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Abstract: The current progress in the improvement of membrane materials enlarges the
utilizations and necessities for innovative, more efficient, resistant, and highly
specialized separation materials. One of the growing areas of the implementation of
membrane-based strategies is the selective separation of rare earth elements (REEs).
Owing to their high potential and essential meaning in modern industry, demands for
raw REEs have increased significantly in the last years. Moreover, considering the fact
that isolation of REEs has listened as one of “the seven chemical separation processes
that, if improved, would rear great global benefits” their application is emerging.
Membrane strategies are gaining popularity in metal separation and wastewater
treatment as sustainable green approaches with a simple operation. Many membrane
strategies for REEs separation have been developed, but only a few reviews have
been found. The main message coming from the literature review is that more light
should be shed on the progress and implementation of non-liquid membranes. The
previously utilized liquid membranes faced many problems related mainly to the long-
term utilization, stability, and extraction yield. As a consequence, the REEs separation
processes have moved in the direction of much more durable materials, i.e., non-liquid
membrane strategies, in which the carriers are physically or chemically connected with
the membrane or porous structure of support. The most significant advantage is the
lack of a problem of losing extractant into the aqueous phase. This article aims to: i)
review the current membrane-based methods in REEs separation focusing on non-
liquid membranes (imprinted, polymer inclusion, nanocomposite, metal-/covalent
organic framework membranes), ii) present the considerations of the essential scientific
and technical issues, e.g. extraction performances, separation efficiency, REEs
transport features, and iii) discuss their transport models and mechanisms as well as
membrane stability.
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Dear Editor,

We submit for your consideration our article manuscript entitled “On membrane-based approaches
for rare earths separation and extraction — recent developments” by Joanna Kujawa (corresponding
author), Samer Al-Gharabli, Anthony Szymczyk, Artur P. Terzyk, Stawomir Boncel, Katarzyna
Knozowska, Guogiang Li, and Wojciech Kujawski for the publication in Coordination Chemistry Reviews.

The submission is done to the Special Issue “The Female Stars of Coordination Chemistry” based on
the kind invitation from the Editor, prof. Renata Jastrzab.

We think that the manuscript suits well to the profile of the journal and you will find it appropriate
for publication in Coordination Chemistry Reviews.

The current progress in the improvement of membrane materials enlarges the utilizations and
necessities for innovative, more efficient, resistant, and highly specialized separation materials. One
of the growing areas of the implementation of membrane-based strategies is the selective separation
of rare earth elements (REEs). Owing to their high potential and essential meaning in modern industry,
demands for raw REEs have increased significantly in the last years. Moreover, considering the fact
thatisolation of REEs has listened as one of “the seven chemical separation processes that, ifimproved,
would rear great global benefits” their application is emerging. Membrane strategies are gaining
popularity in metal separation and wastewater treatment as sustainable green approaches with a
simple operation. Many membrane strategies for REEs separation have been developed, but only a
few reviews have been found. The main message coming from the literature review is that more light
should be shed on the progress and implementation of non-liquid membranes. The previously utilized
liguid membranes faced many problems related mainly to the long-term utilization, stability, and
extraction yield. As a consequence, the REEs separation processes have moved in the direction of much
more durable materials, i.e., non-liquid membrane strategies, in which the carriers are physically or
chemically connected with the membrane or porous structure of support. The most significant
advantage is the lack of a problem of losing extractant into the aqueous phase.

The presented review covers the topic of the extraction, separation, and purification of REEs
with the implementation of membrane-based separation processes focusing mainly on non-liquid
materials. Principally, the progress within the last five years (79 % of literature from the last 5 years
and 54 % from the last 2 years) has been highlighted.

Starting from the in-depth characterization of the REEs and the requirement for membrane
separation materials that need to meet to be effective in the REEs separation are presented, followed
by extraction and separation mechanisms. Finally, the broad range of emerging applications in REEs
separation with the implementation of non-liquid membrane-based separation materials is described.

This article is an original piece of work that was conducted by our research groups, and we confirm
that it has not been published elsewhere; it is not under consideration for publication anywhere else,
and publication has been approved by all co-authors and the responsible authorities at the institutes.



The manuscript will not be submitted elsewhere before a decision is made by this journal. Authors
declare no conflict of interest.

We are quite excited about this novel work and would be honored to publish this manuscript in the
outstanding journal of Coordination Chemistry Reviews.

We thank you for your time and consideration.

Sincerely yours,



Response to Reviewers

Manuscript ID: CCR-D-23-00262

Article Title: On membrane-based approaches for rare earths separation and extraction

— recent developments

We would like to thank the Reviewers for the valuable comments and suggestions. All
comments and remarks were taken into account leading to the manuscript improvement. Our
responses on the addressed comments/questions are highlighted in red and italic in this file as
well as in the revised version of the manuscript. More detailed explanation, which are located
only in this file are highlighted in blue and italic.

Reviewers' comments:
Reviewer #1:

The paper report on the state of the art in membrane materials for the selective separation of
rare earth elements (REES). The review is well organized and the main aspects related to the
topic are carefully described. Thus, this work is of sure interest for the Readers of the Journal

and | support its publication after the following listed changes.

| suggest the authors to include a brief paragraph on MOF-carbon-based Membrane (see for
example Adv. Mater. Interfaces 2021, 8, 2100730). It is a hot topic in the field due to the

outstanding stability of those kind of membranes.

We thank you for such a positive evaluation of the manuscript. The works focusing on the MOF-
carbon-based Membrane were already described in the manuscript (e.g. in the section 3.3.4,
particularly 3.3.4.1 and 3.3.4.2 — pages 69-70). Nevertheless, considering the importance of
the MOF and carbon-based materials as very efficient enhancers in membranes addressed for
REEs separation, a section has been added to the manuscript. Moreover, the suggested work

was also added to the manuscript.
The added paragraph — page 69

An experimental study on Eu®* adsorption on oxidized carbon nanomaterials, in the pH range

of 2-7 [283], led to the conclusion about chemisorption and complexation between metal



cations and oxygen surface functionalities. Nd** adsorption from water [284] was studied on
activated micro-mesoporous carbons obtained by a pyrolysis of ZIF-8 and subsequent HNO3
oxidation. In this case it was postulated that high adsorption capacity (175 mg g) was caused
by creation of coordination bonds between Nd** and surface carboxylic groups. The obtained
carbon possessed higher capacity than mesoporous silica, selected covalent organic
frameworks and layered hydroxide. A zinc-trimesic acid MOF/graphene nanocomposite [285]
was shown applicable for the separation of Ce3*/Lu3* and Nd**/Pr3* mixtures. The mechanism
of this process was based on a similarity of the composite pore diameters and the diameters of
REESs ions, enabling penetration of MOF channels and coordination with the oxygen moieties
forming pore walls. Combined MOF/GO nanocomposite adsorbent was proposed by Chen et
al. [261] for REEs adsorption with capacity 340 mg g and high Sc®*/Tm** and Sc**/Er3*

mixtures separation.
Pages 72-73

A combined membrane, based on the 2D analog of ZIF-8 MOF synthesized between
(stabilizing the MOF) GO layers [247], was proposed to separate La®*/ Ce3* and La®*/ Yb®*
mixtures. The chemical composition of the MOF and the diameter of pores in this membrane
allowed La** diffusion, hindering the diffusion of other ions. GO-based membrane was applied
for the adsorption of Dy3* [291]. The highest performance (26.27 mg g) was observed ad pH
=5.0. Wang et al. [292] described the method of sol-gel preparation of thin cellulose-tetraethyl
orthosilicate film. This film was carbonized and modified using 3-aminopropyl triethoxysilane
and 1-(2-pyridylazo)-2-naphthol. The so-formed mesoporous membrane was applied for the
selective Er®* ions separation from a mixture of metal ions usually contained in rare-earth
wastewater.

The hybrid materials possessing in their structure supramolecules, e.g. MOFs and
carbon-based materials are in the spotlight of the researcher for REEs separation [293]. Tursi
and co-workers [294] generated a novel bioMOF-based single-walled carbon nanotube bucky
paper (SWCNTBP). The formed composite material (BioMOF@SWCNT-BP) was applied for
recovery of the endangered REEs from aqueous systems. After incorporating such MOFs with
hexagonal functional channels decorated with threonine amino acid residues pointing toward
the accessible void spaces, the capture properties of the final membrane were successfully
improved, providing an adaptable functional environment to interact with lanthanides. The
researchers studied the ability of SWCNT-BPs and BioMOF@SWCNT-BPs in recovering

lanthanides from water solutions in static and dynamic conditions as a function of pH values



and initial lanthanide concentrations. It was revealed that the adsorption is not impacted by
pH of lanthanide solutions. Moreover, BioMOFs in SWCNT-BPs play a beneficial role in the
increase of Ce" recovery at higher concentrations owing to the alcohol functionalities of
threonine, decorating the MOF pores. It was found that the relative recovery percentage after
a 7 days recirculation in higher concentration (50 ppm of cerium) solutions—recirculating
through the same membrane—with a 263.30 mg of cerium adsorbed per gram of
BioMOF@SWCNT-BP. The spectrum of these materials has been extended also to the selective
lead decontamination [295]. Cheng and co-workers [296] generated 2D-MOF/graphene oxide
membranes as highly efficient adsorbents for the removal of Cs™ from aqueous solutions. The
researchers pointed out that the dominant interaction mechanism was interface or surface
complexation and electrostatic interaction, the maximum adsorption amount of Cs* was 88.4
%.

Please revise figures in relation to resolution and text size. Sometimes it is not legible.

Thank you for this comment. The quality of the figures was improved.



Reviewer #2:

The manuscript "On membrane-based approaches for rare earths separation and extraction -
recent developments” systematically summarizes the application and development of
membrane separation technology in rare earth separation in recent years. The content of this
article is substantial, and the expression is concise and easy to understand. However, there are
still some minor problems such as unclear logic and confusion of basic concepts. | suggest that

the manuscript can be published with some minor revisions.

1. Both functionalized carbon nanotubes and graphene oxide in the second line of the second
paragraph on page 13 are two-dimensional nanomaterials, not nanoparticles. Please note the

distinction between the concepts of nanoparticles and two-dimensional nanosheets.

Thank you for this comment. Indeed, the sentence was a bit misleading. It was corrected in the

following way — page 13

Firstly, to overcome the shortcomings of neat polymeric membranes, numerous nanoparticles
(NPs) such as Ag, Fe, Al, Ti, Zr, Mg, Pd, SiO2 as well as different types of two-dimensional
nanomaterials, e.g., functionalized carbon nanotubes (f-CNTs), graphene oxide (GO), and

others were amalgamated with the polymer matrices to enhance their multiple characteristics.

2. The title of 3.3 is "Solid-liquid separation with membrane implementation™, but a lot of space
is spent in 3.3.3 and 3.3.4 to describe the separation of rare earth ions by adsorbents. What is

the connection between the two? Why is this part not stated in 3.2?

Thank you for this remark. Such organization of the manuscript was done intentionally. In these
points the most important were MOFs or COFs as nanoenhancers for the separation.
Moreover, owing to limited scientific literature in the presented topic, membranes and
adsorbers were shown together focusing on the selected supramolecules. Please see the titles

of mentioned chapters below. The logical order was design.

