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ABSTRACT 

Virtanen, Emilia 
Recovery and separation of rare earth elements by utilizing α-aminophosphonic 
acids as precipitants and adsorbents 
Jyväskylä: University of Jyväskylä, 2024, 83 p. + original articles 
(JYU Dissertations 
ISSN 2489-9003; 859) 
ISBN 978-952-86-0432-7 (PDF) 

Rare earth elements (REE) are essential elements in various modern technological 
applications and renewable energy production. As the world shifts towards 
greener technologies, the consumption of REEs is expected to rise. Therefore, 
their efficient separation from each other, as well as recovery from their minerals 
and waste streams, will be of great importance. During the past decade, 
aminophosphonates have attracted attention as extracting agents in liquid-liquid 
extraction and as adsorbents for REE separation and recovery. Their ability to act 
as precipitation agents, however, has yet to be studied. In this dissertation, the α-
aminophosphonates were first investigated as precipitation agents for REEs and 
Th and U, which are present in the same ores. The precipitation agents were 
found to efficiently precipitate Sc, Th, and U at pH 1, whereas other REEs 
precipitated around pH 4. The separation between adjacent REEs was low. 
Second, the self-synthetized α-aminophosphonate was utilized as an additive in 
3D-printed filters to recover REEs from mining wastewater. The recovery of REEs 
(Sc, Y, Nd, Dy) from the mining wastewater was the most effective at pH 2, as 
the adsorption of most non-target elements (Co, Cu, Al, Ca, K, Zn) was small. 
Overall, the developed recovery process for REEs yielded a final eluate 
containing 69.9% of REEs, a clear improvement over the initial concentration of 
8.3%. Third, the separation process for separating REEs, B, Al, Fe, Co, and Cu 
from NdFeB magnets was developed by combining methanesulfonic acid (MSA) 
leaching, precipitation, and solid-phase extraction. In the solid-phase extraction 
step ecofriendly MSA, ammonium chloride and potassium oxalate were utilized 
as eluents and 3D-printed filters containing commercial α-aminophosphonate 
ion-exchanger (Lewatit TP260) as an adsorbent. With the developed separation 
process Fe and REEs were recovered with 97.6% and 99.4% purity, respectively. 
Furthermore, the other elements were separated into less complex fractions. The 
work presented in this dissertation provides new separation methods for REEs 
and other critical elements utilizing both precipitation and solid-phase extraction 
methods. Additionally, this dissertation contributes new information on 
separating REEs, Th, and U using α-aminophosphonic acid precipitants, which 
had yet to be investigated. 

Keywords: Rare earth element, α-aminophosphonic acid, critical element, 3D 
printing, adsorption, precipitation, secondary source 



TIIVISTELMÄ 

Virtanen, Emilia 
Harvinaisten maametallien talteenotto ja erottaminen sakkauttamalla ja 
adsorboimalla käyttäen α-aminofosfonaatteja.  
Jyväskylä: Jyväskylän yliopisto, 2024, 83 s. + alkuperäiset artikkelit 
(JYU Dissertations 
ISSN 2489-9003; 859) 
ISBN 978-952-86-0432-7 (PDF) 

Harvinaisia maametalleja (Rare earth element, REE) hyödynnetään useissa 
nykyteknologian sovelluksissa ja uusiutuvan energian tuotannossa. Etenkin 
vihreiden teknologioiden lisääntyessä myös tarve REE:lle kasvaa 
tulevaisuudessa ja siten niiden tehokas talteenotto sekä niiden mineraaleista että 
jätevirroista tulee olemaan entistä tärkeämpää jatkossa. Etenkin viime 
vuosikymmenen aikana aminofosfonaattien on tutkittu olevan hyviä neste-
nesteuuttoreagensseja ja adsorbenttejä REE:n talteenottamiseksi. REE:lle α-
aminofosfonaatteja ei ole kuitenkaan vielä tutkittu sakkautusreagensseina. Tässä 
väitöskirjatyössä tutkimme α-aminofosfonaatteja ensin sakkautusreagensseina 
REE:n lisäksi samoissa mineraaleissa esiintyville Th:lle ja U:lle pH:n funktiona. 
pH 1:ssä havaittiin Sc, Th, ja U sakkautuvan tehokkaasti, kun taas REE:t 
sakkautuivat tehokkaammin pH 4:ssä. Vierekkäisten elementtien erottaminen oli 
kuitenkin tehotonta. Seuraavaksi itsesyntetisoitua α-aminofosfonaattia 
hyödynnettiin additiivinä 3D printatuissa suodattimissa, joita tutkittiin REE:n 
talteenottamiseksi happamista kaivosjätevesistä. REE:n (Sc, Y, Nd, Dy) 
talteenottoon pH 2 osoittautui parhaaksi, sillä suurin osa kaivosveden muista 
alkuaineista (Co, Cu, Al, Ca, K, Zn) ei adsorboitunut tässä pH:ssa. REE:n osuutta 
saatiin siten liuoksessa konsentroitua 8,3 prosentista 69,9 prosenttiin. Viimeisenä 
tutkittiin erotteluprosessia, jossa REE:t, B, Al, Fe, Co ja Cu talteenotetaan 
neodyymimagneeteista. Prosessissa yhdistettiin liuotus, sakkautus ja 
kiinteäfaasiuutto käyttäen 3D printattuja suodattimia, joissa adsorboivana 
aineena toimi kaupallinen α-aminofosfonaattia sisältävä ioninvaihtohartsi 
Lewatit TP260. 3D printattujen suodattimien kiinteäfaasiuutossa käytettiin 
eluentteina ympäristöystävällistä metaanisulfonihappoa, ammoniumkloridia ja 
kaliumoksalaattia. Erotusprosessilla Fe ja REE:t saatiin 97,6% ja 99,4% puhtaisiin 
fraktioihin. Muut alkuaineet saatiin omiin vähemmän monimutkaisiin 
fraktioihinsa. Tässä väitöskirjassa esitetty työ tuo uutta tietoa REE:n ja muiden 
kriittisten alkuaineiden erotteluun käyttäen joko sakkautus- tai 
adsorptiomenetelmää. Lisäksi α-aminofosfonaattien käyttämistä REE:n, Th ja 
U:n sakkauttamiseen tutkittiin ensimmäistä kertaa. 

Asiasanat: Harvinaiset maametallit, α-aminofosfonaatit, kriittiset alkuaineet, 3D 
printatut materiaalit, adsorptio, sakkautus 
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1 INTRODUCTION 

Rare earth elements—commonly abbreviated as REE—consist of lanthanoids 
(La-Lu), Sc, and Y.  REEs are extensively used in various modern applications 
such as mobile phones, catalysts, batteries of e-vehicles, and renewable energy 
production.1–3 In particular, electric vehicles and the production of renewable 
energy play an important role in transition towards more sustainable 
technologies.1 Consequently, the demand of REEs has been projected to increase 
considerably in the future. For example,  new wind turbines alone can increase 
the demand of REEs up to threefold between 2020 and 2050,4 whereas the EU has 
estimated that up to twelve and fourfold more Dy and Nd  are needed by 2050.5 
REEs are classified as critical elements, due to their economic importance and the 
risks associated with their availability, with China producing over 70% of used 
REEs.6,7 In 2017, an old REE mine was reopened in the US to not only meet the 
growing demand for REEs but also to increase production outside of China.8 No 
REE-producing mine exists in Europe, although multiple promising sites have 
been discovered.9 REEs are typically found in low concentrations in ores, but the 
most common REE-containing minerals are bastnäsite, monazite, and xenotime.10 
Monazite also contains radioactive elements like Th and U. Given the presence 
of radioactive elements, the low concentrations of REEs in various minerals, and 
their similar physiochemical properties, extracting REEs from their ores is 
challenging.11 Therefore, it is important to develop novel efficient and 
environmentally friendly separation processes for REE ore concentrates that can 
also separate harmful and radioactive elements. Equally important, if not more 
so, is to enhance the recovery of REEs from secondary sources where the 
concentrations of REEs are relatively high.2,12,13 In EU, the recycling rate of REEs 
is only 1%, and globally about 13%–14% of produced REEs were reported to be 
from recycled materials in 2022.14 The low recycling rates can partly be explained 
by higher costs of recycling compared to primary production. However, with the 
effective recycling of wind turbines and electric car motors, 35% of the demand 
for REEs could potentially be supplied from secondary sources.15 Other 
illustrative examples are mine tailings, mining raffinates, and acidic wastewaters 
that can contain REEs depending on the target metal of the process and the 
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mineral composition of the ores mined.16 The potential is vast because mining 
waste is one of the largest waste streams in the EU with roughly 500 megatons 
produced in 2020,17 and the annual production of tailings alone can be up to 13 
gigatons globally.18  For example, 24 t/year19 or 985 kg/year20 of REEs could be 
recovered from mining waste and residues, respectively. Waste electrical and 
electronic equipment (WEEE), which includes a wide range of devices, includes, 
for example, NdFeB magnets and phosphor materials which can contain up to 
approximately 30 wt% of REEs.21,22 WEEE is a rather heterogenous secondary 
source for REEs consisting of plastic, glass, and/or metals from which the NdFeB 
magnets or LEDs need to be separated.23–25 Although small NdFeB magnets are 
utilized in electric equipment, larger ones can be recovered from motors of 
electric cars and wind turbines.26   

The first α-aminophosphonates with a general formula of 
(RO)2P(O)CR'2NR"2 (R, R’ R’’ = H, organic substituent without or  with functional 
group) were studied as liquid-liquid extractants for REEs as early as in the 1960s 
and 1970s.27–30 However, the investigation of these compounds for REE recovery 
only truly began in the 2010s.31 α-Aminophosphonates refer to 
organophosphorous compounds containing both a phosphonate and an amine 
group in the structure. The amine can be either primary, secondary, or tertiary 
amine. α-Aminophosphonic acids are acid derivatives of α-aminophosphonates 
and they have both an acidic phosphonate (PO(OH)x) and a basic amine (NH) 
group which makes these acids versatile liquid-liquid extractants32–39 and 
adsorption materials for REEs.40–42 In liquid-liquid extraction, the reported α-
aminophosphonic acids have enhanced separation between REEs compared to 
commercially used phosphonate-based liquid-liquid extractants.32–39. The ability 
of α-aminophosphonates to extract different metal ions can be tuned by varying 
the organic moiety and/or the number of phosphonate groups. The amount of 
binding sites which are available for coordination can be increased by 
synthetising multiple phosphonate groups to the recovery agent. This can be 
applied to the development of new liquid-liquid extractants, precipitants, or α-
aminophosphonate-based adsorption materials. 

α-Aminophosphonate adsorption materials have already been used as they 
are for metal recovery, and multiple commercial ion-exchangers containing an α-
aminophosphonates as functional groups are available, including Lewatit TP260, 
MCR50, and Purolite S940. They could also be incorporated into 3D-printed (host) 
materials where they would function as adsorptive additives. Nowadays 3D-
printed adsorption and ion-exchange materials can be easily manufactured, and 
consequently their utilization in the solid-phase extraction of metals has 
increased. The advantage is that their sizes and shapes can be customized for 
different applications, and the additives can readily be changed.43–45 Thus, they 
can be adapted for a variety of different recovery and removal processes such as 
metal recovery,44–50 analyte preconcentration,51–53 and organic material capture.54 
Apart from Papers II and III, no literature on α-aminophosphonate additives in 
the 3D-printed adsorption material has been published for REE recovery. In 
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addition, α-aminophosphonic acids were investigated as precipitants for REEs 
for the first time in Paper I. 

1.1 Aim of the work 

Phosphonate-based extractants have been widely utilized in REE recovery and 
separation due to their good extraction properties.55–57 Incorporating an amino 
group into the phosphonate framework opens new strategies to modify the 
molecular structures, coordination pockets, coordination affinities, and 
extraction properties of the phosphonate-based extractants.31 This dissertation 
aimed to investigate recovery agents containing not only the phosphonate moiety 
but also a basic amine moiety, specifically α-aminophosphonic acids, for the 
recovery and separation of REEs using precipitation and solid-phase extraction 
methods. Thus, the discussion in this dissertation is limited to α-
aminophosphonates, and the individual chapters are not comprehensive reviews 
of their topics, but only introduce the reader to the chosen topics. Moreover, the 
results and discussion only highlight the main outcomes of the experimental 
work carried out for the dissertation. For a detailed discussion, see Papers I–III.   

In Paper I, α-aminophosphonic acids with different water solubilities were 
synthesized by varying the length of the alkyl chains. These acids were 
investigated as precipitants for REEs, Th, and U in acidic aqueous solutions. The 
pH ranged from 1 to 4 with the aim to separate REEs from Th and U as well as 
REEs from each other. The acid–base and complex formation properties were also 
investigated to get more insight into the precipitation process and structures of 
the formed complexes. 

In Paper II, self-synthetized α-aminophosphonic acid was utilized as an 
additive in 3D-printed filters, which were investigated for the recovery of REE 
from acidic mining wastewater. The filters were thoroughly characterized using 
infrared spectroscopy, powder X-ray diffraction, and X-ray tomography to 
investigate their functional groups and micrometer-level structure. Because the 
author’s contribution to the X-ray tomography studies is minimal, it is only 
briefly discussed in the dissertation. 

In Paper III, work on the 3D-printed filters was continued by also utilizing 
a commercial α-aminophosphonate-functionalized additive (Lewatit TP260) in 
the filters. A comparison was conducted between the filters containing either self-
synthesized or commercial additives for the recovery of elements from NdFeB 
magnet waste. Like in Paper II, detailed characterization was conducted for the 
filters containing the commercial additive using infrared spectroscopy, powder 
X-ray diffraction, and X-ray tomography to shed on light on their chemical and 
physical structures and adsorption mechanism.  
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2 RARE EARTH ELEMENTS  

Rare earth elements are a group of elements which consist of lanthanoids (La–Lu) 
as well as Sc and Y. REEs have similar physio-chemical properties and because 
of this they have tendency to occur in the same mineral ores. The term rare in 
their name dates back to the 1800s, a time when the known minerals containing 
REEs were uncommon, and extracting and separating these elements from their 
minerals was a challenging and tedious task.58 This led to the misconception that 
they were rare in nature. Additionally, REEs do not exist in veins like gold or iron 
but are dispersed throughout various minerals. This further accentuated their 
apparent rarity. Despite their name, REEs are not rare in the earth crust. In fact, 
cerium alone is the 25th most abundant element in the Earth’s crust, being more 
abundant than copper. Nowadays, the term rare is more often interpreted to 
reflect the economic importance and extraction challenges of REEs rather than 
their actual abundance in the earth’s crust.59,60  

2.1 Properties and classification 

REEs generally exist in the +3 oxidation state in nature, except for Ce, Pr, and Tb, 
which can also form complexes in the +4 oxidation state. In addition, Sm, Eu, Yb 
can form complexes in the +2 oxidation state.57 The prevalent +3 oxidation state 
is based on their electron configurations in neutral forms, which are [Ar]3d14s2 
for Sc, [Kr]4d15s2 for Y, and [Xe]4fn6s2 for lanthanoids, except for La, Ce, Gd, and 
Lu, in which the 5d orbital is singly occupied as well.61 The 4f orbitals are 
positioned closer to the nucleus than the orbitals of shells 5 and 6, and, thus, they 
experience a stronger effective nuclear charge than electrons in higher orbitals. 
Because of this, the three electrons from the outermost 5d and 6s orbitals of 
lanthanoids are more easily removed than from the inner 4f orbitals, leading to a 
typical electron configuration of [Xe]4fn in the +3 oxidation state. As the empty, 
half-filled, and full f-shells have exceptional stability, the formation of Ce4+ (f0), 
Tb4+ (f7), and Eu2+ (f7), and Yb2+ (f14) is possible.61 The different oxidation states of 
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these few lanthanoids can be utilized in the separation of REEs. For example, Eu2+ 
and Ce4+ can be separated by selective reduction62–64 and oxidation65, respectively. 
Lanthanoids also exhibit a lanthanoid contraction which is a greater than 
expected decrease in ionic radii with the increasing atomic number. The 
contraction is caused by the poor shielding effect of the 4f orbitals against the 
increasing nuclear charge. Like the oxidation state, this contraction can be 
exploited in the separation of REEs.11 
 

 

Figure 1.  Ionic radii of REEs in oxidation state +4 (red), +3 (black), and +2 (orange). All 
the radii are for six-coordinate ions except for Sm2+ which is seven-coordinate. 
For comparison hydrated ionic radii (eight- and nine-coordinate) for 
lanthanoids are shown in blue. For comparison, an ionic radius of Y, which is 
classified as HREEs, is marked with a dashed line.66  

Based on the electron configurations and atomic weights of REEs, they can be 
classified as light REEs (LREE) and heavy REEs (HREE). LREEs include 
lanthanoids with zero to seven 4f electrons (La–Gd), whereas heavy HREEs 
consist of lanthanoids with nine to fourteen 4f electrons (Tb – Lu).67 Y, which has 
a similar ionic radius to heavy lanthanoids, is classified as HREE (Figure 1). The 
radii of the hydrated lanthanoid ions exhibit a similar declining trend in size, 
with the decrease being slightly more pronounced, especially for the LREEs.68 
The radii are also larger compared to the non-hydrated radii that should be taken 
into account when recovery studies are performed in aqueous solutions. 
Although Sc is classified as REE, it is not typically included in either of these 
subgroups due to its much smaller ionic radii. REEs can additionally be classified 
according to their ionic radii when it is necessary to emphasize size differences 
to explain variations in their properties. Usually, LREEs and HREEs are referred 
to as large and small REEs, respectively.  



 
 

18 
 

2.2 Primary sources, production, and separation 

LREEs are mainly produced from two minerals, bastnäzite (RE)(CO3)F and 
monazite (RE/Th)PO4, while the main source of HREEs is xenotime YPO4.10 The 
minerals containing REEs, especially monazite, can also contain significant 
amounts of radioactive elements such as Th and U. For example, Monazite can 
contain up to 20 wt% of Th and 16 wt% of U, whereas bastnäsite and xenotime 
usually contain significantly lesser amounts of radioactive elements.10  The high 
content of Th4+ stems from the fact that its ionic radii and oxidation state are 
similar to those of Ce4+, thus allowing it easy substitution in the mineral lattices. 
During the processing of the ores, REEs are typically selectively leached with acid 
or base, leaving other elements present in the ore in undissolved residue, 
including Th and U. However, Th and U can also be leached with REEs with 
sulfuric acid,11 from which they can then be separated via precipitation or liquid-
liquid extraction.69 In liquid-liquid extraction, Th and U are transferred from an 
aqueous phase to an organic phase utilizing amine- or phosphonate-based 
extractants that are selective for these elements.11 The removal of Th, and U is 
crucial due to their radioactive nature, which poses environmental and safety 
hazards during REE processing.70 After the removal of Th and U, an REE 
concentrate is obtained, where REEs can be separated from each other using 
liquid-liquid extraction. In addition to liquid-liquid extraction, REEs can be 
separated from each other by utilizing fractional crystallization, precipitation, or 
ion-exchange. These methods, however, are less widely used on a larger scale 
due to their lower efficiency compared to liquid-liquid extraction. Typically, they 
are utilized alongside liquid-liquid extraction to either pre-concentrate, purify 
fractions, or precipitate REEs out from the final REE-rich fraction. Before 
discussing the different separation methods of REEs in more detail, the 
separation factor (SF) is determined first.  The parameter measures the separation 
efficiency for the utilized method.   

2.2.1 Separation factor 

The separation between two ions or metals can be measured through the 
separation factor. SF is determined from the distribution factors (D) of selected 
element pairs.71 D indicates the amount of an element extracted from a solution 
compared to the amount of an element remaining in the solution as presented in 
Equation 1: 

𝐷𝐷 =  
𝑞𝑞
𝑐𝑐

 (1) 

in which q is the concentration of an extracted element and c is the concentration 
of elements in a solution. SF can then be determined for chosen elements using  
  



 
 

19 
 

Equation 2: 

𝑆𝑆𝐹𝐹1
2

=  
𝐷𝐷1
𝐷𝐷2

 (2) 

 
in which D1 and D2 are the distribution factors of the chosen elements. If two 
elements have a similar tendency to extract from the solution, the separation 
factor is 1 and indicates no separation between the elements. For clarity, SF is 
typically calculated so that the obtained value is ≥ 1. Thus, the higher the obtained 
value is, the higher the separation between the two elements is. Although SF was 
originally used to measure the distribution between two immiscible solvents, it 
has been applied for precipitation as well.71–77 

2.2.2 Liquid-Liquid extraction 

In liquid-liquid extraction, REEs are extracted from an acidic aqueous phase to 
an organic phase containing extractant(s). The classical extraction agents in 
liquid-liquid extraction for REEs are phosphonate-based compounds, di(2-
ethylhexyl) phosphoric acid (DEHPA) and 2-ethylhexyl phosphonic acid mono-
2-ethylhexyl ester (EHEHPA) (Figure 2).11  
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Figure 2.  Structures of commonly used extraction agents for REEs di(2-
ethylhexyl)phosphoric acid (DEHPA) and 2-ethylhexyl phosphonic acid 
mono-2-ethylhexyl ester (EHEHPA). 

