations, the results
showed that 17 % of Al, 82 % of Y, 85 % of Nd, and 89 % of Dy were
recovered with the investigated sequential five-step recovery process.
Moreover, no coadsorption of Ca, which has been an issue in the pre-
viously reported study, was observed [31].

Because of the accumulation of Sc, Fe, and U into the filters, it was
necessary to study the reusability of the filters. Thus, five sequential
adsorption—desorption cycles were performed for the three stacked fil-
ters by injecting 40 ml of the mining waste solution with pH 2 through
them with a flowrate of 90 ml/h followed by the elution step with 30 ml
of 6 M HNOs similar to the five-step recovery process. It was evident
from the results that the adsorption of Y, Nd, and Dy already decreased
after the first cycle and was non-existent in the fifth cycle due to the
accumulation of Sc, Fe, and U into the filters (Fig. S18). Thus, the
presence of Sc, Fe, and U in the mining waste solution compromised the
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reusability of the filters. However, these three metals can be removed
from a multimetal solution by a simple precipitation step leaving most of
Y, Nd or Dy in the solution as demonstrated in the previous studies
[29,92]. When the reusability test was performed for the mining waste
solution containing no Sc, Fe, and U, a small increase in the adsorption
of Y, Nd, and Dy was observed in the first cycle, but it levelled out at the
same level as in the five-step recovery process over the next four cycles
(Fig. S19). The better adsorption rate of Y, Nd, and Dy in the first cycle
most likely originated from the absence of Sc, Fe, and U in the solution.
Although the accumulation of Al was also detected in the data (Fig. S19),
it did not affect the adsorption and desorption of Y, Nd, and Dy during
the five sequential cycles. The result confirmed that the filters are
reusable if the most accumulating metals are removed from the multi-
metal mining waste solution.

Comparing the recovery rate of the developed five-step recovery
process to other adsorption methods developed for the recovery of the
REEs from acidic mine waste waters, it can be concluded that the ob-
tained recovery rates of the 3D-printed filters are similar to the selected
adsorbents functionalized with aminophosphonic acid and/or sulfonic
acid and/or amide groups (Table 3).

Overall, the results obtained in this study not only highlighted the
efficient recovery of the REEs from the mining waste solution but also
confirmed that the amount of Al can be significantly decreased in the
final REE-rich eluate of the mining waste solution, while the coad-
sorption and desorption of Ca can be eliminated. These novel results are
important because the coadsorption and desorption of Al and Ca
alongside with REEs have been reported to be an issue in previous
studies [33-35].

4. Conclusions

Recovery of Y, Nd, and Dy from the simulated mining waste solution
containing multiple metals was studied with the aminophosphonic acid
1 functionalized 3D-printed filters. The structure of the filters was
studied in detail with HIM and X-ray tomography imaging which
revealed that the filters have uniform structure, even distribution of the
additive 1, and a good porosity for the recovery process. The FTIR,
powder X-ray, and NMR studies performed for the pure nylon-12, the
active additive 1, and the 3D-printed filters showed that the active ad-
ditive stays intact in the printing process as well as during the recovery
process. The adsorption of the investigated metals from the simulated
mining waste solution was studied at pH 1-4 in which additive 1 exists
in two different protonation states. The highest recovery rates were
obtained at pH 4. However, the separation between REEs and the other
elements present in the mining waste solution was best at pH 2.
Desorbing the metals from the filters was studied with 1, 3, and 6 M
HNOg3, HCl, and H2SO4. In general, the 6 M acids were the best eluents as
they desorbed > 90 % of the adsorbed Y, Nd, and Dy. The sequential
five-step recovery process for Y, Nd, and Dy worked the best at pH 2 and
yielded the final eluate that mainly contained Al, Y, Nd, and Dy.
Importantly, the recovery process significantly decreased the amount of
Al in the final eluate compared to its initial concentration in the mining
waste solution and fully eliminated the coadsorption and desorption of
Ca with Y, Nd, and Dy. The reusability tests showed that the accumu-
lation of the best adsorbing metals, Sc, Fe, and U, into the filters
compromised their reusability in the recovery of Y, Nd, and Dy, but by
removing these three accumulating metals from the solution before the
recovery process, the reusability of the filters can be maintained. The
capacity of the filters towards Sc, Y, Nd, Dy, and U was determined by
fitting their adsorption isotherms to the Langmuir model. The best ca-
pacity was determined for Sc (Qmax = 0.51 mmol/g) followed by U, Nd,
Dy, and Y with capacities of 0.47, 0.24, 0.23, and 0.17 mmol/g,
respectively. Interestingly, the fitting of the adsorption isotherms to the
Langmuir and Freundlich models indicated that the adsorption mecha-
nism of Fe (and also Sc) might be different from the one of Y, Nd, Dy, and
U. Considering all the abovementioned, the 3D-printed filters with
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Table 3
Selected adsorbents used for the recovery of the REEs from acidic mining waste
solutions.

Adsorbent REE adsorption ~ REE desorption ~ Ref
% %
Aminobisphosphonate 100 % >82 % (—Sc) This
work
TP260(aminophosphonic) 80-100 % >95 % [33]
$950(aminophosphonic) 100 % <80 % [34]
Aminophosphonate <80 % (Eu) 90 % [93]
functionalized silica
Lewatit MDS200H(Sulfonic acid) 85 % 89 % [94]
Lewatit MDS200H(Sulfonic acid) 78 % 75-100 % [95]
Amide functionalized silica >75 % >75 % [96]

aminophosphonic acid 1 as an active additive showed promise for the
recovery and separation of Y, Nd, and Dy from the multimetal mining
waste solution. The next logical step is to improve the capacity and
selectivity of the developed 3D-printed filters towards REEs as well as to
develop better elution methods for Sc, Fe, and U.
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