3.3.3. Metal organic frameworks (MOFs) and covalent organic frameworks (COFs)

materials for REE ions separation
3.3.3.1. MOF adsorbents and MOF membranes for REE separation

3.3.3.2. COF adsorbents and COF membranes for REEs separation



3.3.4. Nanocomposite membranes
3.3.4.1. Separation of REEs by physical and chemical adsorption
3.3.4.2. Carbon containing membrane-based separation
3.3.4.3. Other separation-related applications

For the reason the MOFs or COFs based materials were described we decided to keep them in

the section 3.3 not in section 3.2.

3. Is the "Technological non-membrane-based processes™ in 3.1 parallel to the "Solid-liquid
separation without membrane implementation™ in 3.2? Whether the content in 3.1 can be

merged into 3.2.

Thank you for this comment. The method presented in point 3.1. describes liquid-liquid
extraction, cascade and fuzzy extraction. However, in the section 3.2. solid-liquid processes

without membrane utilization are presented.

4. This review only briefly stated the manufacturing strategy of the membrane, but did not
comprehensively evaluate the manufacturing strategy and testing methods of the membrane. It

is hoped that this part can be added.

Thank you for this important point. Indeed, the methodology of membrane manufacturing is
essential but it is a great topic for separate review article. Considering the abundance of the
methods as well as available modifications, it will fully cover entire review paper. Please
noticed that it was not the goal of the presented work. We focused on the membrane application
in the separation and extraction of REEs. Nevertheless, to give a professional background for

the readers we added just small presentation of the membrane formation techniques.
5. Please recheck and correct the reference format.

Thank you for this remark. The reference format has been corrected and unified.
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Abstract

The current progress in the improvement of membrane materials enlarges the
utilizations and necessities for innovative, more efficient, resistant, and highly specialized
separation materials. One of the growing areas of the implementation of membrane-based
strategies is the selective separation of rare earth elements (REES). Owing to their high potential
and essential meaning in modern industry, demands for raw REEs have increased significantly
in the last years. Moreover, considering the fact that isolation of REEs has listened as one of
“the seven chemical separation processes that, if improved, would rear great global benefits”
their application is emerging. Membrane strategies are gaining popularity in metal separation
and wastewater treatment as sustainable green approaches with a simple operation. Many
membrane strategies for REEs separation have been developed, but only a few reviews have
been found. The main message coming from the literature review is that more light should be
shed on the progress and implementation of non-liquid membranes. The previously utilized
liqguid membranes faced many problems related mainly to the long-term utilization, stability,
and extraction yield. As a consequence, the REEs separation processes have moved in the
direction of much more durable materials, i.e., non-liquid membrane strategies, in which the

carriers are physically or chemically connected with the membrane or porous structure of
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support. The most significant advantage is the lack of a problem of losing extractant into the
aqueous phase.

This article aims to: i) review the current membrane-based methods in REEs separation
focusing on non-liquid membranes (imprinted, polymer inclusion, nanocomposite, metal-
/covalent organic framework membranes), ii) present the considerations of the essential
scientific and technical issues, e.g. extraction performances, separation efficiency, REEs
transport features, and iii) discuss their transport models and mechanisms as well as membrane

stability.

Keywords: Membranes; Membrane-based separation processes; Rare earths extraction; Rare
earths separation
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Introduction

As awareness of climate change grows, some countries are developing green policies
and swiftly transitioning to sustainable energy technology [1-4]. There is an increasing demand
for resources required to make crucial components of such technologies. The European
Commission has already pointed out some of these components as necessary raw materials,
raising worries about the supply security [3, 4]. Such examples of these essential materials are
rare earth elements (REEs), which are required to produce permanent magnets for electric
vehicle motors and wind turbine generators, as well as other emerging utilizations. For the
abovementioned application, there are four crucial elements, praseodymium (Pr), neodymium
(Nd), dysprosium (Dy), and terbium (Tb). REE materials are now mostly supplied by China
[3], and with demand growing rapidly, there are concerns about supply constraints in the midst
of geopolitical tensions [5-8]. In 2020, the EU started a raw materials alliance focused primarily
on REEs and permanent magnet production, as well as a detailed action plan to address possible
risks associated with vital raw resources [9]. Notably, for these four elements (Pr, Nd, Dy, and
Th), the intensification in their usage is expected in both low-carbon technologies and other
applications. Forthcoming REEs demand for wind turbines and e-mobility will be driven by
both technological advancements and material optimization, as well as the political ambitions
underlying their development. In contrast, requisition in other sectors, such as electronics and
specialized equipment, will be primarily influenced by market dynamics. For that reason, there

is a possibility for a broad range of probable future scenarios (Fig. 1).
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Fig. 1. Projected global requisition for Nd, Pr, Dy, and Tb metals for wind turbine generators,
motors for electric vehicles and other sectors, based on the low and high demand scenarios [10-

14].

Other critical applications of rare earths [15], which are considered as “the secret
ingredients of modern industry” [16] were identified in the sectors and devices strictly
associated with human life, e.g. magnets [17, 18], catalysts [19-22], inorganic materials
including ceramics [23-27], petrochemicals [28, 29], electronics [30, 31], battery alloys [32-37]
and additives/enhancers for more advanced materials [38, 39]. Paradoxically, industrial
separation for REEs from mineral ores seemed less clean than their by-end uses [40].

Bearing in mind such tremendous needs for REEs, other pathways away from the
exploration and mining of natural resources should be considered. The alternative options
should focus on improving recycling facilities and waste collection [41] (permanent magnets
(Nd), fluorescent powders, television tubes, flat panel displays) [42-49], developing novel solid
or liquid extraction systems [50-55], and implementing separation and bio-separation
technologies [56-62]. At the European level recycling process is an essential solution owing to
limited options for growing the primary supply. For that reason, the mentioned source of REES

should be upgraded since current recycling input rates for REEs are only around 1 % (Fig. 2).
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Fig. 2. Estimated demand for Nd, Pr, Dy, and Th metals for clean energy technologies compared
with the potential supply form the recycling of REEs from electric vehicles (EU-27). Data
presented according to the low and high demand scenarios [10-14, 63, 64].

Considering the large similarities in the ionic radius of the REEs (Table 1), they are
typically found in multi-element combinations. Nevertheless, the purity of a single REE is more
important in industrial applications than the mixture. For that reason, a lot of work has been
done to develop efficient methods for rare earth separation and purification. The presented
review covers the topic of the extraction, separation, and purification of REEs with the
implementation of membrane-based separation processes focusing mainly on non-liquid
materials. Principally, the progress within the last five years (79 % of literature from the last 5
years and 54 % from the last 2 years) has been highlighted (Fig. 3). Starting from the in-depth
characterization of the REEs and the requirement for membrane separation materials that need
to meet to be effective in the REEs separation are presented, followed by extraction and
separation mechanisms. Finally, the broad range of emerging applications in REEs separation
with the implementation of non-liquid membrane-based separation materials is described. The
most important milestones in the area have been collected on the timeline presented in Fig. 4.

Moreover, the future perspective and new possible pathways are highlighted.
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1.1 Historical view of REE

Rare-earths is a group of 17 elements gathering the entire block of lanthanides (ranging
from La to Lu), and additionally Sc and Y. These elements display many chemicals as well as
physical similarities and their geological deposits frequently coincide. The beginning of REEs
can be traced back to the middle of 18" century. Based on the sources, in 1754, the first rare-
earth mineral was found in Sweden [65]. Unfortunately, this material was previously
misidentified as calcium iron silicate. Carl Arrhenius discovered another comparable mineral
at Ytterby, Sweden, in 1787. Johan Gadolin, a Finnish chemist, extracted new material and
called it ytterbia from the Ytterby ore in 1794. Mosander later divided the ytterbia oxide into
yttria, erbia, and terbia in 1842, while further research found that the mentioned oxides were
likewise rare-earth mixtures [66]. Owing to the similar chemical features of rare-earth elements,
the isolation of all seventeen REEs was not finalized till 1908-1909, when a repetitive fractional
crystallization method was developed [67]. Later on, Henry Moseley applied X-ray
spectroscopy in 1914 to prove the presence of all REEs, excluding radioactive promethium
(Pm) [68] that it has not been characterized still 1945 at Oak Ridge National Laboratory,
previously Clinton Laboratories.

Even though the entire group of REES was characterized, the separation and scale-up
production of single rare-earth compounds remained problematic. Before World War II, only
Eu could be separated on a larger scale as europium(Il) sulphate owing to that Eu ions can be
simply reduced from Eu®* to Eu®* in comparison with other REEs [69]. As a consequence of
dynamic scientific and technological progress during WWII, the primary efficient REE
separation was accomplished with the implementation of ion exchange chromatography. The
principle of the separation was the diversification in the stability of rare-earth citrate chelates
[70-72]. Later on, around 1954, liquid—liquid extraction was developed and effectively applied

in the commercial production [73]. The large-volume production of REEs brought a stable



foundation for their practical utilization in the modern society. One example is the Eu®*-doped
YVO4 which turns out to be the first red phosphor, allowing the progress of color television
displays [74-76]. Starting from the 1950s, REEs have aided progress in the materials industry
in a variety of fields, including metallurgy, phosphors, catalysts magnets, and glass. Rare earths
are often employed as additions or dopants in products [38]. The advantage of employing rare
earth is that they may substantially boost material features even in small concentrations.
Consequently, REEs have been regarded as contemporary industry's "vitamins”, and the
manufacturing of rare earth-doped materials has become one of the most critical components
of technological growth. With the evolution of nanotechnology and nanoscience, the meaning
of REE-enriched nanomaterials for various usage has been progressively recognized. The early
work was focused on REE-doped luminescent nanoparticles [77, 78]. The inspiration for the
designing such materials was taken from the formation of inorganic nanophosphors [79, 80]
and colloidal quantum dots [81-84].

It was not until the beginning of the twenty-first century that new synthetic pathways
for generating high-quality crystals < 100 nm in size sparked growth in this field. Monodisperse
REE-enriched nanomaterials with straightforwardly adjustable crystallinity, morphology, and
size, can now be formed with precisely designed structures owing to recent advances in new
synthetic strategies e.g., thermal decomposition [85, 86], hydro(solvo)thermal processing [87-
89], and coprecipitation [90-92].

Nanomaterials based on rare-earth have evolved into a highly multidisciplinary field of
study that bridges the gap between solid-state chemistry and materials science (Fig. 4). Owing
to the unique features of REEs, a broad range of utilizations have been developed, including
environmental protection (clean energy development and catalytic treatment of pollutants) [93,
94], healthcare (therapy and bioimaging) [95, 96] as well as innovative technologies including

three-dimensional displays, luminescent inks [97] and optical communications [98, 99].



1.2 Characterization and classification of REEs

In the periodic table, the 4f elements, according to IUPAC [100], are called the lanthanoids
(previously and still frequently the ‘lanthanides’) or “rare earth elements”. Although “the rare
earth elements” is a broadly used terminology, they are not particularly rare, except for
promethium, which has no stable isotope (product of natural nuclear fission in uranium ore [69,
101-103]). Generally, together with lanthanides, the yttrium (Y) and scandium (Sc) are
considered rare earth elements owing to their chemical similarities. The chemistry of the entire
group is principally ionic and is determined primarily by the size of the M3* ion (Fig. 5). Since
Y, which is located above La in the Transition Group Il and possesses a similar 3-ion with a
noble-gas core, has both atomic and ionic radii lying close to the corresponding values for Th
and Dy that results from the lanthanide contraction (Table 1, Fig. 5).