DEHPA and EHEHPA are widely used due to their good recyclability and 
robustness in acidic conditions. Out of these two extractants, DEHPA is usually 
more efficient at separating REEs as the separation factors range from 1.03 to 425 
for DEHPA and from 1.09 to 199 for EHEHPA (Figure 3).11 Even though large SFs 
have been reported for the HREE and LREE separation, the separation between 
adjacent lanthanoids remains low even with these two commercially utilized 
extractants. For DEHPA, the SFs between adjacent lanthanoids generally range 
from 1.03 to 2.23, except for the Sm/Nd pair, for which the SF is 4.86. For 
EHEHPA, the values of SFs range from 1.09 to 2.58. Given the poor SFs between 
adjacent lanthanoids, the complete separation of a single REE requires multiple 
separation stages with DEHPA and EHEHPA. Thus, more efficient ways to 
separate REEs have widely been investigated by improving the liquid-liquid 
extraction process.  
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One recent promising family of extractants is multidentate N,O-based extracting 
agents, which have demonstrated strong binding to both REEs and actinoids.78–

82 In contrast to acidic DEHPA and EHEPA, they are neutral extractants, meaning 
that they do not contain an acidic proton. These neutral extractants exploit the 
size difference of REEs to separate LREEs from HREEs.83 For example, by varying 
the structure and rigidity of the tetradentate bis-lactam framework (Figure 4), its 
coordination pocket can be optimized for specific REEs, which further influences 
the stability of formed complexes.84 The extraction was performed in an 
immiscible mixture of 1,2-dichloroethane and 0.9 M HNO3, maintaining the 
concentration of lanthanoids at 1 mM and the concentration of the extractants at 
7 mM. Organic phase extractants 1 and 3 preferred complexation with LREEs 
(La–Nd) due to the stable configuration of N donor atoms. 1 and 3 also separated 
LREEs from each other reasonably well as SFLa/Nd was 21.4 and 17.4 for 1 and 3, 
respectively. For 2, the complexes of Nd and Sm were more stable than other 
LREE complexes in 0.9M HNO3, yielding good recovery rates for them. However, 
when the acid concentration was increased from 0.9 M to 5 M HNO3, 2 preferred 
HREEs over LREEs. In contrast to 1–3, 4 extracted REEs poorly under the same 
conditions because of their flexible structure. In addition to the organic phase 
extractants 1–4, a water-soluble bis-lactam extractant 5 was investigated with 
lipophilic diglycolamides (DGA) as a co-extractant, to improve separation 
between REEs. Like 1–4, 5 showed a preference towards LREEs over HREEs. 
Thus, by combining water-soluble 5 with lipophilic DGAs, which prefer HREEs, 
the separation between different REE pairs was enhanced.85 For example, SFNd/Pr 
of 4.2, SFSm/Nd of 20, and SFTb/Gd of 5.8 were obtained for the chosen REE pairs.  

 

Figure 3.  Separation factors of lanthanoids for DEHPA (left) and EHEHPA (right).11 
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Figure 4. Structures of 1–5. R = 2-octyldodecyl for 1–4 and R = H for 5. 

Although the aforementioned N,O-based extractants are among the most 
promising extraction agents, their synthesis is far from trivial. More 
straightforwardly synthesized α-aminophosphonates (see Chapter 3) have also 
been developed and investigated as extraction agents for REEs (Figure 5).32–38 The 
earliest aminophosphonic acid extractants 6 and 7 were investigated in the 
extraction of LREEs, specifically Eu3+, from varying concentrations of HCl 
media.27–30 7 was found to be generally a better extractant for lanthanoids 
compared to 6, but it also extracted Sr2+ and Mn2+ better.30 The separation 
between Ce3+ and Pr3+ was studied with both 6 and 7 from HCl media, but no 
significant differences could be achieved in their extraction.28  
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Figure 5. Structures of aminophosphonic acid extractants 6–11 studied for REE 
extraction. 

Extractants 8–11 were found to improve the separation factors between the 
adjacent HREEs rather than LREEs. The organic phase used for 8–11 was n-
heptane and the aqueous phase diluted HCl. Among the reported 
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aminophosphonates, extractant 8 was found to be a slightly better extraction 
agent for HREEs than EHEHPA from 1.0–4.1 M HCl aqueous phase.32 The best 
determined SFs for adjacent HREEs (Ho–Lu and Y) were 1.36–3.22 in varying 
HCl concentrations (0.95–2.07 M). Extractants 9 and 10 showed similar separation 
efficiency for HREEs as their SFs ranged from 1.07 to 1.93 and 1.04 to 4.29, 
respectively.34,36 Extractant 11 had similar extraction abilities to 9 and 10, 
exceeding the SFs of both EHEHPA and DEHPA for the adjacent HREEs as the 
SFs ranged from 1.57 to 3.53 for Ho–Lu.38 However, its extraction efficiency, 
which indicates the ratio of metal the extractant can extract from the aqueous 
phase to an organic phase, was smaller than that of EHEHPA. Only 50% Lu was 
extracted from 0.4 mM Lu3+ solution at maximum. Compared to N,O-donors (1–
5), the selectivity of 8–11 towards either LREEs or HREEs is not as good, which 
likely results from their freely rotating bonds disabling the size-selective binding. 

Separation studies were also performed for extractants 8 and 10 with 
DEHPA and EHEHPA, respectively, to reveal their synergistic effect in REE 
separation.33,37 In synergistic extraction, two extractants are simultaneously used 
in the organic phase instead of one. It is assumed that the extractants form a more 
stable complex with the target element (REE) than alone, which can improve the 
selectivity towards specific REEs.86 With two extractants the extraction efficiency 
can also be greater. Compared to 10 or DEHPA alone, the synergistic extraction 
of Lu3+ with 8 and DEHPA in a 1:1 molar ratio was more efficient.33 The 
separation between adjacent REEs was also studied and it was found to be better 
for the synergistic system than for DEHPA alone but worse than for 10 as the SFs 
of a synergetic system varied from 1.01 to 2.77. Similar to 10 and DEHPA, the 
molar ratio of 1:1 was also optimal for 10 and EHEHPA in synergistic studies.37 
The obtained separation factors for adjacent REEs were close to those of sole 10 
but showed improvement to the SFs of EHEHPA. However, the loading capacity 
of the 1:1 mixture in Yb and Lu extraction was smaller than EHEHPA. The 
loading capacity of the extractant refers to the total maximum amount of 
dissolved metal (solute) it is able to extract from the solution.  

2.2.3 Precipitation and crystallization 

One of the most traditional precipitation agents for REEs are oxalates which 
strongly bind to REEs even at low pH values, forming poorly water-soluble 
oxalates.87–89 The general formula of the oxalate complexes is REE2(C2O4)3· nH2O, 
in which n can vary from 7 to 10.90,91 The solubilities of REE-oxalate complexes 
vary in a function of temperature and the amount of oxalate in the solution, 
enabling their fractional precipitation.89,92 For example, 1M oxalic acid can 
separate Sm–Dy from other REEs at pH 7.3 at 90°C with recovery rate of 73%.93 
In general, oxalate precipitation has proven to be rather inefficient in REE 
separation and is more often utilized for precipitating all REEs at once. 
Precipitated oxalates can be converted to REE-oxides through calcination at high 
temperatures.11,94 This step is commercially important because REE-oxides are 
used in various industrial applications and are starting materials for various REE 
compounds. Another traditional precipitation method for REEs is double 
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sulphates.11 The double sulphate complexes are typically precipitated by adding 
Na+, K+, or NH4+ sulphate to an REE-containing solution to form 
REE2(SO4)3· M2SO4· H2O (M = Na+, K+, or NH4+).11,95 Generally, LREEs (La–Sm) 
form almost insoluble double sulphates, whereas HREEs (Ho–Lu, and Y) are 
rather soluble. The solubilities of the remaining “middle” REEs (Eu, Gd, and Dy) 
are between these two extremes. Thus, by using the double sulphate precipitation, 
the REE mixture can be separated into three different groups.11  

Due to the traditional precipitation agents being inefficient in REE 
separation, new and more efficient precipitation agents have been widely 
investigated.71–74,96 Since the liquid-liquid and solid-phase extraction are 
considered more effective methods for separating REEs on a large scale than 
precipitation, the latter has been mainly utilized for impurity removal, separating 
LREEs from HREEs,72,96 or separating two REEs from each other.73,74 Separation 
of Y from LREEs was studied from a carbonate solution containing 10 g/l of 
REEs.96 Upon the addition of H2O2 to the solution, the LREEs readily precipitated 
from the solution as peroxycarbonates REE2(CO4)3, leaving Y in the solution. 
Using this method, the share of Y was increased from 2.4% to 80% in the solution. 
The separation of LREEs with a tripodal amino arene precipitation agent was 
investigated in a toluene/8M HNO3 system. While most of the SFs for adjacent 
pairs were similar to SFs obtained in liquid-liquid extraction (Chapter 2.2.2), 
SFSm/Nd was 9, which is greater than what has been achieved in liquid-liquid 
extraction.72 A tripodal nitrate ligand selectively precipitated Dy from a benzene 
solution containing only Nd and Dy with a SFNd/Dy of 359.73 The precipitation 
properties of the ligand were further studied with La, Nd, and Dy in aqueous 
acidic solutions and the following SFNd/Dy of 213 and SFLa/Nd of 16.2 were 
obtained.71 Even better results were obtained for glycine substitued macropa (G-
macropa) in Nd/Dy separation as it formed weaker complexes with HREEs than 
LREEs. By adding HCO3- to the water solution containing Nd, Dy, and the ligand, 
Dy was selectively precipitated out with a huge SFNd/Dy of 741,74 highlighting the 
efficiency of precipitation methods to separate binary mixtures of REEs.  

Fractional crystallization is another less utilized separation method due to 
its relatively slow process. The crystallization is typically initiated either by 
different solubility of REE complexes as a function of temperature or by the slow 
evaporation of crystallization solvent. Older fractional crystallization methods 
have utilized double salts like precipitation. For example, double ammonium 
nitrates have been used to separate La, Pr, and Nd from LREE mixtures with high 
purities of 99.9%, 99.5%, and 99.9% respectively.97,98 The formed complex is 
generally written as REE(NO3)3· NH4NO3· 4H2O.11 Double magnesium nitrates 
which form complex 2REE(NO3)3· 3Mg(NO3)2· 24H2O have been utilized to 
separate Sm, Eu, and Gd. For the separation of La–Sm from the other REEs 
double manganese nitrates have been employed, forming a complex 
2REE(NO3)3· 3Mn(NO3)2· 24H2O.11 HREEs can be separated as a group with 
bromates forming REE(BrO3)3· 9H2O, but many recrystallizations are required.99 
For example, to increase the purity of Nd from 88% to 99.9% required 138 
recrystallizations,97 whereas to obtain pure Ho bromate required roughly 1500 
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recrystallizations.11 Probably, the most notorious example of bromate 
crystallization is the purification of Tm through 15,000 recrystallizations.99  

Borate crystallization is one important example of an effective binary 
component fractional crystallization although crystallization conditions are 
harsh, requiring 3 days in water at 200°C.75 Depending on the lanthanoid, 
different products can be formed. For example, with La, LaB4O6(OH)2Cl is 
formed whereas the product for Ce, Nd, and Pr is 
REE2B12O18Cl2(OH)4(H2O)4· nH2O. With Sm, Eu, and Gd, 
REEB6O8(OH)5· H3BO3· H2O is obtained, but Eu, Gd, and Tb can also form 
LnB6O8(OH)5· H3BO3 without the water of crystallization. Finally, Tb and the rest 
of the HREEs can form REE4B24O36(OH)12· H2O. Unfortunately, borate 
crystallization is not effective for separating the adjacent REEs because their SFs 
ranged from 1.22 to 1.51. Only SFNd/Sm was a bit higher, with a value of 4.03, 
which is comparable to SFs obtained in liquid-liquid separation (Chapter 2.2.2). 
However, the separation between HREEs and LREEs was good because SFCe/Lu 
and SFNd/Dy were 716.85 and 67.76, respectively. Other fractional crystallization 
studies include coordination polymers76,77, which have yielded good separation 
factors,  especially for Nd/Dy separation (SFNd/Dy > 300), and selective 
crystallization with an iodate-sulphate system that has been reported to separate 
efficiently LREEs from HREEs.100 

2.2.4 Ion-exchange chromatography 

Ion-exchange chromatography is a traditional method for the treatment of 
solutions containing trace amounts of rare earth elements (REEs) and it is 
particularly applied to obtain high purity levels of REEs.101 During the 1950s, ion 
exchange chromatography was the predominant technique employed in the 
separation of REEs before liquid-liquid extraction replaced it due to its higher 
efficiency. All ion-exchange resins contain functional groups which can exchange 
positive or negative ions. In cation exchange resins, the ions that are exchanged, 
are positively charged, whereas in anion exchange resins, they are negatively 
charged.102 When the ion-exchange resin interacts with a solution containing ions, 
the ions within the resin are exchanged for those present in the solution. 
Traditionally, ion exchange resins, such as sulfonic acid–functionalized Dowex 
50, were utilized to adsorb REEs, and ammonium ethylenediaminetetraacetate 
(EDTA) or hydroxyisobutarate (HIBA) was used as the complexing agent during 
the elution step.61,103 The underlying principle of this process is that HREEs form 
more stable complexes with EDTA and HIBA than LREEs. Thus, HREEs are first 
eluted out from a resin resulting in the separation of HREEs and LREEs via ion-
exchange as depicted in Figure 6.61 Nowadays different ion exchange materials 
are heavily investigated in recovery and separation of REEs either from each 
other or other elements.104–109 Given the vast literature, only some illustrative 
examples are given below about ion exchange materials, whereas α-
aminophosphonate-based ion exchange materials are discussed in detail in 
Chapter 3.  For example, zeolite and bentonite ion exchange materials separated 
REEs from Co, Ni, Ca, Mg, Zn, and K, and the subsequent elution of the adsorbed 
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REEs with 1M (NH4)2SO4 completely desorbed them.104 The study illustrated 
well how REEs could be removed from other elements, but the separation of 
REEs from each other is more challenging. For instance, the separation of LREEs 
was studied using a dimethylethanolamine functionalized ion-exchange resin. 
The REEs were adsorbed as their methylglycine N,N-diacetate (MGDA) 
complexes, and could be separated due to the small differences in the stabilities 
of the REE-MDGA complexes when eluted with dilute mineral acids. Fractions 
of La, Nd, and Eu were obtained with the purities of 81%, 57%, and 76%, 
respectively.105 A N,N-dioctyldiglycolic acid–functionalized acidic ion-
exchanger was also studied for REE separation, and it was found that the 
separation of LREEs was more efficient than that of HREEs.106 La-Nd showed 
separation in their elution curves, whereas little to no separation of HREEs was 
detected at pH 2 when HNO3 was used as an eluent. 

 
 

2.3 Secondary sources 

Secondary sources for REEs include, for example, electronic waste, coal 
combustion products, and industrial byproducts. These sources are recognized 
as vital to meet the increasing future demand for REEs. For example, NiMH 
batteries can contain 9.23 and 4.56 wt% of La and Ce,110 whereas mobile phones, 
computers, and speakers use neodymium magnets consisting of an alloy mainly 
made of Fe (60–70 wt%), Nd (20–30 wt%), Pr (0.5–7 wt%), and B (0.3–1 wt%).26 In 
addition, NdFeB magnets can also contain Gd, Tb, Dy, and Ho to increase the 
coercivity and operating temperature of a magnet.111–113 The total REE percentage 

Figure 6.  Principle of separating HREEs and LREEs with ion-exchange 
chromatography.   
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in the NdFeB magnets varies between 15–30 wt%.21 NdFeB magnets are 
additionally obtained from electric cars and wind turbines. Industrial byproducts 
including mining residues, acidic aqueous waste, and waste generated in the 
metal smelting processes can show very high concentrations of REEs. For 
example, acid mine drainage can contain 5 to 25 mg/l of REEs,114 whereas bauxite 
residue, a side product from aluminum production, contains 0.1 wt% of REEs.12 
Valorizing these secondary sources would not only address the current supply-
demand gap but also significantly decrease demand for open (new) mining sites, 
making REE supply chains more sustainable. 

2.3.1 Mining waste 

Mining waste, consisting of topsoil material,  sedimentary rocks,  waste rocks, 
and tailings, is formed as a byproduct of the mining industry after the valuable 
targeted metals are extracted from minerals.115,116 In addition to the solid mining 
waste, sulfide-rich mineral waste can result in aqueous acidic mining 
wastewaters. These are formed when the mineral is exposed to air and water. The 
wet and oxidative conditions convert sulfide-rich mineral to sulfuric acid, 
causing acid mine drainages (AMD). The drainages contain high concentration 
of metals, which are leached from not only the sulphide ores but also from the 
surrounding minerals.117 The elemental composition of the mining waste is 
mining site dependent and thus highly influenced on the minerals mined and the 
target metals in the main extraction process.  

Phosphogypsum, which is a mining waste of apatite ores, has been 
investigated to be a valuable sources for REEs as up to 80% of REEs can be 
leached out for further recovery processes.118,119 In one study, 75% of REEs were 
recovered from phosphogypsum by utilizing a chelating aminophosphonate-
functionalized ion-exchange resin.120 With commercial ion-exchangers, REEs 
were recovered almost selectively from the acidic mine waters.16,121–124  However, 
the adsorption of REEs from mining waste has been hindered by the existence of 
other co-adsorbing elements such as Ca and Al.120,121 In addition to the ion-
exchange, recovering REEs from mining wastewaters has been studied by 
precipitation by different precipitation agents as well. Introducing phosphate to 
a solution containing 230 mg/l of REEs and 75.0 g/l of Fe(II) resulted in 95% 
precipitation of REEs and <1% co-precipitation of Fe(II).125 By applying Na2CO3 
to acid mine drainage, 85% of REEs could be recovered by precipitation at pH 7 
and the amount of REEs could be concentrated to 15 times.126 Overall, mining 
wastewaters are a valuable secondary source for REEs if the challenges arising 
from the co-extraction of ions can be overcome. 

2.3.2 Neodymium magnets 

NdFeB magnets are an increasing secondary source for REEs as the amount of 
waste electric equipment as well as e-vehicles and wind turbines will increase in 
the future.5,127 Multiple studies with a focus on the separation of the main 
components (Fe, Nd, Dy) from the magnets have been published during the past 
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decade.21,26,73,111,128–134 The separation of Nd from Fe has been reported by double 
salt precipitation to yield 100% pure Nd.128 First, a simulated roasted magnet is 
leached with ZnCl2 to selectively dissolve Nd, obtaining a great SFNd/Fe of 13,456. 
By traditional double salt precipitation with Na2SO4, Nd can be selectively 
precipitated as double sulfate.  Separation of Nd and Dy has been studied by 
solvent extraction with neutral phosphine oxide extractant Cyanex 923 by 
replacing the aqueous phase with polyethylene glycol.129 Three extraction stages 
were found to be required for the sufficient recovery of Dy. With a precipitation 
method, Nd can be separated from Nd/Fe135 and Nd/Dy73,134 systems. The 
separation from Fe can be simply performed by Fe precipitation at pH 4,135 and 
separation between Nd and Dy can be achieved with tripodal ligands based on 
solubility differences of the formed complexes.73,134 Additionally, with a 
quaternal ammonium ionic liquid, good separation of Nd from Fe, Co, and Ni 
has been achieved.130   

Recovery of REEs from real NdFeB leachates typically combines selective 
leaching of REEs from the magnet with precipitation or solvent extraction.136–139 
However, it has been reported that by selective precipitation with tripodal amido 
ligand, a Nd/Pr mixture can be separated from heavier REEs.140 Afterwards, 98% 
of Dy, Gd, and Ho can be recovered with solvent extraction by utilizing 
N,N,N,N-tetraoctyldiglycolamide. In another study, separation of REEs was 
achieved by first leaching magnet scrap at 80°C with a 1:1 combination of ionic 
liquids and water.137 Fe was separated into the ionic liquid fraction whereas REEs 
and Co into the aqueous phase when the leachate cooled to room temperature. 
REEs and Co were then precipitated with oxalic acid, and Co was further 
separated from REEs by adding ammonia to form soluble Co ammonia 
complexes [Co(NH3)6]C2O4 resulting in a 99.9% pure REE fraction.137 Another 
method describes alkali baking in which a magnet is leached with NaOH at 150–
200°C.136 REEs are transformed into soluble hydroxides while Fe remains in 
NaFeO2 residue. REEs are then calcined and leached with versatic acid, from 
which they can be recovered by oxalic acid precipitation with 98.4% purity. 1.2% 
of Al and Co remain as impurities.136 HCl has shown to be an efficient leaching 
agent for NdFeB magnets, as REEs and B can be selectively leached, separating 
them from Fe.138,139 When oxalic acid is introduced to the leachate, REEs can be 
further recovered yielding 99% pure REEs (Nd, Dy, and Pr).  