The characteristic regularity of the 4f elements reflects the fact that the 4f orbitals filled
across the series are core-like and overlap little with orbitals on donor atoms. The elements
from lanthanum to lutetium possess the 3-oxidation state, and the chemistry is mostly that of
the Ln(111) ion. The Ln(l1) ions with incompletely filled f orbitals exhibit electronic, optical,
and magnetic features, which are broadly exploited in different technologies [104]. The 4f
orbitals are deeply buried owing to the lanthanide contraction, and therefore, the 4f electrons
are not available for the covalent bonding [105, 106]. These features are essential from the
practical point of view and possible pathways of modification and utilization. Compounds of
Ln(11) and Ln(IV) can be generated when the relatively favorable energy of a particular 4f"/5d*
electron configuration shows a possibility, and these uncommon species are frequently very
reactive [107, 108]. Moreover, to describe the orbitals for the materials having 3d-, 4f-, and

5d-electron systems, the linear augmented-Slater-type-orbital (LASTO) approach should be

applied [109].
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Fig. 5. Characterization of rare-earths (ionic radius and valence configuration). The number of
electrons in the 4f orbitals rises with increasing atomic number from La3" to Lu®*. The electron
configurations of La**, Gd®", and Lu®*" reveal empty, half-filled, and entirely filled 4f orbitals,
respectively.

Table 1. Selected properties of Lanthanides atoms and ions plus yttrium (Y) and scandium (Sc).

Electronic configuration pM| Radius [pm]

Z  Name Symbol — om M2+ VERS Mo v M aem  m
Light REE

57  Lanthanum La [Xe]6s%5d* [Xe]5dt [Xe]a4f0 - 36.2 -252 187 106
58  Cerium Ce [Xe]4fles?5dt  [Xe]4f? [Xel4ft  [Xe]4f® 364 -2.48 183 103
59  Praseodymium Pr [Xe]4f36s? [Xe]4f [Xe]4f?  [Xe]aft 3755 -2.47 182 101
60 Neodymium Nd [Xe]4f*6s? [Xe]4f* [Xel4f® - 384 244 181 99
61  Promethium Pm [Xe]4fo6s? [Xe]4f® [Xel4f* - - -2.42 181 98
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62  Samarium Sm [Xe]4fo6s? [Xe]4fd [Xelaf> - 404 -2.41 180 96

Heavy REE
63  Europium Eu [Xe]4f'6s? [Xe]4f [Xe]4ft 418 -241 199 95
64  Gadolinium Gd [Xe]afi6s?5d!  [Xe]af’sdt  [XeJ4f! - 388 -240 180 93
65  Terbium Tb [Xe]4f%6s? [Xe]4f° [Xe]4f®  [Xe]4f” 393 -239 178 92
66  Dysprosium Dy [Xe]4fl%s? [Xe]4fto [Xe]4f® [Xe]4f® 404 -235 177 91
67  Holmium Ho [Xe]4fli6s? [Xe]afit [Xelaflo - 408 -2.32 176 89
68  Erbium Er [Xe]4f126s? [Xe]4f!? [Xe]aflt - 405 -230 175 88
69  Thulium m [Xe]4f'36s2 [Xe]4ft? [XeJ4f? - 4185 -2.28 174 87
70  Ytterbium Yb [Xe]4fl46s? [Xe]4ft [Xe]afts - 435 227 194 86
71 Lutetium Lu [Xe]4f46s25d!  [Xe]4fi4sdt  [Xe]4f4 - 404 -225 173 85
21 Scandium Sc [Ar]4s?3dt [Ar]3d* [Ar] - 4411 -1.88 164 68
39  Yttrium Y [Kr]5s%4dt [Kr]3d? [Kr] - 38.98 -237 180 88

X1 — the sum of first three ionization potentials [69].

Basing the varied physical and chemical features of the REEs, they can be classified
into two groups, the light rare earth elements (LREEs) from La to Eu and the heavy REES
(HREESs) from Gd to Lu along with Sc and Y [110] (Table 1). When compared, the heavy ones
are considered more critical resources owing to their extensive utilization in photo-
electromagnetism, e.g., radiation sources [111, 112], laser media [113, 114], scintillation
crystals [115-117] and magnetic materials [118, 119], that are irreplaceable for the advanced
technology and national defense [120, 121]. On the other hand, the light REE are broadly
applied in superconductors [122, 123], catalysis [124, 125], ferromagnetism [126, 127],

quantum cutting [128], and sensitizer [129, 130].

1.3 Membrane separation techniques for recovery of REEs

Membrane separation techniques (MSTs) represent the most technologically required “all-
in-one’ processing which encompasses simultaneous extraction and stripping operation(s). This
approach eliminates operating under elevated temperature regimes such as (fractional)
distillation, evaporation or drying. Nowadays, MSTs are therefore considered as the most
environmentally benign and the most economic, hence their advancement toward the highest
technological readiness levels experiences a pressing need for tunability-driven creativity, both
scientific and engineering. Those requirements aimed at the recovery of REEs, albeit

competitive advanced solutions are continuously reported globally such as liquid or solid phase
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extraction employing novel solvents or biosorption (i.e., sorption via biomass passively
concentrating and binding REE cations — physically and chemically — onto its porous
structures), locate MSTs as the most rapidly developing separation techniques [131].

Among MSTs as particularly important, polymer inclusion membranes (PIMs) characterize
membranes in which a 3D-polymer network (PVDF, PTFE, CTA, etc.) embeds an ion-
complexing carrier. Simultaneously, the target flexibility of the membrane under operational
conditions is achieved by a rather straightforward addition of a plasticizer or a selection of the
well-defined neat polymer material (in terms of molecular weight, morphology as well as bulk
and surface chemistry) [132]. PIMs, fundamentally advantageous over any other non-polymer
competitive alternatives (only marginally present in the scientific literature), feature simple
compositions, yet of unbeaten versatility (e.g., one type of a membrane dedicated for numbers
of REE solute types), a straightforward and scalable synthesis/manufacturing toward tunable
porosity, effective immaobilization of the carrier upon manufacturing accompanied by its high
concentration, high-performance mechanics, prolonged time and operational stability,
convenient and fast installation in the facilities as well as, last but not least, low overall costs.
Fundamentally, PIMs offer high transport flux, fast permeation, and a low consumption of yet
expensive extracting/complexing carriers. The nature of PIMs easily allows their immediate
physicochemical compatibilization with broad-scale diverse-property chemicals. This scenario
allows considering them as the first-choice systems toward multi-functionality such as
development of in situ chemistries, i.e., synthesis of nanoparticles (e.g. electro-/photocatalysts,
optodes, etc.), speciation, or pretreatment/preconcentration, to list the few most important ones
[38].

It should be emphasized that — from the central postulates of green chemistry perspective —
PIMs constitute the most promising candidates for sustainable systems dedicated for the REE

separation [133]. Nevertheless, and undoubtedly, an elaboration and development of the
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original solutions in the area of PIMs would require from the scientists and technologists broad
and fresh views. Those would encompass multi-level ‘properties-by-design’ approaches
employing, e.g., computational [134] and experimental design of efficient and selective carriers
compatible with the novel material-based membrane and the media [135] — in this sequence or
vice versa. Overall, the innovations concern polymer matrices, plasticizers and carriers while
here the nomenclature of PIM components could be treated somewhat arbitrary. For instance,
the carrier could play a role of a plasticizer or the polymer matrix macromolecules could be
covalently functionalized and eventually bear all of the components as ‘enchanted’ in just one
separating entity.

Although economically justifiable, neat polymer membranes display several drawbacks.
Among them, fouling, low thermal and chemical stability, and a lack of specificity remain as
the most troublesome ones [136]. Indeed, if operated under the highly acidic or otherwise harsh
conditions in the REE hydrometallurgy processing, the membranes emerge as prone to damage
and the consequent/immediate decline of the performance. Taking into account the separation
nature of membranes, such as preferential adsorption feature and shape selectivity, together
with the facility in preparation and thermal or chemical stabilities, it is believed that the
following strategies could be the potential choices for REEs separation and purification in the
near future.

Firstly, to overcome the shortcomings of neat polymeric membranes, numerous
nanoparticles (NPs) such as Ag, Fe, Al, Ti, Zr, Mg, Pd, SiO2 as well as different types of two-
dimensional nanomaterials, e.g. functionalized carbon nanotubes (f-CNTs), graphene oxide
(GO), and others were amalgamated with the polymer matrices to enhance their multiple
characteristics [137]. Those metallic and inorganic NPs were intended and finally proved to
augment permeability, selectivity, hydrophilicity, antifouling, tensile strength, and thermal

stability. NP-embedded polymeric membranes were frequently applied for the enhanced gas or
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organic molecules permeability and separation. And although dispersibility of the above NPs
is challenging and the fabrication of membranes may be multi-stage and/or high-energy
demanding, the potential of the membrane characteristics improvement is undisputed. This
trend, in our opinion, accompanied by a tunable morphology and surface physicochemistry of
NPs, will be continued toward separation of REES.

Apart from PIMs, molecular/ion imprinted membranes (MIMs/IIMs) are considered as
promising alternative techniques of enhanced stability and selectivity. Molecular imprinting
technique has become recently a hot topic in the separation science. Polymers of a dedicated
compromise between rigidity and flexibility constitute the prospective matrices capable of
preserving the cavities — programmable by functional groups from polymerization monomers
— matching the size and shape of the template molecules or ions toward the specific separation.
Despite a rapid progress in the field adsorption and separation of REEs by imprinted polymers
in recent years, the studies on the behavior of REE ions in the fully functional imprinted films
are rather scarce. The complexity of manufacturing MIMs/1IMs involving a limited number of
polymerization methods, troublesome tailoring of the porosity, challenging permselectivity,
and poor recyclability represent the most critical obstacles in the scalability [138]. The so-far
applied functional monomers and cross-linking agents cannot satisfy the precise requirements
for the molecular recognition. Additionally, as the majority of separation processes proceeds in
the aqueous media, the hydrogen bonds formed between functional monomers and templates
during the self-assembly-driven pre-polymerization would be significantly affected in polar
protic solvents [139]. Consequently, the synthesis of imprinted polymers must be performed in
non-polar solvents to exclude the interferences in water environments while many templates
are insoluble therein, which severely hampers the full-scale application of the imprinting.

Hence, the new routes of development of the imprinting technique cover: water-based synthesis
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of template-incorporated membranes, novel carriers with specific selectivity for the target
template REE ions, and new functional monomers with this task specific recognition ability.

A new class of hybrid organic/inorganic material toward preparation of membranes is
metal-organic frameworks (MOFs) [140]. In MOFs, the regularly porous structural lattice is
composed from metal ions coordinated with organic ligands. They are contemporarily applied
as gas and liquid storage and separation media, sensors, catalysts, proton conductors, etc. MOFs
are considered as competitive against other adsorbents such as mesoporous silica, activated
carbon or polymeric resins due to milder conditions of methods of synthesis, higher porosity
and specific surface area. In gas and liquid separation, MOF layer are tethered to the surface of
a substrate surface such as silica, alumina, (nano)carbons, polymers, etc. The main problem of
the majority of MOFs is the degradability in the aqueous environments, hence development of
water stable MOFs are considered as well-applicable in the REE separation [141] and the future
of MOFs membranes in REEs separation emerges as bright.

PIMs can be confronted to the less stable liquid membranes (LMs). Generally, LMs are
divided into: (1) unsupported liquid membrane such as (1a) bulk liquid membrane (BLM) and
(1b) emulsion liquid membrane (ELM), and (2) supported liquid membrane (SLM). A
supported liquid membrane contains a porous membrane support and a carrier enabling the
separation process and has been applied as an effective and versatile — in light of the separation
of a broad palette of metal ions from dilute solutions [142, 143].

Indeed, development of membrane separation of REEs witnessed a global contribution
from LM techniques. Nevertheless, scale-up experiments were not satisfying mainly because
of the problems with LM stability and efficiency while the efforts allow for a moderate
optimism [144].

Unquestionably, there is a clear potential of applications in REE ions enrichment and

separation. Yet, there are challenges which need to be addressed in the scaled-up facilities.
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These include an involvement of cleaning as a time-consuming separate unit operation,
replacement of the fouled membranes with the overall economy of processing. So far, these
aspects were non-optimized. Similarly, a relative hydrophobicity, lowered fluxes resulting from
(bio)fouling, low thermal and chemical stability are still incompletely addressed. Among which
the fouling problem must be mitigated before the commercialization since it will decrease the
transport flux and consequently rise the cost of membrane replacement and operation [145,
146]. That is the main obstacle of these membrane systems to be applied in the treatment of
REE metallurgy industry.

The key output from the most recent state-of-art literature review is that more light
should be shed on the development and application of non-liquid membranes, in which the
carriers are physically or chemically bound to the membrane or the porous structure of the
support. Indeed, the greatest advantage of PIMs is the absence of the problem of losing
extractant into the aqueous phase and the ‘all-in-one’ implementation scheme. Primarily, low-
cost PIMs display a high transport flux, fast permeation, low consumption of the high-priced
coordinating carriers, versatility as well as time- and operation-stability than SLMs. On the
other hand, the imprinting technique is emerging as an exclusively promising technique of REE
separation, but the stability of the template cavity must be well-designed and proven in the long-
term operation. PIMs and MIMs/1IMs — as a part of the non-liquid membrane family — bring
hope to become the real-file industrial solutions. Nonetheless, innovative novel synthetic
polymers and their nanocomposites of well-defined and tunable structures — designed for the
specific REE(s) — should continue the avalanche of research. And all of the targeted industrial
applications should focus on minimization of the energy, materials, and all resources input in a

‘cradle-to-grave’ scheme and reagent saving.
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2. Extraction and separation mechanisms

2.1.Complexation/Diffusion mechanism

Transport of REEs in liquid membranes (LMs; bulk liquid membranes, emulsification
liquid membranes or supported liquid membranes) and polymer inclusion membranes (PIMs;
solid membranes) results from a complexion-diffusion process. Indeed, the hydrophobic nature
of LMs and PIMs prevents the diffusion of REEs ions in the absence of a carrier (organic
extractant) whose role is to form a complex with REEs ions to facilitate their diffusion across
the membrane (Fig. 6A) [147].

The transport of REEs in those systems is commonly described as a five-step process (Fig.
7A). The REE first diffuses from the feed solution through the boundary layer in the vicinity of
the membrane/feed solution interface. The second step consists of the REE extraction by
complexation with the carrier. The REE-carrier complex then diffuses through the membrane
towards the membrane/stripping solution interface due to the concentration gradient across the

membrane phase.
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Fig. 6. Schematic representation of carrier-assisted transmembrane transport (A). Green sphere:

species forming a complex with the organic carrier. Yellow sphere: species not complexed by
the organic carrier. A REE selectively interacts with an ion exchange resin (B) or adsorbent
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A decomplexation reaction (stripping reaction) occurs at the membrane/extraction solution
interface (fourth step), and the REE finally diffuses through the boundary layer between the

membrane and the stripping solution.

A Membrane B Membrane Membrane

N Strip Feed { l ‘ Strip Feed f Strip
| phase phase phase phase
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Fig. 7. Schematic description of REES transport process through membranes (A). Rare earth
cation (RE®*") extraction by (B) co-transport and (C) counter-transport mechanisms. X
inorganic anions; E(): carrier (in the organic phase); HA(): acidic carrier (in the organic phase).
It may be noted that the literature on REES separation sometimes refers to the terms co-transport
and counter-transport [131]. In this context, co-transport means that the inorganic anions
contained in the feed solution (i.e., the REES counter-ions) are extracted together with the REE
cations (Fig. 7B). On the other hand, counter-transport (occurring with acidic carriers such as
mono-2-ethylhexyl (2-ethylhexyl)phosphonate) involves a cation-exchange mechanism

between REE cations and hydrogen ions (Fig. 7C).

Let us consider for example the complexation reaction associated with Fig. 7B:

3 -
The thermodynamic equilibrium constant of the complexation reaction (K) the constant can be
written approximately as:

[REX3E (0]

Rz ¥ 5]

)
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Considering transport at steady state through the membrane phase and the surrounding

boundary layers, the following approximate expression of the REE molar flux (jzg) can be

derived [148].
-1
. 1 1 1 3+ _ 3+
JRE = <DRE,f/6f + K[X(_aq)r[E(o)]DRE)A(;E(O) + DRE,S/55> ([RE(aq) f [RE(aq)]S) (3)

where D stands for the diffusion coefficient (note that for supported liquid membranes and
PIMs, the diffusion coefficient of the REE-carrier complex has to be corrected for both the
membrane porosity and tortuosity), & is the thickness of the boundary layer, Ax is the effective
thickness of the membrane phase, and the subscripts f and s stand for feed solution and stripping
solution, respectively.

According to Eq. (3), the transport of REEs through the membrane phase increases with
the extraction constant (K). For instance, Croft et al. [149] performed the sequential separation
of La®", Gd*" and Yb®* using a PIM composed of 55 wt% poly(vinyl chloride) and 45 wt% di-
(2-ethylhexyl) phosphoric acid (D2EHPA), the thermodynamic extraction constants of these
three REEs by D2EHPA having being estimated at 0.776, 81.2 and 7.45 x 10*, respectively
[149]. This behavior can be rationalized by the Hard and Soft Acids and Bases (HSAB) theory
[150]. Indeed, D2EHPA can be considered as a hard (Lewis) base owing to its chemical
structure with localized partial charges and is therefore prone to interact more strongly with
heavy REEs that are harder Lewis acids than light REEs. Soukeur et al. [151] reported
selectivity factor up to 5,600 between ytterbium and cerium using D2EHPA in chloroform.

Eg. (3) also indicates that extraction performance should increase by increasing the
concentration of the organic extractant in the membrane phase (due to the shift of the
complexation equilibrium towards the formation of the REE-carrier complex). However, an
optimal concentration of organic extractant is expected because the increase in its concentration
leads to an increase in the viscosity of the membrane phase and therefore to a decrease in the

diffusion coefficient of the REE-carrier complex in the membrane phase (DREX3E(O)). Tehrani
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and Rahbar-Kelishami [148] indeed reported increasing extraction of gadolinium by supported
(nano)liquid membranes for carrier (Aliquat 336 ionic liquid) concentrations up to 2-3 mol L™
followed by a decreasing permeability for higher carrier concentrations. Qualitatively similar
results were observed by Wannachod et al. [152] in the case of (counter)transport of
neodymium using 2-ethylhexyl-2-ethylhexyl phosphoric acid (HEHEPA) carrier dissolved in
octane.

2.2.Facilitated/retarded permeation mechanism

Another strategy to increase the selectivity of the membranes towards species with very
similar structures (REEs or, for instance, enantiomers) is based on molecular imprinting
approaches [153, 154]. They consist in elaborating a polymer membrane in the presence of a
template species and subsequently removing this template in order to obtain a material with
“memory” sites, which have the ability to selectively rebind the original template from a
mixture [155].

In recent years, various ion-imprinted membranes (I11Ms) for selective separation of REEs

were reported [139, 156, 157] (Fig. 8).
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Fig. 8. Schematic illustration of 1M preparation for specific recognition of REESs. Reproduced
with permission from [139] Copyright © 2021, Elsevier. (upper scheme). Reproduced with
permission from [157] Copyright © 2022, Elsevier. (bottom scheme)

Depending on the binding affinity and structural features of the membrane, the so-called
facilitated or retarded permeation mechanisms can be observed with imprinted membranes
[158].

Membranes based on facilitated transport mechanism are characteristically defined as
diffusion-selective membranes [154]. As shown in Fig. 9A, the facilitated transport mechanism
is based on the enhanced permeation of the target compound through the membrane via
binding/desorption cycles between neighboring recognition sites, while diffusion of the other
species (non-interacting with the binding sites) is impeded by the microporous structure of the
membrane. Efficient separations can then only be achieved with relatively dense membranes
with an appropriate density and distribution of recognition sites [159].

The facilitated transport mechanism therefore involves a sufficiently high binding
affinity between the target compound and the specific recognition sites. However, if the binding
affinity becomes so strong that it makes desorption of the preferentially adsorbed species
difficult, then the latter may be transported more slowly across the membrane than other

compounds with no specific interactions with the membrane sites (Fig. 9B). Membranes based
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on such a retarded transport mechanism are typically described as adsorption-selective
membranes and separation efficiency is mainly controlled by the membrane binding capacity.
Separation performance of membranes based on facilitated transport mechanism is constrained
by selectivity/permeability trade-off while membranes based on the retarded transport

mechanism might improve both permeability and selectivity simultaneously [154].
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Fig. 9. Schematic illustration of (A) facilitated and (B) retarded transport in imprinted
membranes.

Fig. 10A shows REE separation performance of an [IM membrane developed by Wu et al. [156]
for retarded transport of Nd®* ions. The 1IM was found to significantly hinder the transport of
Nd3* ions compared with other REEs (Tb%* and Dy®*), with selectivity factors Th**/Nd** and
Dy3*/Nd®* of 10.99 and 10.17, respectively. On the other hand, nearly similar permeation fluxes
were observed for non-imprinted membrane (Fig. 10B) with selectivity factors Th**/Nd** and

Dy3*/Nd®* of 1.08 and 1.48, respectively.
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Fig. 10. Time-dependent concentrations of Nd**, Th**, Fe®" and Dy®* crossing (a) a wood-based
Nd(I11)-imprinted membrane, and (b) a non-imprinted membrane. Reproduced with permission

from [156] Copyright © 2021, Elsevier.

2.3.Rejection mechanism by membranes without specific carriers or recognition sites

LMs, PIMs and IIMs can suffer from limited stability and/or scaling difficulties, which

limits their development on an industrial scale. Polymeric membranes, pure or composite but

without the addition of a transporter or specific recognition site, make it possible to overcome

these limits. However, the absence of sites or carriers with chemical specificity necessarily

limits their selectivity with respect to the various REEs (Fig. 11).

A

Molecular sieving

Chemical affinity

Fig. 11. Molecular sieving by a porous membrane (A) and chemical affinity (B).

Porous membranes exhibit selectivity based on the relative size of the compounds to be

separated and the membrane pores [147] (molecular sieving, Fig. 11A).
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However, the size of the various REEs is extremely similar, with a little difference in
radius from La (0.106 nm) to Lu (0.0848 nm). Bearing in mind that polymer membranes do not
exhibit a uniform pore size distribution, it is therefore difficult to achieve efficient selectivity
between REEs by means of molecular sieving.

Moreover, the typical pore size of microfiltration (MF) and ultrafiltration (UF)
membranes is too large (~2-100 nm for UF membranes and >100 nm for MF membranes) to
reject REEs dissolved in water by means of these pressure-driven processes. An effective
strategy for retaining REEs with a UF membrane is to artificially increase their size in the feed

solution using complexing species (Fig. 12).
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Fig.12. Schematic representation of complexation-assisted UF. Reproduced with permission
from [160] Copyright © 2005, Elsevier CC license.