Overall recovery and separation of Nd, Dy, and Pr have been shown to be 
viable from NdFeB magnets with different methods. However, challenges 
remain in the purity of the acquired REE fraction and applying methods from the 
binary metal studies (Nd/Fe) to real leachates containing other elements.  
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3 α-AMINOPHOSPHONATES  

α-Aminophosphonates have been investigated as the recovery agents for REEs 
already in 1960s, but the investigation of these compounds truly started after the 
2010s.31 The α-aminophosphonates have mainly been utilized as liquid-liquid 
extractants but in recent years also as adsorption materials. They contain a basic 
amine and (an acidic) phosphonate group(s), and are prepared via condensation 
reaction between amine, phosphonate and ketone or aldehyde.141 As long as the 
α-aminophosphonate contains OH group, they can form zwitterionic structures, 
and act both as a base and an acid. The amount of amine or phosphonate groups 
can easily be varied by changing the starting materials in synthesis. The 
properties of the α-aminophosphonates can also be tuned by introducing 
different functional groups into the ligand framework or by varying lengths of 
the carbon chains of alkyl and aryl substituents. Compounds with long carbon 
chains or large aromatic moieties are insoluble in water and are suitable as 
extractants in liquid-liquid extraction or adsorbents in solid-phase extraction. In 
contrast, water-soluble α-aminophosphonates can be used as precipitation agents 
if their metal complexes are poorly soluble or insoluble in water. All of these 
properties make α-aminophosphonates suitable recovery agents for REEs. In this 
dissertation, only α-aminophosphonates are discussed. 

3.1 Synthesis  

The main reaction route used for the synthesis of α-aminophosphonates is the 
Kabachnik-Fields reaction (Figure 7). The compounds can also be synthesized via 
Pudovik29,30 or Mannich142,143 reactions. Kabachnik-Fields is a 
hydrophosphonylation reaction in which amine, aldehyde, or ketone and 
phosphonate react in the presence of an acid catalyst to yield an α-
aminophosphonate.144 The formed side product is water. The amine reagent can 
either be ammonia, primary amine, or secondary amine. By selecting different 
amines and altering the stoichiometry of phosphonate and aldehyde/ketone, the 



 
 

29 
 

amount of phosphonate moieties in the final product can be adjusted.145 
Generally, ammonia results in triphosphonates, a primary amine to 
bisphosphonates, and a secondary amine to monophosphonates.145 The 
substituents R1–R6 can be vastly different in the reaction, which allows α-
aminophosphonates with different properties to be synthetized. For example, 
utilizing salicylaldehyde and diphenylphosphite as the starting reagents, leads 
to α-aminophosphonates in which the large aryl moieties ensure non-water-
solubility.146,147 In addition to the above, the Kabachnik-Fields reaction has one 
more advantage over many other reactions. The synthesis can typically be 
performed in one pot without multiple reaction steps, making this reaction 
simple and “clean”.  

 

When α-aminophosphonate-based adsorbent materials are designed, the α-
aminophosphonate functionality is typically incorporated into the polymer 
(chain). Another way is to synthesize large hydrophobic aryl or alkyl substituents 
into the α-aminophosphonate framework to prevent water solubility. A styrene-
divinylbenzene (DVB-ST) polymer can be functionalized with α-
aminophosphonates by first converting the chloromethyl form of the polymer to 
an amine form.148 By reacting the resulting amine polymer with 

Figure 8.  Functionalization of (a) styrene-divinylbenzene and (b) PGMA polymers 
with α-aminophosphonate functionality. 

Figure 7.  Kabachnik-Fields reaction for synthesizing α-aminophosphonates. R1-6 can be 
hydrogen, alkyl or aryl substituents. 
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paraformaldehyde and diethyl phosphite, the functionalized polymer can be 
obtained via the Kabachnik-Fields reaction (Figure 8a). The obtained polymer 
contains multiple secondary amines and phosphonate groups for metal 
coordination even via chelation. Functionalization of PGMA (poly(glycidyl-
methacrylate)) with α-aminophosphonates was carried out similarly by first 
reacting polymerized PGMA with amine, and then inserting the phosphonate 
moiety via the Kabachnik-Fields reaction (Figure 8b).149 The stoichiometry of 
phosphorous acid and paraformaldehyde was selected in such a way that the 
polymer arms contained multiple phosphonic acid groups, in contrast to the 
DVB-ST–functionalized sorbent. These polymers have been utilized for the 
separation of Th4+ from REEs and for the adsorption of Y3+ and La3+. Mono and 
bisphosphonates were synthesized similarly by varying the ratios of aldehyde 
and amine (Figure 9).40,150 The aldehyde and stoichiometry of the amine and 
phosphonate reagents were chosen in such a way that α-aminophosphonates 
with aryl moiety in the middle formed. To obtain α-aminomonophosphonates 14 
and 15, 1:1:1 stoichiometry (aldehyde: amine: phosphonate) was used, whereas 
for α-aminobisphosphonates 16 and 17 the stoichiometry of 1:2:2 was utilized. In 
both phosphonates, the amine and phosphonate arms are free to coordinate with 
metals.  

α-Aminophosphonates have also been incorporated into silica particles due to 
their porous structure and high surface area. The functionalization of silica can 
be performed by first synthesizing silicon with an α-aminophosphonate arm and 
reacting with silica gel to obtain silica-based sorbents.151 Another reported 
method for α-aminophosphonate-functionalized silica is to synthesize the α-
aminophosphonate moiety first. The aminophosphonate is either hydrolyzed to 
α-aminophosphonic acid or used as it is. The α-aminophosphonate is then 
reacted with (3-glycidyloxypropyl)trimethoxysilane to obtain silica functionality 
for the structure, and afterward with silica gel to which the silica-functionalized 

Figure 9.  Synthesis routes for mono- and bisphosphonate sorbents utilized in REE 
recovery. For 14 and 16 R =H, and for  15 and 17 R =Ph. (a) stoichiometry 
1:1:1, (b) 1:2:2. 
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α-aminophosphonate can covalently attach (Figure 10).152 The silica-based 
materials have been investigated for the adsorption of REEs151 as well as 
separating Th from REEs.152 

3.2 α-Aminophosphonate-based adsorption materials  

Adsorption is a process where compounds, atoms, or ions are transferred to the 
surface of a solid substance from either a gas or liquid phase.153 The adsorbed 
substance is commonly referred to as an adsorbate and the adsorbing material as 
an adsorbent. Adsorption results in the formation of a film of the adsorbate on 
the surface of the adsorbent which can be characterized via various methods such 
as Fourier Transform Infrared Spectroscopy (FTIR), X-ray photoelectron 
Spectroscopy (XPS) or Scanning Electron Microscope equipped with Energy 
Dispersive X-ray Spectroscopy (SEM-EDX). The characterization methods are 
discussed in more detail in section 3.3. The adsorption can proceed through 
physical adsorption (physisorption) or chemical adsorption (chemisorption) as 

Figure 10.  Synthesis route for α-aminophosphonate functionalized silica 18. 
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illustrated in Figure 11. In physisorption, the adsorbate is retained on the surface 
by weak Van der Waals forces, and adsorption is typically characterized by the 
formation of multilayers. Conversely, in chemisorption, chemical bonds 
(covalent or ionic) between the adsorbate and the adsorbent are formed instead 
of inter-molecular interactions. Chemisorption typically involves the formation 
of a monolayer on the surface of the adsorbent. However, physisorption and 
chemisorption can occur simultaneously as a layer of adsorbates may be 
physically adsorbed on top of a chemisorbed layer that interacts via van der 
Waals forces. Depending on the adsorbent, REE binding to adsorption materials 
can occur via both routes. Ion-adsorbed clays have been studied to contain 
physiosorbed REEs,154 whereas α-aminophosphonate ion-exchanger materials 
adsorb REEs via chemisorption. The adsorption into α-aminophosphonates 
generally occurs via ion-exchange, in which typically Na+ (or H+) is exchanged 
to REE3+. The adsorption mechanism can be written as  
 

 
in which A is counter anion for dissolved REE, the nature of which depends on 
the acid background and X is R-NH-CH2-, in which R is a polymer matrix.155 The 
line above the formed α-aminophosphonate denotes the solid resin. Both 
synthesized and commercial α-aminophosphonate functionalized adsorption 
materials are known.40,121,122,146–152 For example, the commercial α-
aminophosphonate ion-exchangers are found under the names of Purolite S940 
(or S950), Lewatit TP260, and IRC747, whereas adsorbents presented in section 
3.1 are illustrative examples of the synthesized materials. The commercial α-
aminophosphonate ion-exchangers are usually weakly acidic cation exchangers. 
Adsorption materials can be prepared either by synthesizing non-soluble 
(polymer)materials and used as they are, or they can be incorporated into a 
polymer matrix using 3D printing.  

3.2.1 3D-printed adsorbents 

3D-printed adsorption materials have become increasingly common over the 
past decade due to the ease of manufacturing them.156 This has been strongly 
influenced by the development of 3D printers and printing techniques. With 3D 
printing, properties such as surface area, porosity, and pore size distribution of 

X-(PO32-) 2Na+ + REE3+3A-  X-(PO3)-REE3+A- + 2Na+2A- (3) 

Figure 11.  Illustrated adsorption of adsorbate to the surface via different adsorption 
modes. 
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3D-printed objects with different sizes and shapes can be optimized.157 All these 
properties are crucial for adsorption materials, while modifiable shapes and sizes 
allow for their integration into existing processes. Another advantage of 3D-
printed adsorption materials is that various compounds and additives, including 
ion-exchange materials, metal-organic-frameworks (MOF), and hydrogels, can 
be incorporated into the polymer matrices of 3D-printed objects as 
adsorbents.157,158 These 3D-printed adsorption materials have been applied to a 
wide range of applications, such as metal recovery,44–50 gas adsorption (CO2),159 
metal preconcentration,51–53 and organic material removal.54  

The most common 3D printing techniques for adsorption materials are 
selective laser sintering (SLS), direct ink writing (DIW), fused deposition 
modeling (FDM), and stereolithography (SLA).157,158 SLS employs a laser to sinter 
powdered material, binding it together to create a solid structure. This technique 
is beneficial for producing porous materials with high surface areas, which are 
ideal for adsorption applications. Importantly, the porous structure is 
automatically formed without predesign if partial sintering, in which particles 
are only partially melted, is used during the manufacturing process.  DIW 
involves the precise deposition of liquid-phase “inks” through small nozzles 
under controlled flow rates, creating 3D structures layer by layer. It is 
particularly useful for applications requiring complex geometries and fine details. 
FDM involves extruding thermoplastic materials layer by layer to form the 
desired structure. It is widely used due to its simplicity and cost-effectiveness. 
SLA uses a laser to cure liquid resin into solid layers. This method is known for 
its high precision and ability to create complex geometries, making it suitable for 
producing detailed 3D-printed structures.157,160  

As mentioned above, the rise of 3D printing has accelerated the 
development of 3D-printed adsorption materials, and many different examples 
are currently known. Chitosan/metal-organic framework composition coated 
3D-printed filters have been utilized in the removal of Pb2+ from contaminated 
water.161 3D-printed zeolite-polymer composites have been widely investigated 
for wastewater treatment.162 U has been extracted from acidic media with a 
recovery rate of 90% using quaternary ammonia resin–coated 3D-printed 
material.48 The recovery of U from acidic solutions has also been reported with a 
3D-printed biopolymer filter.163 3D-printed materials have been utilized for Fe, 
Cr, and Hg preconcentration from low-concentration solutions enhancing the 
detection of these metals,51,164,165 and for removing radioactive isotopes of 137Cs 
and 90Sr from nuclear wastewater.47 The selective recovery of gold, platinum, and 
palladium from WEEE has been reported by using SLS 3D-printed filters.46 Even 
gases can be separated with 3D-printed materials as illustrated by DIW 3D-
printed activated carbon monoliths which can separate methane from N2.166 
Considering all the above-mentioned, 3D-printed adsorption materials are truly 
versatile for various applications. However, to the best of our knowledge, 3D-
printed filters containing α-aminophosphonate have yet to be utilized for the 
adsorption of REEs, apart from in Papers II and III. 
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3.3 Characterization methods 

Adsorption materials, 3D printed or not, can be characterized using a variety of 
different methods to gain insight into their structural properties, morphology, 
chemical composition, and adsorption mechanism, all of which affect their 
adsorption capabilities. Typical characterization methods include Fourier-
transform infrared spectroscopy (FTIR), powder X-ray diffraction (PXRD), 
Scanning electron microscope (SEM), and Brunauer, Emmett, and Teller (BET) 
surface area measurement. Additionally, X-ray tomography and helium-ion-
microscope (HIM) imaging can be used for characterization. For the 
characterization of the formed α-aminophosphonate complexes, nuclear 
magnetic resonance (NMR) titrations as well as FTIR are commonly utilized. In 
the following sections, FTIR and NMR are introduced in more detail as they were 
the predominant characterization methods for the REE complexes of α-
aminophosphonates and for studying complexation and adsorption mechanisms 
in this dissertation. X-ray tomography is only briefly discussed in this 
dissertation, as the authors’ contribution was minimal in X-ray tomography 
studies. 

3.3.1 Physical characterization 

Physical characterization includes the characterization of surface area, porosity, 
and morphology. Surface area is commonly investigated by utilizing BET surface 
area measurement, although concerns about its reproducibility have been 
raised.167 In this measurement, the adsorbent is exposed to an inert gas, typically 
nitrogen, by increasing the relative pressure of the sample. The gas is adsorbed 
by the material and covers the whole structure, forming a monolayer of 
molecules over the whole area of the sample. After the monolayer is formed, 
more layers of molecules can be formed through physisorption as the gas 
pressure increases. An estimate of the specific surface area, pore volume, and 
pore size distribution of the material can be achieved.168 These parameters can 
also be determined with X-ray tomography, in which the attenuation of X-rays is 
utilized to create detailed 3D images of internal structures. The adsorbent 
material is scanned with X-rays, data on how the scanned sample attenuates X-
rays are collected in different directions, and 3D images are then reconstructed 
using mathematical algorithms. For example, X-ray tomography has been 
successfully applied in the determination of the porosity of ZrP/polyacrylonitrile 
adsorbent132 and 3D-printed adsorbent containing an additive.43 The adsorption 
site of Cu to hemp shives has also been investigated with X-ray tomography.169    

SEM has been widely utilized for the investigation of the morphology of 
adsorption materials. It also provides information about topographic features 
and a variation of the composition. For example, aminophosphonate-
functionalized PGMA was characterized with SEM to investigate the size of the 
particles, which were found to vary from 40 to 100 μm.149 For functionalized silica, 
SEM was utilized to confirm that the functionalization did not cause damage to 
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the porous structure of silica.151  While SEM is a powerful tool for adsorbent 
characterization, it usually complements other techniques like BET and FTIR to 
gain a comprehensive understanding of an adsorbent’s properties. The 
disadvantage of SEM is that it is not applicable to nonconducting samples. 
Although the samples can be coated with conducting metal, such as gold, 
important information about the smallest surface structures can be lost. Thus, for 
nonconduction samples, an alternative characterization method, HIM, can be 
utilized. For example, 3D-printed adsorbents containing additives such as ion-
exchange resin Dowex 21K,43 thiol-functionalized silica,165 and MOF170  have been 
characterized with HIM, which showed that the additives are attached only to 
the surface of the polymer matrix.  

 PXRD can be utilized for the investigation of the crystallinity of the material. 
Adding functional groups or otherwise modifying the structure changes the 
material structure. This can be observed by the change in the width of the XRD 
peaks, angle shifting, changes in intensity, or the appearance of completely new 
peaks. Aminophosphonate functionalized chitosan was characterized with 
PXRD, and the functionalization caused the crystallinity to be destroyed and 
turned it into an amorphous structure as hydrogen bonds were extinct.171 
Aminophosphonate functionalized PGMA was investigated with PXRD and the 
amorphism of PGMA was observed to increase upon functionalization which 
increased disorder in the structure.149  

3.3.2 Chemical characterization 

FTIR spectroscopy is a common tool to investigate metal coordination to 
adsorption materials as well as to characterize their functional groups in the solid 
state. In the aqueous phase metal complexation can be investigated by using 
an isothermal calorimeter,172 potentiometric titrations,172–176 NMR 
titrations,172,173,175,176 and luminescence spectroscopy.177,178 Out of these methods, 
the three latter ones have been applied to study REE binding to 
aminophosphonates.177–181  

3.3.2.1 FTIR 

In FTIR spectroscopy, compounds absorb infrared light, causing them to vibrate 
at specific frequencies. Different functional groups and bonds present in a 
material have characteristic vibration bands, making FTIR an informative 
characterization method. Depending on the studied moiety, vibration bands can 
arise either from stretching (v) or bending vibrations (δ). Stretching vibrations 
require more energy and thus typically appear at higher wavenumbers than 
bending vibrations. For aminophosphonates, characteristic vibration bands arise 
from stretching and bending vibrations of NH, C-PO3. P-OR, P=O and P-OH 
groups, as illustrated in Figure 12.182,183 
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Figure 12.  Typical wavenumber regions for the characteristics of stretching and bending 
vibrations of aminophosphonates.  