Different complexing species have been considered in this complexation-assisted UF
strategy, such as polymers (polymer-assisted ultrafiltration (PAUF) [161]), surfactants
(micellar-enhanced ultrafiltration (MEUF) [162]), humic matter [163], and organic extractants
[164]. For example, Sorin et al. [164] showed that the rejection of gadolinium by a polyamide
membrane with a cut-off of 2500 Da (i.e. at the edge between ultrafiltration and nanofiltration)
could reach 95% by complexing Gd with diethylenetriaminepentaacetic acid (DTPA), whereas
the rejection of uncomplexed Gd (in the form of Gd(NOs3)3 salt) was less than 10% whatever

the pH of the feed solution (Fig. 13) [164].
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Fig. 13. (a) Experimental rejection of Gd (in the form of Gd(NO3)3 salt; feed concentration: 0.3
mM) at 4 bar by Desal G10 membrane vs. pH; (b) Theoretical speciation diagram for Gd(+111)
| DTPA system (L stands for DTPA in the figure); (c) Theoretical speciation of Gd-DTPA
complex vs. pH (left axis) and experimental rejection of Gd in the presence of DTPA ([Gd(+I11)
= [DTPA] = 0.3 mM) at 4 bar by Desal G10 membrane vs. pH (right axis). Reproduced with

permission from [164] Copyright © 2005, Elsevier.
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Another possible rejection mechanism by membranes is the so-called Donnan exclusion,
which refers to electrostatic repulsion between ions bearing an electrical charge of the same
sign as the membrane. The mechanism of membrane charge formation can be quite complex,
including ionization of surface functional groups (such as carboxylic or sulfonic acids,
ammonium) [165-167] as well as adsorption of charged species (ions, charged surfactants, etc.)
from the solution onto the membrane surface [168].

The Donnan exclusion mechanism is particularly important for membranes with pore
sizes comparable to the Debye length of the solution. It is for instance well-established that
mass transport and surface charge effects are strongly interrelated in nanofiltration (NF; a
pressured-driven process using membranes pore size in the range 1-2 nm), particularly at low
to moderate concentrations of the charged solutes (the membrane charge being progressively
screened as ionic strength of solution increases) [169, 170].

Zhao et al. [171] used NF to separate REEs from other cations of different valences and
obtained selectivity factors of up to 11.88 between sodium and neodymium and 12.43 between
sodium and cerium (Fig. 14). Lopez et al. [172] evaluated the performance of two NF
membranes for the recovery of REEs from acid mine water. As in the study by Zhao et al. [171],
the authors obtained a fair separation with membrane permeance to REEs much lower than
other species with different valence but with low selectivity between REEs (Fig. 15).

Alternatively, Pramanik et al. [173] investigated the potential of the forward osmosis
(FO) process for the separation of REEs with the main argument that this osmotic process is
less energy intensive than NF as it does not require an external supply of hydrostatic pressure
[173] (water diffuses through a dense FO membrane from the feed solution to the draw solution
that is characterized by a higher osmotic pressure than the feed solution [174]). Qualitatively

similar conclusions to NF were obtained in terms of separation performance, i.e. good REE
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rejections, from 82 to 96% depending on the solution pH and the membrane orientation, but

little selectivity between the different REEs (La, Ce and Dy) [173].
» & Q

=, Wl =
2 il

Pore
swelling

Adsorption a

Co-ions
competition .

. “aﬁofiltraﬁoh membrane B
!

) -
i b ¢

Donnan
+ 2+ 3+
@ Na . Ca . RE A Exclusion

Fig. 14. The explanation of ions selectivity of nanofiltration membranes for rare earth
wastewater treatment. Reproduced with permission from [171] Copyright © 2022, Elsevier.

100

z

£ 10 -~

2

a

g1 i

2

8

g 0.1 +

L)

£

g ;

o 0.01

=

o

S

E 0001 -

b=

0.0001 - . T -
x;voh O“'b{b@‘x'bx‘)x xx
&&Q&i’ TN °°‘{-:° G?«(’
mDesal DLpH=1.5 mDesalDLpH=1 HydraCoRe 70pHT pH = 1.5 E HydraCoRe 70pHT pH =1.0

28



0,

Ca0/CaCO4(s) y pH=3.7
) AMW-pr-st1
PH=234 HaS0,
AMW,

b) lon-exchange
stage

schwertmannite /
(Feg05(OH);SO,) a)Precipitation
stage

¢) Nanofiltration

stage
pH=1.0

AMW-pr-st2

NaH,PO,

d) Selective
precipitation

REE,PO,

Fig. 15. Calculated Desal DL and HydraCoRe 70pHT membrane permeances to ions for NF
experiments performed with an acid mine water model solution (upper image). Proposed
treatment of an AMW including a) total oxidation of Fe(ll) to Fe(lll) and precipitation with
Ca0/CaCQOg; b) concentration of valuable metals with IX resins; c) recovery of H.SO4 and
concentration of valuable metals with NF; and d) selective precipitation of REE as phosphates
(bottom image). Reproduced with permission from [172] Copyright © 2019, Elsevier.

According to the Donnan exclusion principle, a more efficient rejection would be
expected between REE ions and a positively charged membrane due to the strong electrostatic
repulsion between trivalent REE ions and the membrane surface of the same sign.
Unfortunately, most polymer membranes are negatively charged over a wide range of pH, their
isoelectric point being usually reported between pH 2 and 4 [175]. A possible strategy is to
lower the pH of the solution below the membrane isoelectric point. The membrane thus
becomes positively charged, due to protonation of basic surface groups (e.g. amines) and/or
adsorption of protons from the surrounding solution. However, as the ionic strength increases
with the medium acidity, the positive surface charge of the membrane is screened, which
weakens the Donnan exclusion and results in the increase in REE permeation through the
membrane [176]. Hammache et al. [177] developed polymer membranes by mixing cellulose
triacetate (CTA) and a cationic polyelectrolyte (polyethylenimine, PEI) with the addition of

amino-based or phosphorous-based additives. The isoelectric points of the resulting membranes
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were found between pH 4.6 and 8.6 due to the presence of positively charged quaternary
ammonium groups, making it possible to have positively charged membrane without the need
to carry out membrane separation at very low pH (and thus high ionic strength). Membranes
were employed to recover neighboring REE elements, Nd and Pr, from electronic waste
(magnets of end-of-life computer hard-disk drives) by diffusion dialysis [177]. The strong
electrostatic repulsion between the membranes surface and Nd** and Pr®* ions led to efficient
rejection of REEs by the membranes and high selectivity factors between boron (in the form of
uncharged boric acid molecules) and REEs, with values up to 3706 for the B / Nd selectivity

factor as shown in Fig. 16.
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Fig. 16. Selectivity factor B/Nd and B/Pr for various CTA-PEI membranes containing amino-
based additives (tridodecylamine for M2 and trioctylamine for M3) and phosphorous-based (di-
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(2-ethylhexyl) phosphoric acid for M1 and trioctylphosphine oxide for M4) additives. (a) Feed
solution composition (mg L?): B: 8.724, Pr: 35.711, Nd: 119.141; (b) Feed solution
composition (mg L™?): B: 12.630, Pr: 48.142, Nd: 944.721. Reproduced with permission from
[177] Copyright © 2021, Elsevier.

Although not reported by the authors, the results in Fig. 16 indicate interesting
selectivity between the two neighboring REES, with Pr/Nd selectivity factors ranging from 2.5
up to 90.4 depending on the membrane and feed solution composition [177].

The dense membranes synthesized by Hammache et al. [177] exhibited higher
permeation for Pr3* than Nd®* although both cations are trivalent. As they all had a dense (i.e.
non-porous) structure, it is unlikely that solutes could penetrate the membrane phase while
keeping fully hydrated [178]. Being charged like Pr3* but slightly smaller, Nd** has a higher
charge density than Pr3* and thus a higher Gibbs energy of hydration (=3280 and —3245 kJ mol-
1 for Nd®* and Pr3*, respectively). The associated excess solvation energy, i.e., the extra-work
required to transfer a solute from the bulk solution into the membrane phase, is therefore higher
for Nd®* than Pr3*. This phenomenon represents another rejection mechanism, usually termed
dielectric exclusion in membrane science, that is relevant for dense and non-porous membranes
[179-181].

3. Extraction and separation methods of REEs
3.1.Technological non-membrane-based processes

Cascade [182-184] and fuzzy extraction technologies [49, 185, 186], still
overrepresented in the contemporary industry, are also applied as an approach toward
scalability of the pre-optimized extraction. This general characteristic stems from the fact that
these are multi-stage operations consuming large amounts of energy and organic chemicals,
producing large amounts of acidic and/or alkaline wastewater, and therefore leading to severe
environmental pollution. Therefore, cascade (Fig. 17) and fuzzy extraction technologies cannot

be considered as green solutions; this statement is particularly true since they can be
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immediately replaced by MSTs. However, a few examples could be recalled in this field though
still requiring verification when scalable. For instance, non-aqueous solvent extraction of
(heavy) REE hydroxide concentrate from mining waste, redissolved in ethylene glycol + 10
vol.% water, 0.43 M HCl and 0.8 M NaCl, was successfully transformed into 16-stage lab-scale
mixer-settlers leading to obtaining thulium and dysprosium group elements of the purity — from
originally 34% and 54% to ultimately 99.8% and 98.7%, respectively [49]. Further, REES were
extracted and purified from industrial sludge in a closed-loop system — demonstrated as scalable
and economically viable — using two green chemistry washing solutions: (a) [(NH4)2SOa4, N,N-
bis(carboxymethyl)glutamic acid, tetrabutylammonium bromide, and water], and (b) a porous
S-cyclodextrin polymer composite (PCDP-M-SHM), with no significant differences in their
extracting power. The recycling effectiveness after the purification of leached REEs using
PCDP-M-SHM were various for different REEs, in the range of 76% (Gd) to 87% (Pr), and 8%

for Ce [187].
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3.2.Solid-liquid separation without membrane implementation

3.2.1. Electrical transformations

An alternative and cleaner than the environmentally hazardous ‘precipitation-roasting’
strategy employing REE chloride-to-oxide transformations, a cationic membrane electrolysis
(CME) of 97% current efficiency was studied. This method, characterized by a zero-waste
liquid and zero gas emission, yielded pure and fine microparticles of Nd2Os, Sm203, Gd203,
Yb203 and CeO: after and without calcination, respectively [188]. Furthermore, electro-assisted
extraction, i.e., a prolonged, two-compartment electrodialysis allowed to recover REE (from
solutes of pH 2) from bituminous (138 ppm) and anthracite (447 ppm, Nd 65 ppm) coal fly ash
allowing to extract >70% of REEs [189]. Similarly, but applying orders of magnitude more
concentrated secondary source of REEs, i.e., a NdFeB magnet, Nd was solubilized, mobilized,
extracted and selectively recovered as oxalate in 95% yield [190].

3.2.2. Solid-phase extraction

Recovery of REE (as oxalates and fluorides) from coal fly ash was achieved by applying
choline chloride:p-toluenesulfonic acid monohydrate (1:1) deep eutectic solvent (DES) with
leachability of >85%, ca. 35% higher than sulfuric(\V1) acid [191] (Fig. 18). Yttrium (and other
heavy REES) were extracted from water using liquid o-octyloxybenzoic acid (and o-
ethylhexyloxybenzoic acid) allowing, via the optimized fractional extraction, to obtain Y-
product with a purity of 99.4% and yield of 96.4% [192]. A previously unexplored as the REE
source, silicate-based ore was extracted using sulfuric(\V1) acid-baking toward scandium and
iron allowing to achieve 13.5% and 65.0% vyield, respectively, clearly indicating a room for the
future improvement [185]. Concerning the ‘properties-by-design’ approach toward novel
extracting agents for REEs, a series of unsymmetrical diglycolamides was proved to act
efficiently and release REEs under acidic conditions [193]. Subcritical water extraction (SWE)

using citric acid (at 150 °C) as the leaching reagent was proved to rapidly (5 min) and efficiently
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extract REEs (90.85% of La, 88.84% of Ce, and 90.85% of Nd — as precipitated phosphates)
from spent NiMH batteries, locating this approach as technologically valuable [194]. Yttrium
and europium, after solid-phase chlorination by NH4Cl and acidic leaching, have been
recovered from a fluorescent lamp waste (as the other secondary resources) by a four-stage
cross-flow solvent extraction combining commercially available Cyanex 923 and Cyanex 572
yielding purity at the level >94% [195]. Similarly, selective leaching and separation of REEs
was performed using HNOzq) and Cyanex 923, respectively. The counter-current mixer setter
system encompassing three extraction and four stripping stages yielded as the final product
yttrium (94.61%)/europium (5.09%) oxides (by calcination of oxalates) [196]. Concerning the
other secondary REE resources, i.e. spent NdFeB magnets, an alternative, low-energy and green
route to selective recovery of REEs (ca. 100% purity of Nd) from using conc. ZnClaq) (stable
up to 4 cycles) was developed and elaborated. The process was characterized by a high Nd/Fe
separation factor (>1x10°) upon dissolution of oxides [197]. Also, (NH4)2SOagq) (300 g L2,
120 °C 180 min, solid/liquid phase ratio 1:3) was applied to recover 99.98% of REEs and ca.

100% of Zn from the spent nickel-metal hydride (Ni-MH) batteries [198].

CFA Feed

Fig. 18. Images of HBD, HBA and DES reagents pre- and post-leaching (LL — Leach Liquor)
(A). Precipitated REE-rich products obtained with ChCl:pTSA(1:1) leaching of CFA. (a) CFA,
(b) REE-Oxalate and (c) REE-Fluoride. Reproduced with permission from [191] Copyright ©
2022, Elsevier.
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3.2.3. Microorganism- and bio-derived systems

Microorganism systems represent a prospective alternative in the area of biosorption
and hence separation of REEs. A method exploring a continuous flow filtration assay, based on
the adsorption and pH-dependent desorption of lanthanide to/from the pre-protonated bacterium
Roseobacter AzwK-3b immobilized on the assay filter, was proven to efficiently concentrate a
solution of equal concentrations of each lanthanide to nearly 50% of the three heaviest
lanthanides (Tm, Lu, and YD) in two passes. After protonation of bacteria with 2% HNO3(ag),
selectivity was achieved due to a reduced biosorption of the lighter REEs but higher and similar
biosorption of the heavier REEs. Similar trends were found for Shewanella oneidensis,
Sphingobacterium, and Halomonas.

The above characteristics emerged as surpassing the available industrial processes
[199]. Moreover, bioengineered E. coli strains were grown and applied to regulate the REE
adsorption and recovery by sensing extraneous REEs. Specifically, adsorption capacity of Th
(as a model REE) reached the highest reported value of 41.9 mg g per dry cell weight, while
its desorption efficiency >90% upon applying three bed volumes of citrate solution [200]. Ulva
lactuca, an abundant marine macroalgae, allowed to recover Nd and Dy from an artificial
seawater — after optimization of biosorbent stock density, ionic strength and contact time — with
the removal efficiencies up to 98% and 89% for Nd for Dy, respectively [201]. Staying in the
Kingdom Plantae and combining ion imprinting techniques with the bio-derived systems,
polydopamine-modified basswood 3D-materials were applied to construct selective separation
membranes decorated with Nd(I11)-imprinted cavities of a high rebinding capacity (120.87 mg

g1) and high permselectivity coefficients (>10) (Fig. 19) [156].
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Fig. 19. Schematic diagram for the synthesis procedures of 3DW-I1IMs (upper part). ()
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permselectivity curves of Nd**, Th*", Fe®", Dy*" through (b) 3DW-IIMs and (c) NIMs, (d)
schematic representation of the possible permselectivity mechanism of 3DW-1IMs (bottom
part). Reproduced with permission from [156] Copyright © 2021, Elsevier.
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3.2.4. Other hydrometallurgical approaches

A clean and energy-efficient diffusion dialysis was proposed to recover Nd and Pr from
NdFeB magnets of end-of-life computer hard disk drives. Precisely, a CTA/PEI/TDDA
membrane was found as of the highest B/REE selectivity with values up to 3706 and 140 for
Nd and Pr, respectively [177]. Also, Nd** and Dy** were recovered from (simulated and real)
leaching solution of the NdFeB magnet via solid phase extraction (SPE) using SiO2-NHz,
EDTA and/or phosphonic groups. For multi-component systems, the affinity of
phosphorous/nitrogen adsorbents was found in the order: Fe®* > Dy*" > Nd®* > Ni?* > AP*.
Extraction of REEs from supernatant liquid via bifunctional mesoporous silica with EDTA
and/or phosphonic groups recovered 97.0% of Nd**, with Ni?* and AI** as impurities, while it
was the non-ordered silica functionalized with phosphonic groups which was characterized by
the most prospective economy. Also, adsorption capacity by polyacrylonitrile (PAN)
nanofibers (both under a batch and continuous mode) impregnated with a commercial organic
extractant Cyanex 272, was found as 200 and 400 mg g™* for Y (I11) and Eu(lI1) (from aqueous
solution), respectively, revealing a high potential of membranes prepared therefrom [202].
Similarly, electrospun poly(vinyl alcohol) (PVA) nanofibres (d=280 nm) containing
hydrothermally synthesized ultrasmall (3 nm) CeO2 NPs (CNPs) (34 wt%) were found as
efficient adsorbents of Eu®*, Gd*" and Yb** at from aqueous solutions at pH 5.8 [203]. As an
example of other hydrophilic fibrous materials, carboxylated cellulose filters emerged as
promising systems dedicated for removal and recovery of La(lll) with a high permeation flux

(dynamic adsorption at 0.07 kPa) and high adsorption capacity (33.7 mg gt) [204] (Fig. 20).
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Fig. 20. Schematic representation of proposed electrostatic interactions between carboxylate
groups located on carboxylated cellulose and La (Ill) ions (upper image). SEM and EDX
mapping images of carboxylated cellulose fibers before (A) and after adsorption of La (111) (B)
(bottom images). Reproduced with permission from [204] Copyright © 2020, Elsevier.

3.3.Solid-liquid separation with membrane implementation

3.3.1. Polymer inclusion membranes (P1M)

Polymer inclusion membranes (PIMs) are a new type of liquid membrane [205].
Usually, PIM consists of a base polymer and a carrier. Polymers offer mechanical properties
while the carrier plays key roles in the transport of the targeted chemical species. In some cases,
PIMs can also consist of plasticizers which increase the membrane elasticity and modifiers
which make the extracted species more soluble in the membrane liquid phase [206]. PIMs are
characterized by easy-forming performance, suitable mechanical properties, and a wide range
of applications [207].

PIMs simultaneously combine the extraction and stripping processes into a single
device. Additionally, PIM could be a promising green alternative for concentrating, separating,
and recovering REEs due to its long-term stability, low carrier loss, elimination of significant
amounts of diluents, and a lack of phase separation issues [208].

Polyvinylidene fluoride (PVDF) has drawn a lot of interest because of its outstanding

thermal stability, chemical resistance, and well-defined film-forming capabilities [209]. Huang
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et al. [210] used a polymer inclusion membrane functionalized by task-specific ionic liquid
di(2-ethylhexyl)phosphinic acid (P227) for the extraction of lutetium(111). PVDF was selected
as a polymer-based material, while PP227 was used as a carrier and plasticizer. The first part
of this research was related to finding the optimal amount of P227 in the PVDF matrix.
Therefore, membranes with the P227 content varying from 20 wt% to 50 wt% were prepared.
SEM analysis proved that the membrane containing 40 wt% of P227 demonstrated a certain
regularity in the distribution and a hierarchically ordered structure of pores. Contact angle
measurements revealed that the contact angle increased with increasing content of P227 in the
polymer matrix. Subsequently, membranes were tested in the transport of Lu(lI1). The highest
transport rate of lutetium(lll) was observed for the P227@PIM (40 wit%). This PIM
demonstrated the transport rate constant equal to 0.4220 h. Based on the physiochemical
analysis and transport rate, it can be concluded that the optimum amount of P227 in PIM was
40 wt% [210]. Huang et al. [211] tested also PIM with 60 wt% of PVDF and 40 wt% of P227
for the separation of Lu(l1l) from La(lll) and Sm(I1I). It was also noticed that at pH = 1.5 after
5 h, the recovery factors of Lu(l1), La(ll1), and Sm(I11) were 85%, 40%, and 4%, respectively.
The Sm(Ill) was successfully isolated from La(lll) when the pH was raised to 2.4. This
suggested that P227@PIM (40 wt%) can be used as a membrane to separate heavy and light
REEs. Moreover, the properties of regenerated PIMs were also investigated. Regenerated PIM
was prepared by dissolving the used in a proper amount of DMAC and cast on a glass plate.
SEM analysis of the regenerated PIM showed that it was characterized by a similar porous
structure to the non-regenerated PIM. Transport experiments proved that regenerated and
normal PIMs were characterized by similar Lu(l11) transport rate constant [211]. Another task-
specific ionic liquid dialkylphosphoric acid [A336][P227] was incorporated into a P\VDF matrix

and was used for the separation of yttrium [212] (Fig. 21).

39



Add *
[A336][P227] Dropwise :
é .

* Glass Plate
<: Spin

Coater

PVDF-[A336][P227]

Immersion
Precipitation
Process

<...........

Y(NOy); Transport

Fig. 21. Schematic illustration of the fabrication process of PVDF-[A336][P227] polymer
inclusion membrane (upper image). SEM images of PVVDF and PVDF-[A336][P227] PIM (ALl:
large pore side of PVDF, A2: small pore side of PVDF; B1: large pore side of PIM, B2: small
pore side of PIM, C1 and C2: cross section of PIM) (bottom images). Reproduced with
permission from [212] Copyright © 2018, Elsevier.