Upon coordination of a metal ion, shifting or a significant drop in the intensity of 
the absorption bands of the aminophosphonate moiety is usually detected. For 
example, mono- and bisaminophosphonates 14 and 16, presented in section 3.1, 
have been reported to coordinate to Nd3+ through amine moiety as NH and NH2 
vibrations could be detected to shift and/or decrease. Additionally, the intensity 
of P–O3 bands at 1043 cm–1, 944 cm–1, and 608 cm–1 decreased, and they shifted to 
1063 cm–1, 946 cm–1, and 605 cm–1 for monoaminophosphonate 14. Similarly, P=O 
bands were observed to shift from 1259 cm–1 to 1251 cm–1. The results indicated 
coordination through both phosphonate and amine moieties.40 For 
bisphosphonate 16, no significant shifts were observed for P–O3, whereas P=O 
was observed to shift from 1253 cm–1 to 1240 cm–1. This shift indicates 
coordination through the P=O moiety. In the case of PGMA, the P-OH peak at 
932 cm–1 was observed to disappear upon coordination of Y3+ and La3+.149 
Additionally, a new peak was observed to appear at 633 cm-1 for both Y3+ and 
La3+ coordinated PGMA, which was characterized as the formation of REE–O 
bond. Similarly, shifting and a decrease of intensity of P=O and P-O3 were also 
observed for commercial aminophosphonate ion-exchanger Lewatit TP260 upon 
coordination of REEs.41 These observations strongly indicated coordination with 
the phosphonate moiety. The complexation with liquid-liquid extractants 8–11 
was studied to occur from the phosphonate moiety as well. The P-OH stretch at 
2300–2400 cm–1 was observed to disappear completely and the P=O stretch 
shifted 10–60 cm–1 compared to the uncomplexed reagent.32,34,36,39 Based on these 
previous findings, possible coordination modes can be presented for 
aminobisphosphonates (Figure 13). It is worth noting that in acidic media, in 
which REE adsorption and complexation typically occurs, aminophosphonates 
can exist as zwitterions that can show slightly different coordination modes than 
neutral forms.  
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3.3.2.2 NMR titration 

For the complexation of REEs with aminophosphonates in a liquid state, NMR 
titrations can be utilized. In short, some atomic nuclei have non-zero spin, and 
when they are placed in an external magnetic field, these nuclei align with or 
against the field. When radiofrequency (RF) radiation is applied to the sample, 
nuclei in the lower energy state can absorb this energy and transfer it to a higher 
energy state. This transition occurs at a specific frequency, which is unique to 
each type of nucleus and its chemical environment. As the excited nuclei return 
to their lower energy state, they emit RF signals. These signals are detected and 
processed to produce an NMR spectrum, which allows NMR to provide detailed 
information about the structure, dynamics, and chemical environment of 
molecules.184  

The complexation in NMR timescale can either be fast or slow depending 
on the lifetime of the complex (kinetic stability), which correlates with how 
strongly the studied metals coordinate to the ligands (thermodynamic stability). 
When metal binds strongly to a ligand, new peak(s) emerging from the formed 
complex can be detected in the NMR spectrum, in addition to the free ligand 
peaks. In this case, the exchange is slow between the metal and ligand and thus 
both species can be observed. In contrast, fast exchange results from the weaker 
metal binding to the ligand and in this case, shifting of the NMR peak(s) can be 
detected. For slow exchange systems, the binding constant can be calculated by 
knowing NMR peak integrals/areas and the concentration of the complex and 
free ligand. However, for fast exchanging systems, fitting programs are typically 
utilized to determine the binding constant.185 The metal is typically referred to as 
M and ligand as L. Complexes can form with different M:L ratios, and 
the equation for the formation can be written as  

 

Figure 13.  Possible coordination modes for aminophosphonic acids. 
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𝑀𝑀 + 𝐿𝐿 
𝐾𝐾𝑎𝑎1
⇌
𝐾𝐾𝑑𝑑1

 𝑀𝑀𝐿𝐿,     𝑀𝑀𝐿𝐿 + 𝐿𝐿
𝐾𝐾𝑎𝑎2
⇌
𝐾𝐾𝑑𝑑2

𝑀𝑀𝐿𝐿2 …, (4) 
 

 

 
where Ka is the binding constant and Kd the dissociation constant for the complex. 
The binding can continue by adding either ligand or metal to yield MxLy 

complexes. The binding constant is typically presented in logarithmic form if the 
values are very high. 

The complexation with NMR has mainly been studied with divalent metal 
cations for aminophosphonates and the literature on REEs is scarce. Macrocyclic 
ligands were found to form 1:1 ML complexes with lanthanoids.186 Eu3+ was 
shown to coordinate to all of the macrocyclic amine moieties as well as to the 
phosphonate functionality. Additionally, when ligand was added in excess 1:2 
M:L complexes were formed. At low pH values, only phosphonate functionality 
was found to coordinate into the lanthanoid ions. 7-membered heterocycle 
containing aminophosphonic acid functionality was found to coordinate to La3+ 

in a 1:1 ML ratio at pH 4 whereas, above pH 8 the formed complexes were mainly 
1:2.187 However, between pH 3 and 5 mixture of free ligand, 1:1 and 1:2 complexes 
can be detected.  

3.3.3 Adsorption isotherms 

Adsorption isotherms can be applied to describe the interaction of an adsorbate 
with an adsorbent at a constant temperature. Among other things, the surface 
heterogeneity, maximum adsorption capacity, binding mode, and binding 
energy can be extracted from isotherms by fitting different models to them. Two 
commonly applied models are the Langmuir and Freundlich isotherms. The Sips 
model is another frequently used model that aims to address the limitations of 
the Langmuir and Freundlich models. 

The Langmuir adsorption isotherm is based on the assumption that the 
adsorbate forms a monolayer on the adsorbent, and the adsorption occurs at 
identical adsorption sites. Additionally, no interaction between the adsorbates on 
the neighboring sites is assumed to occur. The Langmuir model was invented in 
1918 for the adsorption of gas (CO2) but it has been widely utilized for the 
adsorption of dissolved ions from a liquid phase as well. The Langmuir model 
can be either expressed in non-linear (eq. 5) or linear form (eq. 6), although the 
linear form is more used in the literature due to the easier fitting of experimental 
data.  

 

𝑄𝑄e =
𝑄𝑄max𝑏𝑏𝐶𝐶e

1 + 𝑏𝑏𝐶𝐶e
 

 

(5) 

𝐶𝐶e

𝑄𝑄e
=

1
𝑄𝑄max𝑏𝑏

+
1

𝑄𝑄max
𝐶𝐶e (6) 
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In the above equations, Qe is the amount of adsorbed adsorbate per mass of the 
adsorbent (mg/g), Ce is the concentration of the solution in equilibrium (mg/l), 
and b is the Langmuir constant. By fitting experimental data to the equation 
(linear or non-linear), maximum adsorption capacity Qmax (mg/g) can be 
obtained. Langmuir constant gives information about the adsorbate-adsorbent 
equilibrium. With low adsorbate concentrations, b is also low, indicating that the 
equilibrium is on the side of the adsorption. This is in contrast to high adsorbate 
concentrations in which b is typically high, indicating that more of the free 
adsorbate is present in the system and the equilibrium is closer to the non-
adsorbed adsorbates.  

The Freundlich adsorption isotherm is based on the formation of 
a multilayer to a heterogenous adsorption surface. In contrast to the Langmuir 
adsorption isotherm, where all adsorption sites are assumed to be identical in 
energy, the Freundlich adsorption model assumes that adsorption heat and 
affinities are not uniformly distributed between the adsorption sites. The 
Freundlich adsorption isotherm was developed in 1907 for the adsorption of 
contaminants from water.188 The Freundlich model can similarly be expressed in 
non-linear (eq. 7) or linear (eq. 8) form:  

 

𝑄𝑄e = 𝐾𝐾𝑓𝑓𝐶𝐶e

1
𝑛𝑛 

 

(7) 

ln𝑄𝑄e = ln𝐾𝐾𝑓𝑓 +
1
𝑛𝑛

 ln𝐶𝐶e (8) 

 
where Kf  is the Freundlich constant and, similar to the Langmuir constant b, it 
indicates the equilibrium between an adsorbent and adsorbate. The surface 
heterogeneity is expressed with n. If 1/n is closer to zero, the surface is more 
heterogenous whereas values closer to one indicate a more homogenous 
adsorption surface.  

The Sips adsorption isotherm is the combination of the Langmuir and 
Freundlich adsorption isotherms in which limitations of both models have been 
circumvented. Unlike the Langmuir isotherm, the Sips isotherm also fits 
multilayer adsorption, and high concentrations of adsorbates can be used, unlike 
in the Freundlich isotherm. The Sips isotherm is expressed in Equation 9 as  

 

𝑄𝑄𝑒𝑒 =  
𝑄𝑄𝑚𝑚𝑎𝑎𝑚𝑚𝐾𝐾𝑠𝑠𝐶𝐶𝑒𝑒

𝑛𝑛𝑠𝑠

1 + 𝐾𝐾𝑠𝑠𝐶𝐶𝑒𝑒
𝑛𝑛𝑠𝑠  (9) 

 
in which Ks is Sips isotherm constant (l/mg) and ns Sips isotherm exponent.189 
Sips isotherm can effectively model systems with non-ideal adsorption 
behaviors.190 For example, some adsorption systems exhibit sigmoid isotherm 
shapes, which are difficult to model with Langmuir or Freundlich. 

Adsorption isotherms have been utilized for determining the maximum 
adsorption capacity Qmax for various aminophosphonate adsorption 
materials.42,149,191 The Langmuir constant b can also indicate the preference of the 
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adsorbent towards different REEs. Various aminophosphonates have been 
shown to fit better to the Langmuir adsorption isotherm when investigating 
the adsorption of REEs.42,149,191 For aminophosphonate-functionalized PGMA, 
Langmuir, Freundlich, and Sips isotherms were modelled for Y3+ and La3+ 
adsorption, from which Langmuir was found to be the best model.149 Qmax was 
determined to be 0.79 mmol/g for La3+ and 0.77 mmol/g for Y3+. The affinity 
towards La3+ was found to be higher as the coefficient b was 13 l/mmol for La3+ 
and 5 l/mmol for Y3+. In another study, Freundlich and Langmuir isotherms 
were applied for Nd3+ adsorption by aminophosphonate-functionalized chitosan, 
and the Langmuir model was found to fit the experimental data better than the 
Freundlich one.191 Maximum adsorption capacity was found to be 0.22 mmol/g 
and the Langmuir constant b 8 l/mmol. Thus, a similar preference towards REEs 
was observed for the aminophosphonate-functionalized chitosan when 
compared to PGMA (5–13 l/mmol). Commercial ion-exchange resin Purolite 
S950 was also observed to fit better to the Langmuir isotherm than Freundlich.42 
La3+ maximum adsorption capacity Qmax was found to be 0.64 mmol/g and 
Langmuir constant b 12.9 l/mmol similar to the PGMA.  

Although adsorption isotherms are commonly used to investigate 
adsorption mechanisms (such as monolayer vs. multilayer formation), significant 
uncertainty is associated with mechanism studies if only isotherms are used. For 
example, for the adsorption of La3+ by commercial Lewatit TP260, contradictory 
results have been found with the different isotherm models.41,42,192 This issue has 
also been raised in a review paper focusing on the subject.193 Indeed, a more 
accurate picture of the mechanism can be obtained when adsorption isotherms 
are used in conjunction with other methods like FTIR. Despite the shortcomings 
of the adsorption isotherm models, there is consensus in the literature that 
aminophoshonate-based adsorbents tend to follow the Langmuir adsorption 
isotherm when they adsorb REEs.42,149,191  This indicates that REEs form a 
monolayer on the surface of aminophoshonate-based adsorbents rather than 
a multilayer. 
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4 RESULTS AND DISCUSSION 

This chapter summarizes the main findings of the published Papers I and II and 
unpublished Paper III. It begins with a discussion on the solubility, acid–base, 
and complexation properties of synthesized α-aminophosphonic acids, followed 
by their utilization as precipitation and separation agents for REE, Th, and U 
(Paper I). Following this, the chapter examines the use of self-synthetized and 
commercial α-aminophosphonate-based additives as adsorbents in 3D-printed 
filters. This section starts with the characterization of the 3D-printed filters and 
proceeds to their utilization in REE recovery from two secondary sources, acidic 
mining wastewater (Paper II) and NdFeB magnet (Paper III).  

4.1 Synthesis and properties of α-aminophosphonic acids 

α-Aminophosphonic acids 19–25 were synthesized in a one-pot Kabachnik-
Fields reaction described by Moedritzer and Irani (Figure 14).145 In this reaction, 
condensation between primary amine, phosphorous acid, and aldehyde occurs 

Figure 14. Synthesis procedure for the α-aminophosphonic acids utilized as 
precipitation agents (19–24) and an additive in 3D-printed filters (25). 
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in the presence of an acid catalyst. Typically, HCl is used as an acid catalyst but 
other acids can also be used as a catalyst, such as p-toluenesulfonic acid or copper 
triflate.40,148,150 The advantage of HCl is that it also acts as a solvent in the reaction. 
Water-soluble aminophosphonic acids (19–24) were synthetized for precipitation 
studies, and water-insoluble aminophosphonate (25) was utilized as an additive 
in 3D-printed filters. 19, with the shortest alkyl chain, was the most water-soluble 
(326 g/l), but the solubility decreased as the length of the hydrophobic alkyl 
chain increased, making 24 the least water-soluble precipitation agent (9.5 g/l). 
As expected, 25 was fully insoluble in neutral or acidic aqueous solutions but 
dissolved into a basic solution if the pH was over 8. Given the water-insolubility 
of 25 and the solid-phase separation studies conducted in the pH range of 0–4 to 
prevent the precipitation of REEs as hydroxides, 25 seemed to be an ideal 
additive for the 3D-printed filters. 

4.1.1 Acid–Base Properties 

To figure out the protonation degree of the utilized aminophosphonic acids, 1H 
and 31P NMR titrations were performed in D2O. The most water-soluble 19 was 
chosen for the experiments to avoid precipitation during the NMR measurements. 
The pH of a solution containing 19 was adjusted from 0.5 to 10.5 with 
an increment of 0.5, and the shifts of the methylene (N–CH2–P) and 31P peaks 
were monitored in 1H and 31P NMR spectra, respectively. The OH peak could not 
be observed in the 1H NMR spectrum due to a fast proton deuterium exchange 
in D2O. The shifts of 1H and 31P peaks in each pH value were plotted as a function 
of pH, revealing three equivalent points around pH 1, 5, and 10 in both plots. 
From these plots, pKa values of 1.33 and 5.55 were calculated for the first and 
second protonation of the P(OH)2 group, respectively. No reliable pKa value 
could be calculated for the third protonation due to the deprotonation being 
incomplete in the measured pH range. The calculated pKa values of 19 are close 
to the ones reported for aminophosphonates.194,195 It was assumed that 19 exists 
as zwitterion like other aminophosphonates,195,196 and thus structures depicted 
in Figure 15 were presented for each protonation degree.  

 

Figure 15. Zwitterionic structure of 19 in different protonation degrees. 
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4.1.2 Complexation in solution 

To understand the complexation properties of 19–24 with REEs in solution, NMR 
titration studies were conducted for 19 with metals Y, La, or Lu. First, the metal-
to-ligand titration was performed by incrementally adding 1 mM of Y, La, or Lu 
nitrate solution to a 10 mM stock solution of 19 until 1 equivalent was reached. 
After each addition, 1H and 31P NMR spectra were measured from the resulting 
solution. Unlike in the pH titration studies, N–CH2–P protons of 19 were harder 
to distinguish under the quartet of CH3–CH2–N protons because no apparent 
peak shift was observed for them. Therefore, only the shift of 31P peaks was 
followed with an NMR. Second, similarly to metal-to-ligand titration, ligand-to-
metal titration was performed by incrementally adding a 3 mM solution of 19 to 
a 10 mM solution of Y, La, or Lu until 5 equivalent excess was reached. With Lu, 
however, the solution formed a gel-like structure that prevented completing the 
ligand-to-metal titration. The data was fitted to binding isotherms with the 
HypNMR2008 fitting program to investigate the binding models of 19.  

Table 1. Logarithmic binding constants and possible coordination modes for 19 metal 
complexes. ML = metal to ligand, LM Ligand to metal. 

 
The results indicated that Y and La form 1:1, 1:2, and 1:3 (M:L) complexes with 
19 in the solution (Table 1). A 1:4 complex also fitted to the isotherm in one of the 
replicates for both Y and La. Therefore, the formation of complexes with a higher 
ligand ratio is possible if enough ligand is present in the solution. For Lu, 
however, a 1:1 complex already showed the best fit to the binding isotherm and 
fitting to 1:2 or 1:3 models did not significantly improve the fit.  

 logK 1:1 logK 1:2 logK 1:3 
YML 2.4 ± 0.2 4.9 ± 0.4 7.3 ± 0.6 
YLM 2.6 ± 0.2 4.4 ± 0.4 6.7 ± 0.7 
LaML 2.6 ± 0.5 4.4 ± 0.1  
LaLM 2.7 ± 0.5 4.3 ± 0.4 6.8 ± 0.3 
LuML 2.1 ± 0.3   
LuLM -   

Figure 16.  Coordination modes of 19 with REEs 1. M3+ = Y, La, Lu. 
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The determined M:L ratios are similar to the ones obtained for Eu3+ and La3+ 
complexes of cyclic aminophosphonates.186,187 As the complexation was 
investigated in the pH range of 1.4 to 2.4, ligand 19 likely existed in its 
deprotonated [19]- form in the solution as suggested by the first measured pKa 
value. Based on the NMR titration studies, the plausible metal-ligand 
coordination was proposed for the investigated aminophosphonates (Figure 16), 
in which the NO3- ions and water are suggested to complete the coordination 
sphere. Similarly, acidic counterions have been observed in crystal structures of 
aminophosphonate REE complexes,197,198 and a coordination of water has been 
proven by luminescent spectroscopy.177 Considering all the above-mentioned, 
the results indicate that REEs with the largest ionic radii bind in a 1:3 ratio with 
the investigated aminophosphonates, while the smaller REEs prefer 1:1 and 1:2 
M:L ratios. Therefore, the results suggest that optimizing the ligand-to-metal 
ratio could potentially be used to separate LREEs from HREEs.  

4.2 Precipitation of REEs, Th, and U with aminophosphonic acids 

The separation of REEs, Th, and U was investigated in an acidic aqueous solution 
using 19–24 as precipitation agents in the function of pH ranging from 0 to 4. pH 
was not raised above 4 to limit precipitation of REE, Th, or U as hydroxides. It 
can be observed from Figure 17 that the precipitation percentages increase with 
increasing pH. This results from the higher protonation degree of the ligands 
changing from the non-deprotonated state (pH 0) to the first deprotonated state 
(pH 4) with a minor contribution from the second protonation state. Generally, 
22–24 were more efficient precipitating agents than 19–21, indicating that 
aminobisphosphonic acids with alkyl chains shorter than five atoms form more 
soluble complexes with the investigated metals in utilized conditions. However, 
no clear trend was observed among 19–21, because 19 precipitated more HREEs, 
Sc, Th, and U than 20 and 21. The preference towards Sc and HREEs was expected 
as aminophosphonates bind more strongly to smaller ions.41,199 For 22–24, the 
separation of Sc and Th from REEs was very efficient already at pH 1. In this pH, 
REEs remain in the solution, while Sc, and Th almost completely precipitate from 
the solution. In addition to Sc and Th, 24 also precipitated 100% of U at pH 1, 
separating all these three elements from REEs. Interestingly, for 22, a decrease in 
the precipitation percentage was observed around pH 2.5 every other metal 
except for Sc and Th, which likely results from the complexes dissolving back to 
the solution at this specific pH value.  
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Figure 17. Precipitation percentages in the function of pH for REEs, Th, and U  for 19 – 
24.  



 
 

46 
 

Although the separation of Sc, Th, and U from REEs was successful, the 
separation between adjacent REEs was rather poor. The closer inspection of the 
calculated SFs between the adjacent lanthanoids revealed that the SFs range from 
1.00 to 4.33. Separation factors close to 1.00 were achieved for multiple adjacent 
pairs generally from Nd to Er, indicating no separation between these pairs, 
while the adjacent heavier lanthanoids including Y separated better with slightly 
greater separation factors. For example, the obtained SFSm/Eu was 1.20 ± 0.05, 
whereas SFTm/Yb was 4.33 ± 0.04 when 23 was used as the precipitation agent at 
pH 4. Compared to DEHPA and EHEHPA, the obtained SFs were greater for 
HREEs, but not for LREEs.11 In the case of La/Ce separation greater separation 
factors were achieved with 22 (3.81) compared to the fractional crystallization 
with borates (1.43) or oxalate precipitation (1.5–2.5).75,92  

In contrast to the adjacent lanthanoid separation, the separation between HREEs 
and LREEs was found to be more successful. The best SFs were achieved with 22 
and 23 at pH 3.5 and 3, respectively (Figure 18). In these pH values the 
precipitation percentages were considerably higher for HREEs than they were 
for LREEs. Thus, as the difference in ionic radii between two different REEs 
increased, the SFs simultaneously increased. For example, SFLa/Lu was calculated 
to be 67.7 ± 16.4 for 22 and 71.1 ± 6.9 for 23. Noticeably, the HREEs were easier to 
separate from each other than the LREEs were, as the separation factors were 
observed to be considerably higher for Tm, Yb, and Lu than for the rest of the 
REEs. This differs from what was observed for DEHPA in liquid-liquid extraction 
(Figure 3), in which the LREEs were easier to separate. The difference might 
originate from DEHPA having similar binding constants towards HREEs, which 
could explain the smaller difference in their extraction (logK Dy–Yb 3.63–4.14) 
and thus lower separation factors for HREEs.200  

Figure 18.  Separation factors for (a) 22 and (b) 23 at pH 3.5 and 3 respectively. 
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4.3 Solid-phase extraction with 3D-printed filters 

4.3.1 Preparation of 3D-printed filters 

The 3D-printed filters containing 25 as an additive were prepared by mixing 30 
wt% of 25 and 70 wt% of the polymer matrix, nylon-12. From the resulting 
powder, the filters were printed by SLS printing, where particles are sintered 
together by a laser. During sintering, most of the additive 25 attaches to the 
surface of the partially melted nylon-12 matrix and remains intact in the filters 
during the solid-phase extraction process. The characterization of the 3D-printed 
filters is discussed in more detail in section 5.3.2. Likewise, filters containing 
commercial aminophosphonate-functionalized cation exchanger Lewatit TP260 
and nylon-12 were printed by SLS printing, but the percentage of additive was 
varied from 5 wt% to 50 wt%. While the filters containing 30 wt% or less of the 
additive TP260 were robust, increasing the additive to 40 wt% and 50 wt% led to 
the partial disintegration of the filters. Thus, no filters with more than 50 wt% of 
the additive were manufactured, and the 30 wt% filters were primarily used in 
the solid-phase extraction experiments. The 30 wt% of the additive also enables 
the easy comparison of the results obtained for the filters containing either 25 or 
TP260. For clarity, the filters containing 30 wt% of 25 or Lewatit TP260 will be 
referred to as PA-25 and PA-TP260, respectively.  

4.3.2 Characterization of PA-25 and PA-TP260 

The micro-level structures and morphologies of the PA-25 and PA-TP260 filters 
were investigated using a helium-ion-microscope (HIM) and X-ray tomography, 
whereas FTIR spectroscopy was applied to characterize the functional groups of 
the additives and polymer matrix. HIM images revealed a clear difference 
between the pure nylon-12 and PA-25 filters. In the former, the morphology of 
the particles is round-shaped with no sharp edges, while the latter has a more 
plate-like morphology indicating that 25 is attached to the surface of the nylon-
12 particles (Figure 19). TP260 particles were much harder to distinguish from 
nylon-12 particles than the plate-like 25. However, small particles that are 
unlikely nylon-12 can be observed in the HIM image of the PA-TP260. Moreover, 
the X-ray tomography images were much more informative for the PA-TP260 
than HIM images (see III). Importantly, a porous structure can be seen for both 
filters. This is a crucial property for the adsorption materials because, without 
voids and flow channels, the solutions would not be able to pass through the 
filters. The good porosity of the PA-25 was further confirmed by X-ray 
tomography, and it was found to be 59 ± 2%. Similar porosity (50 ± 2%) was also 
measured for the PA-TP260.  
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The FTIR spectra of pure nylon-12, 25, TP260, PA-25, and PA-TP260 were 
compared to ensure that the additives 25 and T260 were integrated into the 
polymer matrix and no decomposition occurred during 3D printing. The FTIR 
spectrum of pure nylon-12 shows the characteristic peaks at 3291 cm–1 and 1635 
cm–1 arising from N-H and C=O stretches, respectively. These peaks, as expected, 
are also seen in the spectra of the PA-25 and the PA-TP260 (Figure 20). Two peaks 
arising from asymmetric and symmetric CH2 stretching around 2916 cm–1 and 
2484 cm–1, respectively, are also detected for the nylon-12, PA-25, and PA-TP260. 
The same stretches, but with a small shift (<3 cm–1), are also observed for ligand 
25 as it contains a long alkyl chain.  The small shift might originate from the CH3 
group of 25, which can shift C–H stretches towards higher wavenumbers.182,183 
Additionally, CH2 rocking can be detected around 719 cm–1 for nylon-12, PA-25, 
and PA-TP260. For 25, two very strong peaks are observed at 1154 cm–1 and 936 
cm–1 in the spectrum that can be assigned to the asymmetric and symmetric 
stretching of the PO3 moiety, respectively. For the PA-25, these peaks are slightly 
shifted (<3 cm–1), but their intensity remains strong. For TP260, the phosphonate 
peaks are detected at 1158 cm–1 and 916 cm–1, from which the latter shifts 6 cm–1 
in the spectrum of the PA-TP260. A wide peak between 2500–2000 cm–1 is 
additionally detected for 25, which arises from the P-OH moiety. For TP260, the 
OH moiety stretches over a much wider area than it does for 25, but it is still 
observable in the spectrum. Given that the FTIR spectra of both the PA-25 and 
PA-TP260 filters show characteristic peaks from nylon-12 and their respective 
additives 25 and TP260, it is evident that the 3D-manufacturing process did not 
cause decomposition of the additives, and they were successfully integrated into 
the filters. The main IR peaks of the studied aminophosphonates correspond to 
similar aminophosphonates reported in the literature, as discussed in section 
3.3.2.1.32,34,36,39–41,149 

Figure 19.  HIM images of the pure nylon-12  (left), PA-25 (middle), and PA-TP260 (right) 
filters. 
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4.4 Recovery of REEs from mining wastewater  

4.4.1 Adsorption properties of PA-25 

The PA-25 was applied for the recovery of REEs from simulated mining 
wastewater containing 100 mg/l of Al, K, Ca, and Zn, and 10 mg/l of Sc, Fe, Co, 
Cu, Y, Nd, Dy, and U in 0.5 M H2SO4. Three filters were stacked inside a 10 ml 
syringe and the flow rate was controlled with a syringe pump. Adsorption was 
studied as a function of pH at a range of 1 to 4 to limit the precipitation of ions as 
hydroxides. 

Figure 20.  FTIR spectra of (a) the PA-25 and (b) the PA-TP260. Green dashed lines mark 
the characteristic peaks of nylon-12, whereas orange dashed lines mark the 
characteristic peaks of the additives. 
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Figure 21.  (a) Adsorption percentages for each metal in the function of pH when a 5 ml 
of solution is passed through the three filters. (b) Adsorbed amount of metals 
in mg in each pH value. 
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The adsorption properties of the PA-25 were first tested with 5 ml of the synthetic 
mining wastewater solution, which was passed through the filters at a flow rate 
of 90 ml/h. Figure 21 shows that the adsorption percentages for all metals, except 
K and Ca, increase with the rising pH, and reach their maximum at pH 4. At pH 
1, the PA-25 filters adsorb almost solely Sc, Fe, and U, and only small amounts of 
Y, Nd, and Dy. The trend is comparable to the precipitation studies, where the 
complexes of Sc and U with 19–24 precipitated more efficiently from acidic 
solutions than REEs at lower pH values. The PA-25 shows no adsorption towards 
Al and Zn at pH 1 and 2, but when the pH is increased to 3 and 4, both metals, 
especially Al, are adsorbed into the filters (Figure 21b). Similar results have been 
reported in adsorption studies of REEs from acidic mining wastewaters using a 
commercial aminophosphonate-based adsorbent.121,122  However, the 
commercial adsorbents Purolite S950, and Lewatit TP260 have been reported to 
adsorb significantly more (>80%) of Al, Ca, Co, Cu, and Zn than PA-25.121,122 Thus, 
PA-25 is more suitable for concentrating REEs from the studied transition 
elements and Al. Based on our findings and earlier results, pH 4 is the most 
suitable pH for the maximum adsorption of metals from mining wastewater. 
However, if the separation of REEs is the objective, pH 2 is preferable, as only Fe 
and U are co-adsorbed with REEs at this pH.   
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The uptake of the PA-25 as the function of pH was investigated by passing 
40 ml of mining wastewater solution through the three stacked filters and 
collecting samples every 5 ml. The adsorption decreased steeply after the first 5 
ml was passed through the filters at the pH range of 1–3. Thus, the uptake limit 
was almost reached after 25 ml of solution was passed through the filters at pH 
1, while more than 30 ml was needed at pH 2 and 3 (Figure 22). At pH 4, however, 
no saturation was detected even after 40 ml of solution was passed through the 
filters. At this pH, 60% of Sc and Fe was still adsorbed, followed by 40% of U and 
20% of Nd, Dy, and Y. Given that the uptake limits were almost reached at pH 1, 
2, and 3, the approximative saturations limits of 0.14 ± 0.03 mg, 0.34 ± 0.11 mg, 
and 0.75 ± 0.15, respectively, were determined for them. Two other observations 
were also made from the data. First, the slow accumulation of Al and Zn into the 
filters was detected at each pH during the adsorption of metals. Second, when 
the pH was increased, the relative amount of adsorbed Sc decreased when 
compared to other adsorbed metals.   
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Figure 22.  Uptake for the PA-25 at pH 1, 2, 3, and 4. The amount of metals are 
given in mg. 
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4.4.2 Mineral acid elution 

A crucial step after adsorbing the metals is their efficient elution from the PA-25 
filters. Three mineral acids (HNO3, H2SO4, and HCl), each with three different 
molarities (1 M, 3 M, and 6 M), were investigated as eluents. The flow rate of the 
syringe pump was set to 15 ml/h to ensure a sufficiently long contact time for 
the acids with the filters.  

With 1 M HNO3 and HCl, the elution percentage for Y, Nd, and Dy ranged from 
20% to 40%, whereas with H2SO4 slightly greater elution percentages were 
obtained as they were between 40% and 50% (Figure 23). With 1M acids Al, Ca, 
Cu, and Zn were also eluted, and thus no selectivity towards Y, Nd, and Dy was 
obtained with 1 M eluents. As the concentration of acids was increased to 3 M, 
more metals were eluted but the main trends remained the same, with H2SO4 as 
the more efficient eluent for REEs (excluding Sc) than HNO3 and HCl. With 6 M 
acids, >90% of REES (excluding Sc) were eluted. However, H2SO4 also eluted 
over 50% of U and 20% of Fe. Interestingly, only a minimal amount of Sc was 
eluted with the investigated mineral acids. None of the studied acids selectively 
eluted REEs, but as the co-eluting of the most adsorbed metals, that is Fe and U, 
was minimal with 6 M HNO3 it was chosen as the most suitable eluent for REE 
recovery. In addition to almost completely eluting REEs (excluding Sc), utilizing 
6 M HNO3 ensures that the solution has an acidic background for further 
processing. However, precautions should always be taken into account when 
using HNO3 due to its oxidizing nature. 

4.4.3 Recovery scheme 

Based on the results of adsorption and elution tests, a recovery scheme for the 
REE fraction from the mining wastewater was developed. pH 2 was deemed the 
optimal pH value for the recovery as co-adsorption of other elements, such as Al 
and Zn, was much smaller compared to higher pH values. Because the 
adsorption test showed that approximately 20% of Y, Nd, and Dy were adsorbed 
by the three stacked PA-25 filters at pH 2, it was assumed that the five sets of 
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three stacked filters would be enough to adsorb all REEs from the 40 ml of mining 
wastewater. For eluting REEs from the PA-25, 30 ml of 6 M HNO3 was used to 
minimize the co-elution of U and Fe.  

The five-step separation process is illustrated in Figure 24. The initial 
concentration for Al, K, Ca, and Zn was 100 mg/l, and for Sc, Fe, Co, Cu, Y, Nd, 
Dy, and U 10 mg/l. During the first step, a majority of Sc, Fe, and U were 
adsorbed into the filter alongside 30% of Y, Nd, and Dy (Figure 24). The 
remaining amounts of Sc, Fe, and U were adsorbed in the second and third steps 
of the process, removing these elements completely from the wastewater. For 
adsorbing all Nd and Dy, four sets of filters were required, whereas for Y all five 
were needed. As Fe, REEs, and U were slowly adsorbed from the solution, the 
adsorption of Al was detected to increase. Thus, the fourth and fifth filters 
contained significant amounts of Al due to the absence of other strongly 
adsorbing elements. Because 6 M HNO3 did not elute Sc, Fe, or U from the filter, 
the concentrated REE (excluding Sc) fraction was obtained when the first three 
sets of filters were eluted, yielding a solution containing mainly 9–12 mg/l of 
REEs (excluding Sc) and 3–5 mg/l of Al.  These three fractions contained 
significantly less Al compared to the initial solution, where the concentration of 
Al was ten times higher than that of REEs. In contrast to the first three sets of 
filters, the fourth and fifth sets contained higher amounts of Al than REEs. Thus, 
to get the REE-rich concentrate, REEs should be eluted only from the first three 
sets of filters. During the whole process of five adsorption steps, 20% of Co, Ca, 
K, and Zn, 30% of Cu, and 50% of Al were adsorbed into the filters. The initial, 
adsorbed, and eluted amounts after the five adsorption steps, as well as stepwise 
elution amounts in micrograms are presented in Figure 25. With 
aminophosphonate-based adsorbents, similar results have been obtained for 
recovering REEs from acidic mining wastewater.121,122,201 

Figure 24.  Recovery scheme for REEs from mining wastewater. The adsorbed amounts 
for each element compared to the starting amount are given in percentages 
(blue). The eluted amounts for REEs and Al are given in mg/l (orange).  
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4.5 Recycling NdFeB magnet 

For the recovery of elements from NdFeB magnet waste, both PA-25 and PA-
TP260 filters were utilized. The first step of the process was the leaching of the 
NdFeB magnet. The organic derivate of sulfuric acid, namely methanesulfonic 
acid (MSA), was used as a leaching agent as it possesses similar properties to 
sulfuric acid but has a lower environmental impact.202 To investigate the leaching 
efficiency of MSA, the grounded NdFeB magnet was first completely dissolved 
to aqua regia to obtain its elemental composition (Table 3). Different 
concentrations (10–100 v/v%) of MSA were then used in the leaching of the 
magnet while keeping the temperature (60 °C), time (20 h), and S/L ratio (5 g/l) 
constant. Concentrations of 10 to 60 v/v% MSA were found to dissolve >95% of 
the magnet. The most effective dilute concentration, that is 10 v/v% MSA, was 
chosen for further studies to keep the acid consumption to a minimum. This also 
minimized water consumption because after leaching the solution was diluted to 
have a 5% MSA background, which was used in the adsorption studies.  
  

Figure 25.  Initial, adsorbed, and eluted amounts of elements after the five-step recovery 
process. 
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Table 2.  Elemental composition of the studied NdFeB magnet from aqua regia disso-
lution (AR) and with 10 v/v% MSA determined using ICP-OES. 

 Fe Nd Pr Dy Al B, Co, Cu, Sm, Tb, Ho 
AR 
Wt% 63.2 ± 1.3 21.0 ± 0.3 6.2 ± 0.2 2.7 ± 0.1 1.1 ± 0.1 <1 

10% 
Wt% 62.1 ± 1.1 20.8 ± 0.4 6.1 ± 0.2 2.8 ± 0.1 0.9 ± 0.1 <1 

 
As the NdFeB solution contained significant amounts of Fe, which adsorbed 
readily into the PA-25 filter (see above), it was first removed via precipitation 
before the adsorption tests. Due to the non-oxidizing nature of MSA, it was 
deduced that Fe existed as Fe(II) rather than Fe(III) in the leachate. Fe(II) 
precipitates as hydroxides around pH 9,203 which is not an optimal pH for the 
precipitation if co-precipitation of the other elements must be prevented.204 
Therefore, Fe(II) was first oxidized to Fe(III) by adding an equivalent amount of 
H2O2 to the solution and then precipitated by adjusting the pH to 3.7–4.0 with 
NH4OH.205 This led to the rich brown precipitate and 99.9% removal of Fe from 
the solution as confirmed by ICP-OES. In addition, 27% of Al and 12% of Cu co-
precipitated with Fe, but for all other elements, the precipitation percentages 
were less than 5%.  

4.5.1 Adsorption  

Similarly to the mining wastewater, adsorption of ions from the NdFeB magnet 
leachate was studied in the function of pH using the PA-25 and PA-TP260 filters. 
The adsorption properties of the filters were first screened at two different pHs, 
0.15 and 4.0. The former is a pH of 5% MSA background in the NdFeB leachate, 
whereas the latter allows for a higher degree of protonation of the 
aminophosphonic acids. The adsorption was significantly higher for the PA-
TP260 than for the PA-25 because it adsorbed almost 100% of REEs already at pH 
0.15, while the PA-25 adsorbed less than 10% at this pH (Figure 26). At pH 4, the 
PA-TP260 completely adsorbed all other elements, except B, whereas the PA-25 
achieved 50% adsorption for all elements except B and Co. As the PA-TP260 was 
observed to separate REEs from Al, B, Co, and Cu at pH 0.15, additional pH 
screening was conducted to investigate its ability to separate Al, B, Co, and Cu 
from each other.   



 
 

56 
 

Thus, three additional pH values of 1.0, 1.5, and 2.0 were screened for the PA-
TP260 to determine the optimal pH range for Al, B, Co, and Cu separation. At 
pH 1, no Co was adsorbed, while the adsorption of Al and Cu was 65% and 48%, 
respectively. As the pH was increased to 1.5, the adsorption percentage of Co 
remained low, but the adsorption of Al reached 100%, and Cu increased to 60%. 
Finally, at pH 2, the adsorption of Cu was also complete while <20% of Co was 
adsorbed. The obtained results suggested that the REEs can be separated from 
other ions at pH 0.15, and from the remaining extract Al and Cu can be separated 
from Co and B when the pH is set to 1.5.  

Figure 26.   Adsorption percentages of ions for the PA-25 (left) and the PA-TP260 (right) 
filters in a function of pH.  
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4.5.2 Elution 

The elution of the REEs adsorbed at pH 0.15 into the PA-TP260 was investigated 
using 3 M and 5 M of MSA and 6 M HNO3. The latter was used to elute the REEs 
from PA-25 when mining wastewater was investigated. The flow rate of the 
syringe pump was set to 15 ml/h and the amount of the eluent was 30 ml. 
Surprisingly, compared to the PA-25, 6 M HNO3 was found to be an inefficient 
eluent for the PA-TP260 as it did not elute the HREEs, (Dy, Tb, and Ho) as 
efficiently as the LREEs (Nd, Pr, and Sm) (Figure 27). Like 6 M HNO3, 3 M MSA 
also eluted Ho and Tb inefficiently, but not Dy. When MSA concentration was 
raised to 6 M, generally over 90%of the adsorbed REEs were eluted, although the 
elution of the HREEs was still incomplete. 

4.5.3 Recovery process 

The recovery process for the NdFeB magnet was developed according to the 
results of the leaching, adsorption, and desorption studies. The first step was the 
leaching of the magnet using 10 v/v% MSA (Figure 28, step 1), followed by the 
removal of Fe by oxidation at pH 3.7 (step 2). Then the pH of the leachate was set 
to 0.15 and REEs were completely adsorbed from the NdFeB solution using the 
PA-TP260 filters as an adsorbent (step 3). The REE-containing filters were then 
eluted first with 1 M NH4Cl to remove any traces of the co-adsorbed Cu from the 
filter (step 4), followed by 5 M MSA elution to yield a 99% pure REE fraction, 
containing only 1% of Al as an impurity (step 5). In the sub-steps of step 3, the 
solution containing Al, Co, Cu, and B was further processed. The pH of this 
solution was set to 1.5 and injected through a new set of filters during which Al 
and Cu were completely adsorbed (step 3.1). During this step, none of B and only 
half of Co was co-adsorbed separating Co and B into their own fraction. Filters 
containing Al, Co, and Cu were then eluted first with 1 M NH4Cl to obtain a Co-

Figure 27.  Elution % for REEs with 5 M MSA (green), 3 M MSA (yellow), and 6 M 
HNO3 (red) 
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rich fraction (step 3.2), while the subsequent elution of the filters with potassium 
oxalate yielded an Al-rich intermediate product containing 72% of Al with Co 
(17%) and Cu (11%) as impurities (step 3.3). 

4.6 Reusability of the PA-25 and PA-TP260 filters 

The reusability of the 3D-printed filters was tested by performing five and fifty 
subsequent adsorption-desorption cycles for one PA-25 and one PA-TP260 filter, 
respectively. The adsorbed and eluted amounts of metals were measured using 
ICP-OES. For the PA-25, the accumulation of strongly adsorbing Sc, Fe, and U 
was observed as the mineral acids did not efficiently elute these elements (see 
above) from the filter. However, further tests showed that by removing Sc, Fe, 
and U from the mining wastewater before adsorption, the PA-25 filters were 
reusable, and only Al accumulated in the filters (Figure 29). Sc, Fe, and U can be 
removed from the solution either by precipitation with aminophosphonates, as 
was shown in section 5.2 (Sc and U), or as hydroxides (Fe).205 In contrast to the 
PA-25, adsorbed and desorbed amounts of ions remained rather constant for the 
PA-TP260 filter and only small ion residues remained in the filter after each 
elution cycle (Figure 30). A small expectation occurred during the first five cycles 

Figure 28.  Recovery process for NdFeB magnets utilizing 3D printed PA-TP260 filters 
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when 3 M MSA was used as an eluent, decreasing the elution percentage. 
However, this was resolved once the molarity of MSA was increased to 5 M. As 
the concentration of the eluent was too small during the first five cycles, the more 
concentrated MSA also slowly eluted the accumulated Nd residual from the filter 
during subsequent cycles (Figure 30b). Interestingly, the accumulation of HREEs 
in the filter was observed due to their elution being not 100% complete even with 
the 5 M MSA. Despite this, the accumulated amounts of ions in the PA-TP260 
remained low and no significant reduction in adsorption efficiency was observed. 