Results indicated that prepared PIM (containing 37.5 wt% of [A336][P227] and 62.5
wt% of PVDF) was suitable for the separation of yttrium from holmium and erbium.
Additionally, it was also proven that the PIM membrane was stable for 8 cycles. The thickness
and flux of the yttrium did not change after the long-term stability test [212]. Chen and Chen
[213] incorporated [tricaprylmethylammonium][di(2-ethylhexyl)orthophosphinate]
[A336][P507] into PVDF for the separation of Lu(lll). SEM analysis demonstrated that a
uniform distribution of pores characterized PIM. While the AFM analysis showed that the task-

specific ionic liquid was also homogeneously distributed in the PVDF polymer matrix. It was
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also noticed that various parameters influence the efficiency of the separation of Lu(lll). In the
case of the content of [A336][P507], results indicated that the permeability coefficient increased
with increasing content of carrier in PVDF. The highest permeability coefficient was noticed
for the PIM with 60 wt% of [A336][P507] with a stirring speed of 450 rpm. Further increase in
stirring speed did not increase the permeability coefficient. Subsequently, PIM was also used
in the separation of Yb(IIl) and Lu(lll). Surprisingly, PIM showed better efficiency in the
extraction of Yb(I1l). Long-term stability tests demonstrated that membranes could be used for
up to 10 cycles. Moreover, the thickness of the PIM decreased by only 2.6% after 10 cycles
[213]. Chen et al. [214] prepared a new type of PIM for the separation of Yb(III) and Lu(lll).
This new type of PIM consisted of a mixture of PVDF and poly(vinyl-alcohol-co-ethylene)
(EVOH) as a base polymer and Cyanex27 as the carrier. SEM analysis of the surface of
membranes proved that the incorporation of EVOH into the polymer matrix increased the
surface pores and internal channels. Based on the static adsorption dynamics permeation
experiments, the PIM with the composition of 25 wt% Cyanex 272 and 10 wt% EVOH was
selected for the separation of Yb(IIl) and Lu(lll). Analyzing the results, the membrane
demonstrated permeability coefficients of Lu(I11) and Yhb(I11) equal to 41.62 mg L™ and 77.46
mg L, respectively. While the selectivity (BybquyLuamy) Was equal to 3.78 [214]. Wan et al.
[215] tested the PIM membrane consisting of task-specific ionic liquid
trihexyl(tetradecyl)phosphonium  bis(2,4,4-trimethylpentyl)phosphinate (Cyphos IL 104)
(carrier) and PVDF (polymer) in the separation of the Yb(IIl) and Lu(lll). It was found that
membranes containing Cyphos IL 104 were characterized by bigger pore sizes compared with
the original PVDF membrane. When the content of IL increased from 11.76 wt% to 37.5 wt%
the pore size increased from 0.62 um to 0.97 um. in view of the separation efficiency of PIMs
membranes in the separation of Yb(IIl) and Lu(lll), PIM membranes containing 25 wt%

showed the best performances. This membrane demonstrated the permeability of Lu(l11) equal
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to 114.8 um st and Yb(Il) equal to 156.0 um s*. Moreover, the long-term stability of the
membranes was also tested. After 8 separation experiments, the permeation flux of the PIM
decreased by 24.6% [215].

Makowka and Pospiech [216] prepared PIM based on cellulose triacetate (CTA) for the
separation of lanthanum(I1l) and cerium(lll). Prepared membranes consisted also of ion
carriers: di(2-ethylhexyl)phosphoric acid (D2EHPA) or tributyl phosphate (TBP) and
plasticizer 2-nitrophenyl octyl ether (NPOE). The prepared membranes contained 30 wt% of
CTA, 40 wt% of NPOE, and 30 wt% of D2EHPA or TBP. The obtained results suggested that
the prepared membranes could be successfully used for the separation of La(lll) and Ce(llI).
Higher separation efficiency was found for PIM with the D2EHPA (BceqnyLaqiy=2.8) compared
with PIM with TBP (Bceqyagin=1.4). Moreover, PIM with the D2EHPA demonstrated twice
time higher La(lll) flux (Jagm=11.1 pumol m? s?) and three-time higher Ce(lll) flux
(Jceqmy=30.7 pmol m? s?) in comparison with PIM with TBP (JLagqiy=6.5 pumol m? s,
Jeeqn=9.2 umol m2 s?t) [216]. Makowka and Pospiech [217] also separated Ce(I11) from the
solution containing La(lll), Cu(ll), Co(ll), and Ni(ll) using PIM containing CTA, CyphosIL
104, and plasticizer nitrophenyl octyl ether (NPOE). Prepared PIMs differed in the amount of
CyphosIL 104 (15 wt%, 25 wt%, 30 wt%) and NPOE (50 wt%, 55 wt%; 65 wt%). It was found
that CyphoslL 104 was suitable for the extraction of Ce(lll) and La(lll) and demonstrated the
highest efficiency at pH=4.25. Transport experiments revealed that the highest initial flux was
noted for PIM containing 20 wt% of CTA, 55 wt% of NPOE, and 25 wt% of CyphosIL 104
(PIM2). At the high content of ion carrier, PIM was characterized by too high viscosity to reach
a sufficient value of transport of ion-carrier complex through the membrane. The PIM2
demonstrated a higher efficiency during the extraction of Ce(l111) (P=3.1 um s, RF=68.1%) in
comparison with the efficiency of removal of La(l1l) (P=0.5 um s, RF=16.2%). Subsequently,

PIM2 was tested in the separation of Ce(l11) from the solution containing La(lll), Cu(ll), Co(ll),
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and Ni(ll). Results indicated that prepared PIM2 was able to selectively extract Ce(lll) from
the mixture of various ions. The highest removal factor was found for Ce(lll) (RF=67%). The
removal factor of other ions was in the range of 3.6% (Ni(ll)) to 15.7% (La(lll)) [217]. Sharaf
et al. [218] also selected cellulose triacetate as a base polymer for the preparation of PIM.
Dioctylphalate (DOP) and 2-nitrophenyloctyl ether (2NOPE) were selected as plasticizers,
while the PC-88A and Versatic 10 were used as carriers. In the preliminary study, the
optimization of the PIM composition was performed. It was noticed that the quantitative
extraction of the Sc(l11) increased with increasing the content of PC-88A or Versatic 10 in the
PIM. PC-88A demonstrated better ability in the extraction of Scandium in comparison with
Versatic 10. Versatic 10 showed a greater efficiency in the back-extraction. Therefore, the
influence of the mixture of ion carriers on the extraction was investigated. Based on the obtained
results it was concluded that the highest efficiency of extraction and back-extraction was
noticed for PIM containing 4 wt% of PC-88A and 36 wt% of Versatic 10. In the case of
plasticizer, the best efficiency was found for the PIM with 40 wt% of plasticizer. Subsequently,
the optimized PIM membrane was used in transport experiments. The optimized PIM was
characterized by permeability and flux of Sc(l1l) equal to 6.777710° m h and 1.88110°" mol
m2 s, respectively [218]. Yoshida et al. [219] prepared a series of PIM based on CTA with
various ion carriers ((N-[N,N-di(2-ethylhexyl)aminocarbonylmethyl]glycine (D2EHAG), N-
[N,N-di(2-ethylhexyl)aminocarbonylmethyl]phenylalanine (D2EHAF), N-[N,N-di(2-
ethylhexyl)aminocarbonylmethyl]sarcosine (D2EHAS), D2EHPA, Versatic 10, and TOPQ)).
During the preliminary studies, the efficiency of various carriers in the extraction and stripping
of Sc(l11) at acidic pH was investigated. The results indicated that D2ZEHAG and D2EHAF were
able to extract Sc(I11) while D2EHPA showed sufficient extraction of Sc(l11) at pH below 0.5.
Such low pH may be the problem with the stripping of Sc(l11). In the case of Versatic 10 and

TOPO carriers, these two carriers demonstrated poor efficiency in the extraction of Sc(lll).
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Based on the preliminary studies, D2EHAG and D2EHAF were selected for the extraction of
Sc(11) from the solution containing various common metal ions such as Fe(l11), Ni(I1), Al(lI11),
Co(1l), Mn(I1), Cr(111), Ca(ll), and Mg(ll). It was noticed that PIM with a D2EHAF carrier was
able to separate Sc(l11) from Ni(ll), Al(I11), Co(ll), Mn(ll), Cr(I11), Ca(ll), Mg(ll) and partially
from Fe(111). PIM with D2RHAF was characterized by Sc(l11) flux equal to 1.911107 mol m™
st and a much lower flux of other ions [219]. Ansari et al. [220] used PIM based on CTA and
N,N,N’,N'-tetraoctyl-3-oxapentanediamide(TODGA) for the facilitated transport of La, Eu, and
Lu. Additionally, plasticizer NPOE was added to obtain a more flexible membrane. Performed
transport experiments revealed that the highest flux was noticed for La(lIl) (7.31110® mol m
s'1) while the smallest was for Lu(l1l) (2.1110® mol m? s2). It can be concluded that the
transport of lanthanides followed the order of their ionic potential (Lu(lI1)>Eu(lT)>La(lll)).
Moreover, it was also noticed that after 5 h, PIM quantitatively transported Lu(l1l) while only
60% of La(lll) was transported [220].

Croft et al. [149] tested the possibility of using the PIM based on the poly(vinyl chloride)
(PVC) and D2EHPA for the selective extraction of the La(lll), Gd(I1I), and Yb(III). lon carrier
D2EHPA was selected due to its enhanced capability for extraction and separation of
lanthanides. PIM with 45 wt% of D2EHPA was selected for the extraction of lanthanides. The
efficiency of the extraction of Yb(III), Gd(l11), and La(lll) was performed at pH equal to 0.45,
1.35, and 2.50, respectively. The highest flux was noticed during the extraction of La(lll)
(70107 mol m s) while the smallest one was for the Yh(II1) (410" mol m? st). Moreover,
according to calculations, the thermodynamic extraction constants for Yb(Ill), Gd(lll), and
La(lll) were 92,7, 85.5, and 0.9, respectively [149]. Zaheri and Ghassabzedeh [221] prepared
PIM based on PVC and a mixture of D2EHPA and Cyanex272 for the selective extraction of
Eu. The optimization study revealed that the best performance (extraction and back-extraction)

was observed for PIM containing 35.16 wt% of carriers (60 mg of D2EHPA and 53.9 mg of
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Cyanex272). The incorporation of plasticizers is a very common way to improve the flexibility
of PIM. Therefore, the influence of the incorporation of poly(oxyethylene alkyl ether) (POE)
on the efficiency of D2EHPA-Cyanex272-PVC@PIM in the extraction of Eu was studied. The
highest value of flux of Eu was noticed for PIM containing 18.52 wt% of POE. Optimized PIM
(35.16 wt% of D2EHPA+Cynanex272, 18.52 wt% of POE, and 46.31 wt% of PVC) is
characterized by the flux of Europium equal to 2.71110° mol m? s™. Moreover, the long-term
experiments showed that up to 5 cycles PIM demonstrated constant efficiency in the extraction

of Eu. In further experiments, the effectiveness of the membrane gradually decreased [221].
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Table 2. Comparison of the efficiency of various PIM in the extraction of REE.

Membrane
matrix

Carrier

REE

Results

Ref.

PVDF

PVDF

PVDF

PVDF

PVDF-EVOH

PVDF

CTA

CTA

CTA

p227

p227

[A336][P227]

[A336][P507]

Cyanex 272

Cyphos IL 104

D2EHPA and TBP

Cyphos IL 104

PC-88A and Verstic 10

Lu(l1)

Lu(l1), Sm(I11),
La(ll1)

Yh(I1)

Lu(l1)

Lu(I1), Yb(Il)

Lu(l11), Yb(Il)

La(l11), Ce(I1)

La(l11), Ce(l11)

sc(li)

P227@PIM (40 wt%) demonstrated the transport rate constant equal to
0.422 ht,

The recovery factors of Lu(lll), La(lll), and Sm(I1I) were 85%, 40%, and
4%, respectively. The Sm(I11) was successfully isolated from La(lll) when
the pH was raised to 2.4.

PIM was suitable for the separation of yttrium from holmium and erbium.

The best permeability coefficient was noticed for the PIM with 60 wt% of
[A336][P507] with a stirring speed of 450 rpm. Long-term stability tests
demonstrated that membranes could be used for up to 10 cycles.