Figure 29. Adsorption (green) and desorption (pink) of the PA-25 filters during 5 
cycles with mining wastewater containing Sc, Fe, and U (above) and 
without Sc, Fe, and U (below). 
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Thus, the results suggested that the PA-TP260 filters are fully reusable, 
underpinning their applicability to industrial applications.  

4.7 Adsorption mechanisms and maximum capacities of the fil-
ters 

FTIR spectra and adsorption isotherms were determined for both PA-25 and PA-
TP260 filters to gain deeper insights into their adsorption mechanisms and 
maximum capacities. The obtained adsorption isotherms were fit to three 
different models that were the Langmuir, Freundlich, and Sips models. The best 
models for each filter were analyzed using the goodness of fits metrics and a 
statistical F-test. The latter was particularly employed when two or more models 
gave a similar fit to the data.  

4.7.1 FTIR measurements 

The FTIR spectra of the unused PA-25 and PA-TP260 filters were compared to 
those of the used filters that were saturated with REEs. The PA-25 filters were 
saturated with Sc, Nd, or U whereas the PA-TP260 filters with Nd. Interestingly, 
no significant shifts (<1 cm–1) or changes in the intensity of the peaks were 
detected for the saturated PA-25 filters when they were compared to the unused 
ones (Figure 31). Thus, the majority of the (PO3H2)2 remains in the protonated 
form, and no shifting of NH can be observed due to the masking from the nylon-
12 matrix. For the PA-TP260, however, visible changes were detected (Figure 32). 
The P=O adsorption band at 1156 cm–1 slightly shifted and broadened for the 
saturated filter. The broadening likely occurs due to the coordinating MSA, 
in which SO4 group band occurs at the same wavenumber region. The observed 
coordinating MSA in the spectrum originates from the MSA background. A most 

Figure 30. (a) 50 adsorption and elution cycles for the PA-TP260 , and (b) residual 
amount of ions (mg) after each 5 cycles. 
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significant change was detected for the P–O stretch, which not only decreased in 
intensity but also shifted from 924 cm–1 to 943 cm–1. This strongly indicated the 
coordination of Nd to P–O. Additionally, a 10 cm–1 shift was observed for the C–
P bond, which shifted from 541 cm–1 to 551 cm–1. Another band arising from MSA 
at 523 cm–1 appears very close to this band. Coordination of the Nd ion to the 
nitrogen atom was hard to determine from the spectrum because N–H bands 
arising from nylon-12 most likely mask all the plausible shifts. The coordination 
of Nd to TP260 is similar to other reported aminophosphonate complexes with 
REEs, as similar changes have been observed for them at the spectral region of 
the PO3 moiety.32,34,36,39–41,149  

 

 
  

Figure 31.  FTIR-spectra for the unused PA-25 filter, and filter used for the adsorption of 
Sc (yellow), Nd (orange), and U (red). 
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4.7.2 Adsorption isotherms 

For the PA-25 six different adsorption isotherms were measured using Sc, Fe, Y, 
Nd, Dy, or U as a metal. For all other metals, except for Fe, the isotherm studies 
were performed at pH 4.  Due to the efficient precipitation of Fe, its isotherm was 
determined at pH 3. In contrast, for the PA-TP260, the same metal (Nd) was used 
in all the experiments, but adsorption isotherms were determined for the five 
different filters containing either 5 wt%, 10 wt%, 20 wt%, 30 wt%, 40 wt%, or 50 
wt% of TP260.  

The Langmuir adsorption model generally fit well to the adsorption 
isotherms of the PA-25 when the metal was Y, Nd, Dy, or U, while Fe fit better to 
the Freundlich adsorption model (Table 3). The isotherm plots are presented in 
the supporting information of Paper II.49 As Sc fit well to both models, a statistical 
F-test was performed to distinguish the performance of the models. According to 
the F-test, the Freundlich model performed the best. IR did not provide any 
information about the difference in coordination between Sc and Nd or U to 25, 
but the difference of Sc and Fe might be explained by smaller ionic size compared 
to the other REEs and U. It might be possible for 25 to coordinate two Sc or Fe 
ions to the same site, which is more unlikely for the bigger ions. However, 
conclusions about the adsorption mechanism cannot solely be drawn from 
isotherm fittings.193 Important additional information could be achieved from 
adsorption kinetics for example, which could provide information about the type 
of adsorption, adsorption rate and reversibility.206 

The maximum capacity Qmax was determined for each studied metal using 
the Langmuir model. The highest capacity of 0.51 mmol/g was obtained for Sc, 
followed by U with the capacity of 0.47 mmol/g. For Y, Nd, and Dy, the capacities 

Figure 32.  FTIR-spectra for the unused PA-TP260 filter (green), filter used for Nd 
adsorption (orange), and for NH4MSA salt. 
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were 0.17 mmol/g, 0.24 mmol/g, and 0.23 mmol/g, respectively. The Langmuir 
constant b, which indicates the interaction between the adsorbent and the 
adsorbate, was slightly higher for U than for the REEs. This indicates that 25 
binds stronger to U than the REEs. The Freundlich constant Kf, also indicating the 
interaction between adsorbent and adsorbate, was found to be smaller for Fe than 
Sc. These results are in line with adsorption tests, as PA-25 adsorbed U stronger 
than REEs from the mining wastewater, and Sc was more efficiently adsorbed 
than Fe. Of course, it should be kept in mind that the results for Fe are not directly 
compared to other metals as a different pH was used in the studies. 

Table 3.  Langmuir and Freundlich isotherm parameters from linear fittings for each 
metal. 

 
In the case of the PA-TP260 filter, the Langmuir isotherm model fit best to the 
adsorption isotherms of the filters containing 10–30 wt% of TP260, while the 40 
wt% and 50 wt% filters fit better to the Freundlich model (Table 4). Interestingly, 
the 5 wt% filter only fit well to the Sips isotherm model which is a combination 
of the Langmuir and Freundlich equations. Although the adsorption mechanism 
of the PA-TP260 filters with different wt% should be the same regardless of the 
wt% of the additive at the molecular level, the results above suggest that the wt% 
affects the adsorption mechanism at the macroscale. One possible explanation is 
that the adsorption material is more heterogeneous when more additive is 
present in the filter, which affects the observed results.  
  

 Langmuir Freundlich 

 Qmax 
mg/g 

Qmax 
mmol/g 

b 
L/mg R2 Kf 

mg1-nLn/mg n R2 

Sc 22.86 0.51 0.018 0.970 4.10 4.15 0.994 
Fe - - - - 1.57 1.98 0.997 
U 111.65 0.47 0.036 0.985 - - 0.776 
Dy 37.84 0.23 0.030 0.975 - - 0.743 
Nd 34.60 0.24 0.024 0.979 - - 0.798 
Y 14.74 0.17 0.030 0.996 - - 0.794 
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Table 4. Langmuir, Freundlich, and Sips isotherm parameters for 5–50 wt% of the PA-
TP260. 

 
The maximum capacities were calculated for the mass of TP260 in the filter as 
well as for the mass of the entire filter. Interestingly, when the former parameter 
was used, the capacities decreased as a higher wt% of additive was present in the 
filter. However, as expected, when the capacities were calculated for the mass of 
the entire filter, they increased from 2.55 mg/g to 12.18 mg/g as the amount of 
the additive increased from 5 wt% to 50 wt%. This can also be detected from 
Langmuir and Freundlich constants b and Kf, which can be observed to increase 
as the wt% increases, further confirming that the higher percentage filters adsorb 
more Nd. The decrease in capacity calculated towards the amount of TP260 
indicates that adding more of the additive into the filter does not enhance its 
adsorption properties significantly. Whether this is related to the distribution of 
TP260 particles in the filter and/or their morphology, is hard to conclude with 
the available data.  

 

 

 

 

 

 

 

 

 Langmuir Freundlich 

Wt% 
Qmax 
mg/g 
(filter) 

Qmax 
mg/g 

(TP260) 

b 
L/mg R2 Kf 

mg1-nLn/mg n R2 

5  - - -  0.03 1.59 0.938 
10  7.64  76.39 1.60 0.992 0.05 1.48 0.975 
20  9.71 48.56 2.53 0.987 0.13 1.75 0.982 
30  9.12 30.65 5.47 0.985 - - - 
40  10.09 25.22 7.10 0.972 0.71 2.63 0.997 
50 12.18 24.35 11.30 0.957 1.33 3.09 0.993 

Sips 

Wt% 
Qmax 
mg/g 
(filter) 

Qmax 
mg/g 

(TP260) 
b 

L/mg 
n 

mg1-nLn/mg R2 

5 2.55 50.92 3.97 1.62 0.989 
10 5.82 58.20 2.60 1.22 0.996 
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CONCLUSIONS 

This dissertation focused on investigating α-aminophosphonates in the recovery 
of REEs by utilizing precipitation and solid-phase–extraction methods. First, self-
synthesized water-soluble α-aminophosphonates (19–24) with the general 
formula of RN[CH2P(O)(OH)2]2 (19 R = CH2CH3, 20 R = (CH2)2CH3, 21 R = 
(CH2)3CH3, 22 R = (CH2)4CH3, 23 R = (CH2)5CH3, 24 R = CH2CH(C2H5)(CH2)3CH3) 
were investigated as precipitants for REEs from a solution containing both REEs 
and Th and U. The acid–base properties and complexation of 19 were studied by 
utilizing NMR titrations. The obtained pKa values for the phosphonate group 
PO(OH)2 were 1.3 and 5.6 for the first and second protonation. The studied 
precipitants were also determined to form 1:1, 1:2, or 1:3 metal:ligand complexes 
with Lu, La, and Y respectively. In the precipitation experiments, Sc, Th, and U 
were almost completely precipitated at low pH with the least water-soluble 
precipitants containing the longest alkyl chains (22–24). This enabled the 
separation of the REEs from these elements. However, no significant 
improvements were observed for the separation between adjacent REEs although 
some separation was obtained between LREEs and HREEs. Therefore, the α-
aminophosphonate precipitants were suitable for removing Th, and U from REEs 
but not for separating REEs. 

The non-water-soluble α-aminophosphonate containing long alkyl chain 
CH3(CH2)11- (25), was investigated as an additive in 3D-printed filters, where 
nylon-12 was used as the polymer matrix. For the sake of comparison, 
commercial Lewatit TP260 ion-exchange resin, which contains an α-
aminophosphonate functional group, was also investigated as an additive. The 
filters were referred to as the PA-25 and PA-TP260 respectively. IR spectroscopy 
was applied for the chemical characterization of the filters, and it was possible to 
verify that the additives remained unchanged after 3D printing. PA-25 filters 
were studied for the recovery of REEs from mining wastewater which contained 
10 mg/l of REEs (Sc, Y Nd, and Dy). The other elements present were 100 mg/l 
Al, K, Ca, and Zn and 10 mg/l Fe, Co, Cu, and U. By utilizing the PA-25 filter, it 
was possible to concentrate the 8% of REEs from the mining wastewater up to 70% 
by using 6 M HNO3 as an eluent. Thus, by applying self-synthetized α-
aminophosphonate into a 3D-printed filter, mining wastewaters can be processed 
to a less complex solutions containing enriched amount of REEs.  

Finally, both PA-25 and PA-TP260 filters were investigated for recovery of 
critical elements from NdFeB magnets. The dissolution of the magnet was first 
investigated with 10–100 v/v% MSA solutions. It was found that 10 v/v% MSA 
solution dissolved the magnet almost completely and thus was deemed a good 
leaching agent. According to the adsorption tests, the PA-25 filter did not work 
as efficiently as the PA-TP260 filter and thus was not suitable for recycling NdFeB 
magnets. With the PA-TP260 filter, the metals in the magnet could be separated 
into their own fractions by using different environment-friendly eluents, MSA, 
ammonium chloride, and potassium oxalate. In the precipitation step, 99.9%of Fe 
could be precipitated with 97.6% purity. REEs could be separated to a 99% pure 
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fraction at pH 0.15, where the other metals of the magnet did not adsorb to the 
filter. By eluting the filter with a 5 M MSA, >90% of the rare earth metals could 
be recovered. In addition, fractions containing mainly Al, Co, Cu, and B were 
obtained. With PA-TP260 filters, REEs could be recycled from NdFeB magnets 
with relatively simple adsorption-desorption process. 

This dissertation investigated α-aminophosphonates in REE recovery for 
the first time both as precipitants and as an additive in 3D-printed filters. The 
findings provided valuable information about the properties of simple 
aminophosphonates, which can be used in the future to design improved and 
more efficient precipitants and additives for 3D-printed materials. Additionally, 
a new separation process for NdFeB magnets was developed utilizing 
environment-friendly eluents. 
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SUMMARY IN FINNISH 

Tulevaisuudessa harvinaisten maametallien kysynnän arvioidaan kasvavan, kun 
tietokoneiden, puhelimien ja etenkin sähköisten kulkuvälineiden ja tuulivoima-
loiden määrä kasvaa. Harvinaiset maametallit luokitellaan EU:n alueella kriitti-
siksi, koska niillä ei ole tuotantoa EU:n alueella ja metallit ovat edellä mainittujen 
käyttötarkoituksiensa vuoksi hyvin kysyttyjä. Viime vuosikymmenenä harvi-
naisten maametallien kierrätystä on tutkittu laajasti sekundäärisistä lähteistä, ku-
ten esimerkiksi neodyymimagneeteista, kaivosteollisuuden sivuvirroista ja elekt-
roniikkaromusta. Koska sekundäärisillä lähteillä ei voida vielä täysin vastata kas-
vavaan kysyntään, harvinaisten maametallien tehokkaampaa talteenottoa pri-
määrilähteistä ja erottelua toisistaan on myös tutkittu paljon.  

Tässä väitöskirjassa keskityttiin tutkimaan α-aminofosfonaatteja harvinais-
ten maametallien talteenotossa. Ensimmäisenä tutkittiin itsesyntetisoituja vesi-
liukoisia aminofosfonaatteja (19–24), joiden yleinen molekyylikaava on 
RN[CH2P(O)(OH)2]2 (19 R = CH2CH3, 20 R = (CH2)2CH3, 21 R = (CH2)3CH3, 22 R 
= (CH2)4CH3, 23 R = (CH2)5CH3, 24 R = CH2CH(C2H5)(CH2)3CH3). α-Aminofos-
fonaatteja sovellettiin sakkautus-reagensseina liuoksessa, joka sisälsi sekä harvi-
naisia maametalleja että toriumia ja uraania. Happo-emäs ominaisuuksia ja 
kompleksoitumista tutkittiin NMR titrausten avulla 19:lle ja pKa arvoksi määri-
tettiin fosfonaattiryhmille 1,3 ja 5,6. Tutkittujen sakkautusreagenssien määritet-
tiin myös muodostavan happamissa vesiliuoksissa  1:1, 1:2 tai 1:3 metalli:ligandi 
komplekseja Lu, La, ja Y kanssa. Kompleksointitutkimukset tehtiin NMR titraus-
ten avulla. Sakkautuskokeissa harvinaisten maametallien erotus onnistui to-
riumista ja uraanista jo alhaisessa pH:ssa vähemmän vesiliukoisten sakkautus-
reagenssien 22–24 kanssa. Lisäksi skandium voitiin sakata selektiivisesti erilleen 
muista harvinaisista maametalleista. Merkittäviä parannuksia vierekkäisten har-
vinaisten maametallien välille ei kuitenkaan havaittu, vaikka erottumista kevy-
empien ja raskaampien harvinaisten maametallien välillä voitiin havaita. α-ami-
nofosfonaatti sakkautusreagenssit osoittautuivat sopiviksi Th ja U erottelemiseen 
REE:stä, mutteivat kuitenkaan REE:n erotteluun toisistaan. 

Veteen liukenematonta aminofosfonaattia 25 vuorostaan tutkittiin lisäai-
neena 3D printatuissa suodattimissa, joissa matriisina käytettiin nailon-12:sta 
(PA-25). Vertailun vuoksi tutkittiin myös kaupallista Lewatit TP260 ioninvaihto-
hartsia, jossa funktionaalisena ryhmänä toimii myös aminofosfonaatti (PA-
TP260). IR-spektroskopian avulla voitiin todentaa, että lisäaineet pysyvät muut-
tumattomana 3D printtauksen jälkeen. PA-25 suodattimia tutkittiin harvinaisten 
maametallien talteenotosta kaivosvesijätteestä, joka sisälsi harvinaisia maametal-
leja (Sc, Y Nd ja Dy) 10 mg/l. Lisäksi jätteessä oli 100 mg/l Al, K, Ca ja Zn  sekä 
10 mg/l Fe, Co, Cu ja U. PA-25 suodattimen avulla voitiin konsentroida harvi-
naisten maametallien 8 % osuus kaivosvesijätteestä jopa 70 %:n käyttäen eluent-
tina 6M HNO3. α-aminofosfonaattia sisältäviä 3D printattuja suodattimia voi-
daan siten soveltaa harvinaisten maametallien konsentroimisessa liuoksiin, jotka 
sisältävä huomattavasti vähemmän muita metalleja. 
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Molempia PA-25 ja PA-TP260 suodattimia tutkittiin kriittisten alkuaineiden 
talteenotosta käytetyistä neodyymimagneeteista. Magneettien liuotusta tutkittiin 
ensin 10–100 v/v% metaanisulfonihappoliuoksilla, ja 10 v/v% happo todettiin 
tehokkaaksi liuottimeksi, eikä väkevämpien happojen käytölle ollut perustetta. 
Adsorptiokokeiden mukaan PA-25 suodatin ei toiminut yhtä tehokkaasti kuin 
PA-TP260 suodatin, joten PA-25 suodatin ei soveltunut neodyymimagneettien 
kierrätykseen. PA-TP260 suodattimella magneetissa olevan metallit voitiin ero-
tella omiin fraktioihinsa käyttämällä ympäristöystävällisiä eluentteja: metaani-
sulfonihappoa, ammoniumkloridia sekä kaliumoksalaattia. Fe voitiin sakkauttaa 
99.9 %:sti liuoksesta 97.6 % puhtausasteella. Harvinaiset maametallit eroteltiin 
99 % puhtaasti pH 0.15:ssa, jossa magneetin muut metallit eivät adsorboituneet 
suodattimeen. Eluoimalla suodatinta 5M metaanisulfonihappoliuoksella voi-
tiin >90 % harvinaisista maametalleista ottaa talteen. Lisäksi saatiin fraktiot, jotka 
sisälsivät pääasiassa Al, Co, Cu, ja B. PA-TP260 suodattimilla voidaan siis kier-
rättää neodyymimagneetin sisältämät metallit suhteellisen suoraviivaisella ad-
sorptio-eluointi menetelmällä. 

Yhteenvetona tämä väitöskirjatyö tutki aminofosfonaatteja harvinaisten 
maametallien talteenotossa ensimmäistä kertaa sekä sakkautusreagensseina että 
adsorboivana lisäaineena 3D printatuissa suodattimissa. Yksinkertaisten ami-
nofosfonaattien tutkimuksella saatiin arvokasta tietoa niiden ominaisuuksista 
pH:n funktiona, jota voidaan hyödyntää tulevaisuudessa parempien ja tehok-
kaampien sakkautusreagenssien ja adsorboivien lisäaineiden kehittämisessä. Li-
säksi väitöskirjatyössä kehitettiin erotusmenetelmä harvinaisten maametallien 
talteenottamiseksi neodyymimagneeteista, jossa eluentteina käytettiin ympäris-
töystävällisiä metaanisulfonihappoa, ammoniumkloridia sekä kaliumoksalaattia. 
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ABSTRACT: The efficient and environmentally sustainable
separation process for rare earth elements (REE), especially for
adjacent lanthanoids, remains a challenge due to the chemical
similarity of REEs. Tetravalent actinoids, thorium, and traces of
uranium are also present in concentrates of REEs, making their
separation relevant. This study reports six simple water-soluble
aminobis(phosphonate) ligands, RN[CH2P(O)(OH)2]2 (1 R =
CH2CH3, 2 R = (CH2)2CH3, 3 R = (CH2)3CH3, 4 R =
(CH2)4CH3, 5 R = (CH2)5CH3, 6 R = CH2CH(C2H5)-
(CH2)3CH3) as precipitating agents for REEs, Th, and U, as well
as gives insight into the coordination modes of the utilized ligands
with REEs at the molecular level. Aminobis(phosphonates) 4−6
with longer carbon chains were found to separate selectively
thorium, uranium, and scandium from REEs with short precipitation time (15 min) and excellent separation factors that generally
range from 100 to 2000 in acidic aqueous solution. Ligands 1−6 also improved separation factors for adjacent lanthanoids in
comparison to traditional oxalate precipitation agents. Importantly, precipitated metals can be recovered from the ligands with 3
molar HNO3 with no observed ligand decomposition enabling the possibility of recycling the ligands in the separation process.
NMR-monitored pH titrations for 1 showed deprotonation steps at pKa 1.3, 5.55, and >10.5, which indicate that the ligands remain
in a deprotonated [L]−1 form in the pH range of 0−4 used in the precipitation studies. 31P NMR titration studies between 1 and
M(NO3)3 (M = Y, La, Lu) gave satisfactory fits for 1:3, 1:2, and 1:1 metal−ligand stoichiometries for Y, La, and Lu, respectively,
according to an F-test. Therefore, aminobis(phosphonate) precipitation agents 1−6 are likely to form metal complexes with fewer
ligands than traditional separation agents like DEHPA, which coordinates to REEs in 1:6 metal−ligand ratio.

■ INTRODUCTION

Rare earth elements (REE) consisting of lanthanoids,
scandium, and yttrium are widely used in crucial technological
applications such as computers, catalysts, batteries of electric
cars, and renewable energy production; latter two play an
important role in a shift toward greener technologies.1 Thus,
the demand of REEs has been estimated to increase
considerably in the future. In EU alone, e-mobility and
renewable energy production could increase the demand for
dysprosium and neodymium up to 12- and 4-fold by 2050
from the current demand of 200 and 4000 tons, respectively.2

Globally, the demand for all REEs has been estimated to grow
annually 4.4% until 2026, raising concerns for the sufficiency of
primary production of REEs from ores, which is not an
environmentally sustainable process (see below).3 Ores of
REEs also contain radioactive elements like thorium and
uranium that complicate the separation process of REEs.4

Therefore, it is not only important to investigate the recycling
and recovery of REEs from secondary sources, where the
concentration of REEs is relatively high,5−7 but also to develop

new separation processes for REE concentrates that allow the
efficient and environmentally friendly separation of REEs from
each other and other metals.
The most common separation process for lanthanoids

includes liquid−liquid extraction with organophosphorous
extracting agents, while Th and U are typically separated
from lanthanoids first by selective dissolution and further
purificated by liquid−liquid extraction.4 The most commonly
used extracting agents for lanthanoids are di(2-ethylhexyl)-
phosphoric acid (DEHPA) and 2-ethylhexylphosphonic acid
mono-2-ethylhexyl ester (EHEHPA) due to their robustness
and good recyclability, whereas Th and U can be separated
from REEs, and further from each other using tributylphos-
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phate (TBP) or secondary and tertiary amines.8 However,
lanthanoids are chemically a very similar group of elements,
and especially the separation of adjacent lanthanoids is
challenging even with the commercial extracting agents.
Although a liquid−liquid extraction process is the most
suitable for industrial scale, one of the challenges has been
to reduce the amount of used organic solvents to make the
process more sustainable.4 The liquid−liquid extraction
utilizing commercial extraction agents, such as DEHPA and
EHEHPA, can be improved by replacing organic solvents with
ionic liquids.9−13 This replacement has shown improvements
in the separation of heavy and light adjacent lanthanoids,9,10

selectivity to Nd over transition metals,11 and high La/Ce
separation.12 Ionic liquids have also been used in Th/U
separation with a success as very good separation factor is
obtained (SFTh/U 793).13 However, the high viscosity of ionic
liquids still remains a challenge in the extraction processes.
Apart from the liquid−liquid extraction, separation for REEs

and Th can also be done solely in water solution with no need
for the organic phase, either by precipitation or fractional
crystallization. Traditional precipitation agents, oxalates, have
been reported to separate light lanthanoids from heavy ones by
selective dissolution of rare earth oxalates.14 Fractional
crystallization from water solutions with borates15 or
coordination polymers16,17 have yielded good separation
factors, especially for Nd/Dy separation (SFNd/Dy > 300).
Furthermore, selective crystallization with the iodate−sulfate
system has been reported to separate efficiently lighter
lanthanoids from heavier ones,18 and selenite crystallization
has yielded good Th/Ln separations.19 Nevertheless, the
crystallization method with borates, iodate−sulfate, and
selenite systems requires long reaction times of 5 days,
hydrothermal conditions (>453 K), and in the case of borate
systems, environmentally hazardous bromoform for the final
separation step.15

Aminophosphonates have gathered attention in the medical
field due to their pharmaceutical properties20 and good
binding affinity toward medically relevant lanthanoids, such
as gadolinium (common MRI contrasting agent) and
samarium (nuclear medicine).21 Despite the good coordina-
tion properties of aminophosphonates toward REEs, their
utilization in REE recovery and separation has been initiated
only recently, yielding promising results. For example, the
separation factors of (2-ethylhexylamino)methylphosphonic
acid mono-2-ethylhexyl ester (HEHAMP) and 2-ethylhexyl-3-
(2-ethylhexylamino)pentan-3-yl-phosphonic acid (HEHAPP)
in the liquid−liquid extraction process of REEs are larger in
comparison to the separation factors of two conventional
extracting agents, DEHPA and EHEHPA.22−26 Similarly,
tetravalent Th/Ce separation in a liquid−liquid extraction
with an aminophosphonate-based extracting agent Cextrant
230 gives a good separation factor of 14.7.27

Depending on the nature of organic moiety and the number
of phosphonate groups in the aminophosphonate framework,
aminophosphonates can be designed to be water soluble,28

which would enable their use as precipitation agents for metals
in acidic aqueous solutions, similar to oxalates.20 Furthermore,
by varying the number of phosphonate group and/or organic
moiety, precipitation abilities of aminophosphonates toward
different metal ions can be tuned. For example, by increasing
the number of phosphonate groups in the ligand framework,
more binding sites are available for metal ions in a single
ligand. With that being said, we investigated the complexation

and precipitation properties of simple aminobis-
(phosphonates) 1−6 (Scheme 1) toward REEs, Th and U in

NMR, and larger (∼100 mg) scale in different pH values
ranging from 1 to 4. We also determined the acid−base
properties of synthesized aminobis(phosphonate) ligands
utilizing NMR spectroscopy and carried out computational
analysis for the most plausible complexes in the aqueous
solution to get further insight into their solution behavior. To
the best of our knowledge, this study demonstrates for the first
time that simple aminobis(phosphonates), which can be
synthesized by straightforward addition reactions, can be
used as efficient precipitation agents with short precipitation
times for REEs, Th, and U in aqueous solutions.

■ RESULTS AND DISCUSSION
Ligands 1−6 were prepared using a modified reported one-pot
synthesis, where a condensation reaction between an amine
and formaldehyde is followed by nucleophilic addition of
phosphorous acid under reflux condition in an acidic water
solution (Scheme 1).28 Crude products were purified by
recrystallization either from ethanol, water, or water:ethanol
(2:1) mixture. The purity of the recrystallized products was
ensured by 1H NMR, IR, and elemental analysis (Figures S1−
S12).
As expected, the ligands with shorter carbon chains (1−3)

showed higher solubility in water compared to ligands with
longer (4 and 5) and branched (6) chains (Table S1). For
example, the water solubility of ligands 1, 3, and 6 were 327,
184, and 9.5 g/L, respectively.

Acid−Base Properties. The deprotonation processes of
the most water-soluble ligand 1 were investigated to assess the
protonation state of ligands in metal complexes. Dependence
of the deprotonation steps of 1 on the pH was determined by
NMR titrations in D2O at 295 K. The pH of the 0.14 M
solution of 1 was adjusted between 0.5 and 10.5 with the
addition of a 5% NH3 solution, and

31P and 1H NMR spectra
were measured at 0.5 pH unit intervals. Figure S13 shows the
measured 31P NMR and 1H NMR shifts as a function of pH for
the P atom and N−CH2−P protons, respectively. 1H NMR
shifts of OH protons were not used in the determination since
they cannot be directly observed in D2O due to the fast
proton−deuterium exchange. Three equivalent points for the
deprotonation steps of 1 were observed at pH 1, pH 5, and
around pH 10. The observed shift for the first deprotonation is

Scheme 1. General Synthesis Route for
Aminomethylphoshonate Ligands 1−6
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slightly different for 31P nucleus than for the 1H nuclei, but
otherwise, the data obtained from 31P and 1H experiments are
consistent. pKa values for the first two deprotonations were
calculated from the observed chemical shifts according to a
previously reported method.29 In contrast, the third deproto-
nation step at 10.5 takes place at the end of the titration (pH of
ammonia is ∼10.6). Thus, the pKa could not be calculated for
the third deprotonation step. For the first and second
deprotonation steps, the calculated pKa1 and pKa2 values are
1.33 and 5.55, respectively.
The deprotonation steps of 1 can be further elaborated by

comparing the determined pKa values to the pKa values of two
polyprotic phosphoric acids, namely pyrophosphoric acid
(pKa1 = 0.91, pKa2 = 2.10, pKa3 = 6.70, and pKa4 = 9.32)30

and pamidronic acid (pKa1 = 1.85, pKa2 = 5.85, and pKa3 =
10.30).31 Assuming that 1 exists as a zwitterion, the
determined pKa1 value 1.33 suggests that the first deprotona-
tion likely occurs from the fully protonated P(OH)2(O) group
forming structure [L1]− (Scheme 2), similar to pamidronic
acid, which is known to exist as a zwitterion in a low pH
regime.32 The zwitterionic nature of 1 is further supported by
the fact that it has only one low pKa value (<2.50), arising from
the deprotonation of one of the P(OH)2(O) groups, in
contrast to pyrophosphoric acid which has two low pKa values
due to the two fully protonated P(OH)2(O) groups. By
comparing the pKa2 value (5.55) of 1 to the pKa3 (6.70) and
pKa2 (5.85) values of pyrophosphoric acid and pamidronic
acid, respectively, it can be concluded that the second
deprotonation step originates from either of the P(OH)(O−)
groups forming a twice deprotonated structure [L1]2−. The
third deprotonation step takes place either from the P(OH)-
(O−) or the R3NH

+ group. However, aminophosphonates have
been reported to deprotonate first fully from the phosphorous
groups before the NH+ deprotonation is observed to
occur.31,33 Therefore, the third observed deprotonation is
most likely to occur from the last P(OH)(O−) proton forming
a structure [L1]3

− in pH > 10.5.
Complexation Studies. The binding affinity of ligand 1

toward REEs was investigated by performing NMR titrations
in D2O with three different metal saltsY(NO3)3, La(NO3)3,
and Lu(NO3)3at low pH values (∼1.4−2.4), where 1 exists
as a monoanion. These metal salts were chosen because of
their different ionic radii and diamagnetic nature (no unpaired
electrons). NMR titrations were also attempted for 1 with
Sc(NO3)3 and Th(NO3)4 by adding 1 mM metal to 10 mM
ligand. Unfortunately, Sc and Th complexes of 1 precipitated
out from D2O during titrations even at low pH values,
preventing further analysis of the titration data.
First, metal-to-ligand titrations were carried out for Y by

adding incremental amounts of Y(NO3)3 into 10 mM solution
of 1 in D2O. After each addition of the metal salt, 31P and 1H
NMR spectra were measured. The 31P NMR spectrum of the
free ligand displayed one triplet for the P atoms at 8.54 ppm,
and the 1H spectrum showed doublet, quartet, and triplet for

N−CH2−P, C−CH2−N, and CH3 protons, respectively. Since
1H resonances overlapped strongly in metal-to-ligand (Figure
S14) and also in reverse ligand-to-metal titrations (see below
and Figure S15), the chemical shift change of the 31P signal
was followed. During the titration, the 31P signal shifted 2.54
ppm upfield, indicating that the free ligand and complexed
species experienced fast exchange dynamics on the NMR
timescale (Figure S16). Saturation of the chemical shift
changes of phosphorus was observed after the addition of 1
equiv of metal. However, when 1 was titrated with La and Lu,
smaller, <1 ppm upfield shift in 31P signal was observed
without saturation of the chemical shift changes at 1 equiv of
metal (Figures S17 and S18). Additionally, the precipitate was
observed during Lu titration; therefore, pH was set to 1.0 to
prevent Lu complex from precipitating.
For Y, analysis of the titration data to theoretical 1:1 and 1:2

(M/L) binding isotherms provided unsatisfactory fits with
relatively large errors of fit (Figure S19), whereas the addition
of a third binding constant K3 for the 1:3 binding model
improved the fit significantly (Figure 1). Data was also fitted to

a theoretical 1:4 binding isotherm (Figure S19). Because a
small improvement of fit was observed by introducing more
variables to the model, statistical F-tests were carried out for all
fits to assign the preferential binding model. Based on the F-
tests, the 1:3 binding model provided the best fit for the
titration data at this range of concentrations for Y (Table S2).
Similar fits to theoretical 1:1, 1:2, 1:3, and 1:4 binding
isotherms were obtained for La as for Y (Figures 1 and S20);

Scheme 2. Structures of Ligand 1 (L1) after Each Deprotonation Step

Figure 1. 31P NMR shift changes as a function of the concentration of
M(NO3)3 when ligand 1 is titrated with Y(NO3)3 (red) and
La(NO3)3 at pH 1.8 (blue), and Lu(NO3)3 at pH 1.0 (green).
Fittings for 1:3, 1:2, and 1:1 (M/L) binding models are presented for
Y, La, and Lu, respectively (black solid lines).
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however, the F-tests indicated that the 1:2 binding model was
slightly better than the 1:3 model (Table S3). Interestingly, for
Lu, analysis of the titration data to a theoretical 1:1 binding
isotherm already provided a satisfactory fit (Figures 1 and
S20), which was confirmed by the F-test (Table S4). The
binding constants obtained for the 1:1, 1:2, and 1:3 metal
complexes (Table 1) indicate that all M/L complexes are being
formed in the solution when the ligand is titrated with Y or La.

Reverse ligand-to-metal titrations were also performed by
titrating 10 mM M(NO3)3 with incremental addition of 1.
However, the addition of 3 equiv of 1 to the NMR tube
containing Lu(NO3)3 promoted the formation of a gel-like
structure, thus preventing the determination of the binding
constant for Lu. For Y and La, the first spectra were recorded
after the addition of 0.3 eq of ligand, where phosphorus nuclei
resonated at 6.25 and 7.02 ppm for Y and La, respectively
(Figures S21 and S22). The titration was continued until the
concentration of 1 reached 5 equiv, at which point, the
chemical shift of the phosphorus signal had changed to 8.16
ppm for Y and 8.25 ppm for La without saturation of the
chemical shift changes.
Analysis of the titration data to a 1:1 binding model

provided unsatisfactory fits for both Y and La, whereas the
addition of 1:2 and 1:3 binding models showed a slight
improvement to the fits (Figures 2, S23, and S24). Similarly, to

the metal-to-ligand titration, fourth binding constant K4 was
also fitted to the titration data of Y and La where it provided
the best fit for one of the repeats in both cases (Tables S5 and
S6). Based on the unsaturation observed in the titration data
and partial success in the fitting of the 1:4 model, it is possible
that higher-order complexes are formed in the solution when
the concentration of the ligand is high enough. Overall, the
binding constants obtained from the reverse ligand-to-metal
titrations are similar to the metal-to-ligand binding constants
for Y and La, although small differences can be observed
(Table 1). The differences most likely arise from the different
forming order of the complexes in the titrations, as in the
reverse ligand-to-metal titration, the 1:1 complex forms first
followed by the 1:2 and 1:3 complexes.
Proposed complexation structures based on the titrations for

Y, La, and Lu complexes are illustrated in Scheme 3. As the pH
was between 1.4 and 2.4 during titrations, 1 is expected to
coordinate to the metals in the deprotonated [L1]−1 form
(Scheme 2), which is the most likely form of 1 at the lower pH
region. This protonation state also provides neutral 1:3
complexes.
Further insight into the coordination properties of ligands

was obtained from the density functional theory calculations,
which were carried out for the 1:3 complex of Y3+ and three
[L]− (L = CH3N[CH2P(O)(OH)2]2) in the neutral and
zwitterionic form in the solution state. The calculations
predicted the zwitterionic form to be significantly more stable
(76 kJ mol−1) than the neutral one, which is consistent with
the NMR studies. As illustrated with the space-filling model of
the most stable optimized 1:3 complex, three [L]− ligands do
not entirely complete the coordination sphere of Y3+ (Figure
S25). Thus, it is likely that in the aqueous solution coordinated
water molecules and/or other species present in the solution
might coordinate Y3+ ion in 1:3 complex. The results further
support that 1:4 complexes cannot be fully ruled out due to
steric reasons, although 1:3 complexes are the most likely
species in the aqueous solution at least for the REEs with larger
ionic radii based on the NMR studies.
The 1:3 M/L stoichiometry proposed for M:1 complexes

was compared with other phosphonate−metal complexes
reported in the literature. The 1:3 metal−ligand stoichiometry
has also been reported for the complexes of lanthanoids and
nitrilotris(methylphosphonic acid), whereas commercial ex-
traction agent DEHPA, which contains only one phosphonate
group, forms 1:6 complexes with REEs and actinoids.34−37

Although NMR titration data with Th could not be analyzed,
the literature suggests that bisphosphonates bind into Th and
U either with similar 1:3 or 1:2 stoichiometry, and depending
on the medium, nitrate or sulfate ions fulfill the coordination
sphere.38−42 As uranium is commonly precipitated as an
ammonium salt by injecting NH3 and CO2 gases into a
uranium-containing solution, it is therefore highly possible for
uranium to also form insoluble ammonium salts at higher pH
values.43,44 Also, Th forms insoluble ammonium salts in the
solution with higher pH (see below). Taken together, the
obtained results indicate that a smaller amount of 1−6 is
needed for the REE separation process compared to the
commercial liquid−liquid extraction (DEHPA and EHEHPA),
which form 1:6 complexes with REEs.34−37 On the other hand,
commercial precipitation agents (oxalates) are needed in
smaller quantities than ligands 1−6 since oxalates have been
reported to bind with 2:3 metal−ligand ratio.45,46

Table 1. Overall Logarithmic Binding Constants (log K) for
1:1, 1:2, and 1:3 (Metal:Ligand) Binding Modelsa

log K 1:1 log K 1:2 log K 1:3

YML 2.4 ± 0.2 4.9 ± 0.4 7.3 ± 0.6
YLM 2.6 ± 0.2 4.4 ± 0.4 6.7 ± 0.7
LaML 2.6 ± 0.5 4.4 ± 0.1
LaLM 2.7 ± 0.5 4.3 ± 0.4 6.8 ± 0.3
LuML 2.1± 0.3
LuLM N.D.b

aMML represents the metal-to-ligand titration and MLM the ligand-to-
metal titration (M = Y, La, Lu). Errors are derived from standard
deviation. bSample formed a gel.

Figure 2. 31P NMR shift change as a function of the concentration of
1 when Y(NO3)3 (red) and La(NO3)3 (blue) are titrated with 1.
Fittings for 1:3 (M/L) binding models are presented as black lines.
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Precipitation Studies. The precipitation properties of
ligands 1−6 toward REEs, Th, and U in 5% HNO3 solution
were investigated in a pH range of 0−4. The pH was not
increased above 4 to avoid precipitation of lanthanoid
hydroxides.47 pH was set with 5% NH3 solution and the
precipitation percentages were determined by taking into
account the dilution of the added base, calculating the
precipitated amount for each metal, and dividing the
precipitated amount by the concentration at the beginning.
As the expected stoichiometry for the metal−ligand ratio is 1:3,
solutions were prepared with a 6-fold excess of the ligands to
ensure sufficient amount of the precipitation agents. From each
pH, the sample was taken aside, filtrated, and diluted with 5%
HNO3 for the inductively coupled plasma optical emission
spectrometer (ICP-OES) measurements. Precipitation studies
were also performed without the presence of ligands to ensure

that the metal complexes do not precipitate out from the
solution as ammonia salts (Table S7). No precipitation or
minimal precipitation was observed for REEs and U with
ammonia, whereas Th precipitated out from the solution at pH
higher than 2.5.
Figure 3 shows the precipitated percentages for ligands 1−6

in the pH range of 0−4, and five main trends can be observed
from it. First, the deprotonated form of ligand [L]− increases
when the pH of the solution increases, resulting in higher
precipitation percentages of REEs, Th, and U. Second, ligands
4−6 with longer carbon chains precipitate more metals out
from the solution than 1−3 with shorter carbon chains, with
the exception of ligand 1, which unexpectedly precipitates out
more some of the metals (Er−Lu, Th, and U) than ligands 2
and 3. Third, ligand 6 precipitates U, Th, and Sc selectively at
pH 1 leaving all of the lanthanoids and Y in the solution.

Scheme 3. Proposed Zwitterionic Structures for 1:1, 1:2, and 1:3 M/L Metal Complexes (M = Y, La, Lu) with Ligand 1

Figure 3. Precipitation percentages of REEs, Th, and U in different pH for ligands 1−6 (from the top left to the bottom right). For clarity, the error
bars are omitted from the figure, but the standard deviation errors for precipitation percentages are given in Tables S8−S13.
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Fourth, ligands 4 and 5 are also selective precipitating agents
for Sc and Th over other investigated REEs at pH 1, but a
decrease in the U precipitation rate can be observed when
compared to ligand 6. Fifth, with ligand 4, a dip in the
precipitation percentages for most of the metals can be
observed at pH 2.5, which is most likely resulting from the
metal complexes dissolving back into the solution.
Separation Factors. The ability to separate two elements

from each other is expressed by separation factor (SF), which
is calculated by adapting calculations from a liquid−liquid
extraction as presented by Nelson et al.48 The ratio of
precipitated metals and metals left in the solution on each pH
is expressed as D (distribution factor) and can be determined
according to the following eq 1, where [M]p expresses the
precipitated metals and [M]s the metals in solution.

D
M

M
p

s
=

[ ]
[ ] (1)

Separation factors between two elements can be determined
with eq 2 by comparing their distribution factors.

D
D

SF1/2
1

2
=

(2)

If metals precipitate completely from the solution or
reversely, no precipitation occurs, it is not possible to
determine the distribution factor and separation factor for
the metal. Separation factors between adjacent lanthanoids, Sc,
Th, and U were calculated for all of the ligands 1−6 (Tables
S14−S19). Ionic radius (3+) of Y lies between the radii of Er
and Tm, and therefore, Y was positioned between these two
elements.

All ligands 16 have almost equal ability to separate adjacent
lanthanoid pairs at each pH, meaning that no ligand was
considerably better than the other. Additionally, separation
factors between heavy adjacent lanthanoids from Er to Lu are
calculated to be slightly better for all of the ligands 1−6 when
compared to other adjacent lanthanoid pairs. For example, the
best value for heavy lanthanoid pairs SFTm/Yb and SFYb/Lu
arecalculated to be 4.33 ± 0.04 and 2.32 ± 0.02 with ligands 5
and 4, respectively. These separation factors are higher than
the reported separation factors for DEHPA and EHEHPA
(SFTm/Yb= 1.12−2.12, SFYb/Lu = 1.03−1.44) in the conven-
tional liquid-liquid separation processes.4 For lighter lantha-
noids separation factors are generally under two for the
adjacent lanthanoids, with the exception of ligand 4 which has
separation factor of 3.81 (±0.86) for Ce/La separation, which
is in the same range with the conventional liquid-liquid
method (SFCe/La 1.30−4.55), but shows improvement to the
previously reported fractional crystallization with borates15

(SFCe/La 1.43) or oxalates49 (SFCe/La 1.5−2.5). With ligand 5,
albeit the obtained SFCe/La is lower, 2.11 ± 0.21, it is still in par
with other separation systems reported above. For the other
adjacent lanthanoids (Nd−Er), separation factors are calcu-
lated to be rather low for all of the ligands as they range from 1
to 1.7. When compared to other precipitation agents such as
oxalates, the ligands 1−6 perform either similarly or slightly
better, for example SFNd/Sm of 1.6 has been reported for
oxalates,49 whereas for ligand 5, a slightly better value is
obtained (SFNd/Sm 2.0 ± 0.1). Compared to the hydrothermal
borate crystallization, ligands 16 perform either similar or
worse. However, a notable fact is that the borate crystallization
requires high temperatures of 473 K for 3 days and additional 2
days for slow crystallization,15 whereas the precipitation of
REEs and studied actinoids takes only 15 min at 295 K in

Figure 4. Three hundred megahertz 31P NMR spectra of ligand 1 Y complex (blue) and free ligand 1 (red) in different pH values.
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acidic water solutions. As Y is positioned between Er and Tm,
separation factors between these elements were also calculated.
Good separation factors can be calculated for all of the ligands
16 for Tm/Y separation ranging from 2.06 to 8.88, of which
the highest separation factor is obtained with ligand 1. Smaller
separation values (1.00−3.33) are obtained for Er/Y
separation, the highest one (3.33 ± 1.17) is observed for
ligand 3.
Overall best separation factors are obtained when distribu-

tion factors of Sc, Th, or U are compared to the distribution
factors of lanthanoids, for example, with ligand 5 SFSc/La is
calculated to be over 15 000 at pH 1 as Sc precipitates out
from the solution almost quantitatively. In fact, with ligands 4−
6, SF cannot be calculated for Sc in most cases as it completely
precipitates from the solution already at a low pH value (pH
1−2.5). Similar results are obtained for U and Th. For
example, SFTh/Lu is calculated to be 44.41 ± 6.34, 48.32 ± 6.04,
and 33.62 ± 32.13 for ligands 4−6, respectively, at low pH (2−
2.5). These SFTh/Lu are similar to SFTh/Ln obtained from the
fractional SeO2 crystallization in hydrothermal conditions.19 U
precipitates completely from the solution with 6 at pH 1 and
no separation factor can be calculated for U/Lu separation,
whereas with 4 and 5, the best separation factors are 9.45 ±
1.26 and 23.79 ± 0.24, respectively.
In general, ligands 1−6 provide improved separation factors

in mild conditions especially for heavy adjacent lanthanoids
and Y, when compared to oxalates or liquid−liquid extracting
agents, and excellent selectivity toward Sc, Th, and U is
observed with ligands 4−6. Even though separation factor-wise
the system is no better than the fractional crystallization with
borates, the advantage is the simple and fast precipitation of
the metals directly from the water solution at 295 K.
Ligand and Metal Recovery. Recovery of the ligands was

investigated with the 1:3 complex of Y3+ and ligand 1 by
measuring 31P NMR shifts of the complex in low pH values
(1.5−(−1)) set with 65% HNO3, and comparing spectra to the
NMR spectra of free ligand. It can be observed from Figure 4
that 1 is substituted for NO3

− around pH −0.5 because the 31P
NMR shift of the Y-containing sample matches the shift of the
free ligand 1 at this pH.
Importantly, no decomposition of the ligand can be

observed in the 1H NMR spectrum of ligand during the
recovery process. As the molarity of nitric acid in pH −0.5 can
be calculated to be 3 molar, these findings not only show that
the precipitated metals can be recovered from the complexes
with 3 molar HNO3, but they also indicate that the
investigated ligands 1−6 are recyclable and could be utilized
more than once in the separation process.

■ CONCLUSIONS
NMR and large-scale complexation and precipitation studies
were performed for six different simple aminobis-
(phosphonates) ligands 1−6 with REEs, Th, and U. These
studies were complemented by quantum chemical calculations
and the acid−base titration in NMR scale to determine the
protonation steps of the utilized ligands. The determined pKa
values of 1.3 and 5.6 for 1 suggested that 1−6 exist mainly as
monoanionic ([L]−) form in the pH range used in the
complexation and precipitation studies, whereas NMR titration
studies in conjunction with computational data indicated that
1−6 preferably form either 1:1, 1:2, or 1:3 (metal−ligand)
complexes in zwitterionic form with Lu, La, and Y, respectively.
logK values for 1:1, 1:2, and 1:3 complexes, respectively, are

calculated to be 2.4 ± 0.2, 4.9 ± 0.4, and 7.3 ± 0.3 for Y, 2.6 ±
0.5 and 4.4 ± 0.1 for La, and 2.1 ± 0.3 for Lu, in aqueous
acidic solutions. Importantly, the precipitation studies showed
that 4−6 are very selective precipitation agents to recover
radioactive elements (Th and U) from REE concentrates in a
short period of time (15 min). The performance of 1−6 to
separate adjacent lanthanides was comparable or in some cases
more efficient compared to other precipitation methods
(borates and oxalates) reported so far. Additionally, the
precipitation agents are recyclable in the separation process, as
shown by the NMR study, and the metals could be recovered
from the ligands by dissolving the formed complexes to 3
molar HNO3 without any decomposition of the ligands 1−6.
Considering all the abovementioned and the fact that
aminobis(phosphonates) are relatively easy to synthesize
with simple addition reaction, aminobis(phosphonates) are
promising precipitation agents for REEs, Th, and U.
Importantly, the selectivity of aminobis(phosphonates) toward
adjacent lanthanoids could be increased by modification of
ligand frameworks, which underpin their potential as
alternative precipitation agents.

■ EXPERIMENTAL SECTION
Materials and Methods. Formaldehyde (36%) was

purchased from VWR; phosphorous acid (99%) and hexyl-
amine (98%) from Fluka Chemical Co.; 2-ethylhexylamine
(98%), La(NO3)3·6H2O, and propylamine hydrochloride from
Sigma-Aldrich; ethylamine hydrochloride (98%), butylamine
(99%), and Y(NO3)3·6H2O (99.8%) from Merck; and
Lu(NO3)3·H2O from abcr and amylamine (98%) from TCI
chemicals. All of the chemicals were reagent grade and used
without further purification. NMR measurements and
titrations were performed on a Bruker Avance III 300 MHz-
spectrometer, and NMR data was processed with Bruker
TopSpin 4.0.8. IR spectra were measured by Bruker Alpha FT-
IR. Elemental analyses were done by an Elementar Vario EL
III-analysator. Lanthanoid concentrations were determined by
a Perkin Elmer Optima 8300 DV ICP-OES- spectrometer.

Syntheses. [(Ethylimino)bis(methylene)]bis(phosphonic
acid) (1) was synthesized by dissolving phosphorous acid
(19.35 g, 0.24 mol) and ethylamine (10.1 g, 0.05 mol) into a
mixture of 100 mL of deionized water and 100 mL of 37%
HCl. An excess of 36% formaldehyde (36 mL, 0.48 mol) was
added dropwise to the solution for an hour, after which the
solution was refluxed overnight at 120 °C. The solvent was
removed under vacuum resulting in an oily product of which 1
was precipitated out with ethanol. The crude product was
purified by recrystallization from hot ethanol to obtain it as a
white solid. Yield 12.81 g, 46%. 1H NMR (D2O 300 MHz): δ
3.65−3.51 (m, 6H), and 1.39 (t, 3H). 31P NMR (D2O 300
MHz): δ 8.90. Elemental analysis Calcd for C4H13NO6P2: N,
6.01; C, 20.61; and H, 5.62. Found: C, 20.42; H, 5.68; and N,
5.92.
[(Propylimino)bis(methylene)]bis(phosphonic acid) (2)

was prepared following the same procedure. The solvent was
removed under vacuum resulting in a pale yellow oily product.
A white precipitate was obtained after adding ethanol and
heating up the solution. The crude product was purified by
recrystallization from hot ethanol. Yield 7.27 g, 46%. 1H NMR
(D2O 300 MHz δ): 3.60 (d, 4H), 3.51(m, 2H), 1.84 (m, 2H),
and 1.02 (t, 3H). 31P NMR (D2O 300 MHz): δ 8.79.
Elemental analysis calcd for C5H15NO6P2: C, 24.3; H, 6.12;
and N, 5.67. Found: C, 24.3; H, 6.00; and N, 5.78.
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[(Butylimino)bis(methylene)]bis(phosphonic acid) (3) was
prepared following the same procedure. The solvent was
removed under vacuum resulting in a yellow oily product. A
white precipitate was obtained from adding ethanol and
heating the solution. The crude product was purified by
recrystallization from the water−ethanol solution. Yield 6.51 g,
41%. 1H NMR (D2O 300 MHz): δ 3.66−3.53 (m, 6H), 1.83
(m, 2H), 1.46 (m, 2H), and 1.01 (t, 3H). 31P NMR (D2O 300
MHz): δ 8.65. Elemental analysis calcd for C6H17NO6P2: C,
27.6; H, 6.56; and N, 5.36. Found: C, 27.1; H, 6.46; and N,
5.43.
[(Pentylimino)bis(methylene)]bis(phosphonic acid) (4)

was prepared following the same procedure. The product
precipitated out after cooling down. The white crude product
was purified by recrystallization from water. Yield 5.83 g, 31%.
1H NMR (D2O 300 MHz): δ 3.66−3.52 (m, 6H), 1.85 (m,
2H), 1.41 (m, 4H), and 0.96 (t, 3H). 31P NMR (D2O 300
MHz): δ 8.56. Elemental analysis calcd for C7H19NO6P2: C,
30.55; H, 6.96; and N, 5.09. Found: C, 29.74; H, 6.91; and N,
5.02.
[(Hexylimino)bis(methylene)]bis(phosphonic acid) (5)

was prepared following the same procedure. Around 1 h,
after starting the refluxing, brown solid started forming into the
solution. After cooling down and stirring the solution for ∼15
min, white solid precipitated heavily out, and it was isolated by
suction filtration. The crude product contained still some
brown impurities, which were removed by dissolving the
product in hot water and filtrating while hot. The crude
product was purified by recrystallization from hot water, and
colorless needles were obtained. Yield 6.36 g, 36%. 1H NMR
(D2O 300 MHz): δ 3.71−3.50 (m, 6H), 1.84 (m, 2H), 1.52−
1.29 (m, 6H), and 0.93 (t, 3H). 31P NMR (D2O 300 MHz): δ
8.66. Elemental analysis calcd for C8H21NO6P2: C, 33.22; H,
7.32; and N, 4.84. Found: C, 32.79; H, 7.23; and N, 4.82.
[(2-Ethylhexylimino)bis(methylene)]bis(phosphonic acid)

(6) was prepared by refluxing the reaction mixture for 3 h
instead of 12 h at 120 °C. The solution was concentrated and
the left stand at the room temperature overnight. The
precipitated white solid was filtrated, washed with cold water,
and purified by recrystallization from hot water. Yield 11.46 g,
46%. 1H NMR (D2O 300 MHz): δ 3.61 (d, 4H), 3.54 (m,
2H), 1.98 (m, 1H), 1.59−1.29 (m, 8H), and 0.95 (m, 6H). 31P
NMR (D2O 300 MHz): δ 8.37. Elemental analysis calc. (%):
N: 4.42, C: 37.86, and H: 7.94; meas. (%): N: 4.173, C: 37.12,
and H: 7.972. Elemental analysis calcd for C10H25NO6P2: C,
37.86; H, 7.94; and N, 4.42. Found: C, 37.12; H, 7.97; and N,
4.17.
Deprotonation Titration. Three hundred milligrams of 1

was dissolved into 9 mL of D2O to obtain a 0.14 M solution.
Nondeuterated 5% NH3 solution was added to the stock
solution, and from each 0.5 pH, the NMR sample was taken
aside. The pH was measured in the range of 0.5 to 10.5.
NMR Titrations. Titrating 1 with Y(NO3)3: 0.01 M

solution of ligand 1 was prepared by dissolving ligand 1
(10.249 mg, 0.044 mmol) into 4.4 mL of D2O. Typically, 0.6
mL of analyte was taken aside, and roughly 20 times excess of
Y(NO3)3·6 H2O (303.07 mg, 0.791 mmol) was added to the
titrant. The analyte was titrated by adding 0.1 equiv of the
titrant (4 μL) to the analyte, and 31P NMR spectra was
measured after each addition. The analyte was titrated until the
concentration reached 1 equiv. Titrations were performed
similarly with La(NO3)3 and Lu(NO3)3 by preparing 0.01 M
solution of 1 into 3 mL of D2O, taking 0.6 mL analyte aside

and adding excess La(NO3)3 (88.00 mg, 0.203 mmol) or
Lu(NO3)3 (61.64 mg, 0.17 mmol) into the titrant. Analyte was
titrated by adding 0.1 equiv (10 μL) to the titrant until 1 equiv
was reached. pH for the Lu titration was set to 1.0 to prevent
the complex from precipitating. All titrations were replicated
three times.
Titrating Y(NO3)3, La(NO3)3 with 1: Titrations were done

by following the same procedure. The analyte was titrated by
adding 0.3 equiv of the titrant (7 μL) to the analyte until the
concentration reached 5 equiv.
All titrations were replicated three times and pH was

monitored during titrations. Binding models were fitted with
HypNMR2008 programme Version 4.0.71.50

Precipitation Experiments. Two hundred fifty milligrams
of ligands 1−6 were dissolved into 100 mL of 5% HNO3
prepared from ultrapure water to avoid any unwanted element
contaminations. Typically, 1 g/L uranium standard solution
was diluted (10/100 mL 5% HNO3) to obtain 100 mg/L
solution, and 1.7 mL of the solution was combined with 17.3
mL of the 10 mg/L REE multistandard solution (Ln, Sc, Y,
Th) to obtain roughly 9 mg/L solution for the inspected
metals. For each of the ligands 1−6, 3 mL of the metal solution
and 3 mL of the ligand solution were combined and pH was
set with 5% NH3, prepared in ultrapure water. From each pH
increment of 0.5 in the pH range of 1−4, and before adding
ammonia (pH 0), 0.5 mL of the sample was taken aside,
filtrated with syringe, and diluted to 5 mL with 5% HNO3 for
the ICP-OES measurements. The measurements were
replicated three times. Precipitation experiments were also
performed for the solutions without ligands 1−6, to investigate
the precipitation of metals in the absence of ligands.

Ligand Recovery. Roughly 0.01 M solution of the 1:3
metal−ligand complex of Y with1 was prepared by dissolving
16.45 mg of 1 and 9.07 mg of Y(NO3)3 into 6 mL of D2O. The
pH of the solution was set with 65% HNO3, and samples were
taken from the solution every 0.5 change in pH within the pH
range of 1.5 to −1. For comparision, roughly 0.01 M solution
of free ligand 1 was prepared by dissolving 4.97 mg of 1 into
the 1 −2 mL of D2O. pH was set similarly with 65% HNO3
and samples were taken aside every 0.5 pH. 31P NMR spectra
of each sample were measured.

Computational Details. The lowest energy structure for
the 1:3 complex of Y3+ and three [L1]− in the neutral and
zwitterionic form was obtained from the conformational
sampling, which were followed by the three different separate
DFT calculations. The conformational sampling was carried
out employing the Merck Molecular Force Field (MMFF)51

with Monte-Carlo search as implemented in Spartan’ 18
molecular modeling software.52 The same software was also
used in the subsequent PBE-D3/def2-SV(P)53−59 single-point
energy calculations that were carried out for all 1483 and 901
unique structures of neutral and zwitterionic forms, respec-
tively, obtained from the conformational sampling. Out of
these structures, 277 (198) lowest energy structures of the
neutral (zwitterionic) form were selected to the full geometry
optimizations performed at the PBE1PBE-D3/def2-SV-
(P)57−61 level of theory in the gas-phase because no clear
energy cut-off value could be determined from the results of
the single-point energy calculations. These calculations were
carried out with Gaussian 16 quantum chemistry program.62

For both forms, the subsequent final geometry optimizations
were performed for the 10 lowest energy structures obtained
from the previous step at the PBE1PBE-D3/def2-TZVP57−61
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level in a solution state. In the solution-state calculations, water
was used as a solvent and it was modeled using the integral
equation formalism variant of the polarizable continuum model
as implement in the Gaussian 16.63−66 The frequency analyses
were calculated for all of the final optimized structures to
ensure that they correspond to a true minimum on the
potential energy hypersurface (no negative frequencies).
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