PIM demonstrated permeability coefficients of Lu(l1l) and Yb(llI) equal to
41.62 mg L and 77.46 mg L%, respectively. The selectivity (BvbaiyLuan)
was equal to 3.78.

The membrane demonstrated the permeability of Lu(l11) equal to 114.8 pm
st and Yb(III) equal to 156.0 um s. Moreover, the long-term stability of
the membranes was also tested. After 8 separation experiments, the
permeation flux of the PIM decreased by 24.6%.

PIMs could be successfully used for the separation of La(lll) and Ce(lll).
Higher separation efficiency was found for PIM with the D2EHPA
(,BCe(|||)/|_a(|||)=2.8) compared with PIM with TBP (,BCe(|||)/|_a(|||)=1.4).

PIM demonstrated higher efficiency during the extraction of Ce(ll) (P=3.1
um s, RF=68.1%) in comparison with the efficiency of La(lIl) extraction
(P=0.5 um s, RF=16.2%).

The best efficiency of extraction and back-extraction was noticed for PIM
containing 4 wt% of PC-88A and 36 wt% of Versatic 10. The membrane
was characterized by permeability and flux of Sc(l11) equal to 6.77(110° m
h* and 1.881107" mol m? s, respectively.
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213]

214]

215]

216]

[217]
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CTA

CTA

PVC

PVC

D2EHAG, D2EHAF,
D2EHAS, D2EHPA,
Versatic 10, and TOPO

TODGA

D2EHPA

D2EHPA and Cyanex272

sc(li)

La(l11), Eu(ll),
Lu(l11)

La(l11), Gd(I1),
Yh(lIl)

Eu(ll1)

Results indicated that D2EHAG and D2EHAF were able to extract Sc(ll1).
It was noticed PIM with a D2EHAF carrier was able to separate Sc(l11) from
Ni(ll), AI(I), Co(ll), Mn(ll), Cr(111), Ca(ll), Mg(ll) and partially from
Fe(111).

The highest flux was noticed for La(lll) (7.3110® mol m? s*) while the
smallest was for Lu(l11) (2.11110® mol m2s?). The transport of lanthanides
followed the order of their ionic potential (Lu(lID>Eu(lIl)>La(lll)).

The efficiency of the extraction of Yb(IIIl), Gd(lll), and La(lll) was
performed at 0.45, 1.35, and 2.50, respectively. The highest flux was
noticed during the extraction of La(lll) (710" mol m? s?) while the
smallest one was for the Yb(III) (477107 mol m?2 s1).

The optimized PIM (35.16 wt% of D2EHPA+Cynanex272, 18.52 wt% of
POE, and 46.31 wt% of PVC) is characterized by the flux of Eu(lIl) equal
to 2.70110° mol m? s. The long-term experiments showed that up to 5
cycles PIM showed constant efficiency in the extraction of Eu(lll).
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221]

221]
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3.3.2.  Molecular and ion-imprinted membranes (11M)

The ion-imprinting technique (11T) is a type of molecular imprinting technology inspired
by the interaction of natural receptors and ligands [222]. The preassembly is initially used by
ligands, template ions, and functional monomers to generate the ternary complexes during a
standard ion-imprinting polymerization [223]. The ternary complexes are then crosslinked and
form polymers in the presence of a cross-linker. After the removal of template ions by
protonation, precise recognition sites capable of adsorbing target ions may be created on the so-
called ion-imprinted polymers (11Ps) [224].

Chen et al. [139] prepared a yttrium(Y) ion-imprinted membrane (IIM). IIM was
prepared by immersing PIM (containing PVDF, Cynanex272, and EVOH) in the solution of
YClz and itaconic acid. The template of Y(II1) was removed by immersing the membrane in
EDTA solution for 24 h. SEM analysis proved that 1M was characterized by a lower pore size
(0.5 pm) compared with the PIM (1-1.5 um). Some aggregates of polymer on the surface of
I1M were detected. Moreover, forming an imprinted layer reduced the contact angle from 79.4°
to 20.3°. Subsequently, prepared 1M was tested in the separation of Y (I11), Ho(l11), and Er(l1I).
Furthermore, the initial Y membrane fluxes of PIMs and Y-1IMs were 3.97 umol m2s and 3.09
umol m2 s, respectively. It can be concluded that the initial flux was not reduced significantly.
The highest flux was observed during the extraction of Y(II1) (3.09 umol m s?) while the
lowest one was for the Ho(l11) (1.84 umol m s?). The Bmo) and Beien relative separation
factors were determined to be 1.32 and 1.45, respectively. A long-term experiment, revealed
that the 1M showed stable flux up to 10 cycles [139]. Chen et al. [157] also used 1M based on
electrospinning PVDF for the separation of the neighboring heavy rare earth ion Y(I1I) from
Ho(l11), and Er(111). SEM analysis indicated that also in this case agglomeration on the surface
of IIM. These agglomerates were formed by the strong interaction between Y ions and

Cyanex272. IIM based on the electrospinning PVDF is characterized by static adsorption
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greater than 7. The formation of the ion-immobilized layer on the surface of the electrospinning
PVDF significantly increased the g from 1.24 to 2.01 for the extraction of Y(l11). Based on the
obtained results, it can be concluded that the prepared IIM a sufficient number of imprinting
sites [157] (Fig. 22).

Zhang et al. [225] used an ion-imprinted chitosan composite membrane for the
adsorption of Nd(II). FTIR analyses proved successful synthesis of 1IM based on chitosan
while the N, adsorption-desorption showed that the 1IM was characterized by the specific
surface are (Sget) equal to 38.1 m? g* and the pore size equal to 5.89 nm. The optimization
experiments proved that the highest adsorption capacity of 1M was found for a pH equal to 5.
Moreover, it was also proved that the 1M based on chitosan adsorbed more Nd(I11) compared
to PIM. It can be concluded that ion-imprinting technology can significantly improve the
adsorption efficiency of the membrane. 11M showed a single metal adsorption capacity equal to
43.6 mg g1. Both membranes reached the maximum adsorption of Nd(I11) after 120 min. The
composite membrane was also reusable. After 5 cycles, I1IM is characterized by an efficiency
of 86% [225]. The three-dimensional macroporous wood-based ion-imprinted membrane was
used for the selective separation of Nd(111) [156]. The membrane was prepared in a four-stages
procedure. The first step was related to the self-polymerization of dopamine on the basswood
chips. Subsequently, the membrane with poly(dopamine) layer was treated for immobilization
of KH-570 (3-(trimethoxysilyl)propyl methacrylate). In the last step, PDA@basswood (KH-
570/PDA@basswood) membrane was immersed into the solution of Nd(IIl) nitrite,
methylacrylic acid, acrylamide, and ethylene glycol dimethacrylate. SEM images showed that
the roughness increased after the creation of poly(dopamine) layer which means that the layer
of poly(dopamine) was successfully created. Subsequently, the membrane was tested in the
separation of Nd(II1). Adsorption studies showed that the 3D-IIM membrane demonstrated

higher adsorption capacity (120.9 mg g™*) compared with the PIM (33.6 mg g2).
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Fig. 22. Illustration on the synthetic process of Y-1IEMs (upper image). (a) pDA processing
time; (b) Dosage of APTES; (c) Dosage of TEOS; (d) Influence of reaction time on Y (III),
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Ho(1Il), and Er(II) adsorption properties of Y-IIEMs (left vertical axis is corresponding to the
Qe value represented by the bar data, and right vertical axis is corresponding to the separation
factor represented by the point plots) (middle image). Effect of time on the adsorption properties
of (a) Y(II), (b) Ho(IIl) and (c) Er(Il) by Y-1IEMs and NIMs (liquid phase: 20 mg L*RECI3,
298.15K) (bottom image). Reproduced with permission from [157] Copyright © 2022, Elsevier.

Equilibrium adsorption was reached at 120 mg L of Nd(lIl). Additionally, the
properties of the membrane were tested in the mixture of Nd(111), Tb(II), Fe(l1l), and Dy(ll1).
During these experiments, the mixed solution containing 120 mg L of Nd(I11), Th(lI1), Fe(llI),
and Dy(I1) was used. It was found that 3D-1IM demonstrated higher adsorption capacity to
Nd(111) compared with non-template ions (Tb(IlI), Fe(l11), and Dy(l11)). The imprinting factor
(IF) of 3D-1IM/PIM toward Nd(I11) was close to 4.0 while the selective adsorption coefficient
of anaqmymbany, ondaiymbn, and andanymoaiy were 5.1, 4.8, and 5.2, respectively [156].

Cui et al. [226] prepared Gd(I11)-imprinted membranes based on carbon nanotubes and
graphene oxide (GO) modified by poly(dopamine). TEM and SEM analysis showed after the
polymerization of dopamine roughness of GO had become lower and less transparent. This
observation proved the successful polymerization of dopamine on the GO. Selective adsorption
experiments revealed that the membrane demonstrated the highest adsorption capacity for the
Gd(I11) and much lower for Eu(lll) and La(lll). The adsorption selectivity coefficients of
Gd(l)/Eu(ll) and Gd(l)/La(l1T) onto GIMs reach 1.83 and 3.39, respectively, Additionally,
it was also found that the Langmuir model better described the adsorption of Gd(l111) compared
with the Freundlich model. It can be concluded that the adsorption sites were spread evenly on
the surface of the prepared membrane. Subsequently, the membrane was tested in the separation
of Gd(I11) from La(lll) and Eu(lll). Analyzing the obtained results it was noticed that the
membrane demonstrated a permeation selectivity coefficient of La(lll)/Gd(Ill) and
Eu(lIN/Gd(I1) was equal to 2.91 and 2.49, respectively [226]. Zheng et al. [227] used
mesoporous carboxymethyl chitosan membrane for the selective extraction of Gd(Ill). The

effect of various parameters such as pH and temperature on the efficiency of the extraction was
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also investigated. Considering the effect of pH on extraction efficiency, it was noticed that the
amount of adsorbed Gd(I11) increased with increasing pH. Based on the results, pH=7 was
chosen as the optimal pH for the further experiments. In the case of the temperature effect, it
was detected that temperature had a positive influence on the adsorption process. The amount
of adsorbate per gram increased when the temperature of the experiment also increased. Under
the optimal adsorption conditions, the so-prepared I1IM demonstrated an adsorption capacity
equal to 25.37 mg g and the distribution coefficient (Kq) was ca. 640 mL g*. The long stability
test displayed that membrane lost 21% of its initial performance after 5 consecutive runs [227].

Lu et al. [228] applied an Eu(l1l) imprinted membrane based on the GO and modified
silicon dioxide (SiO) for the separation of Eu(lll) from La(lll), Gd(lI1), and Sm(IlI). The
membrane was also modified by the attachment of Ag particles to increase the anti-fouling
properties. Analyzing the SEM micrographs, it was found that after the incorporation of Ag
particles, no changes in the surface structure of the membrane were noticed. In the case of I[IM
membranes, the tumor-like polymers around nanospheres on the surface were detected which
confirmed the preparation of the Eu(l11) imprinted membrane. Antifouling studies showed that
after being buried in natural soil for 20 days, the membrane without Ag particles was completely
damaged while the membrane with Ag particles was almost undamaged. Subsequently, the
influence of pH on the rebinding capacities and regeneration properties was investigated. It was
observed that the best rebinding and regeneration properties membrane possessed at pH equal
to 7. In the last part of this research, the transport and selective properties were investigated.
The significantly lower flux and permeability of Eu(l11) were noticed compared with the fluxes
and permeabilities of other ions (Gd(II), La(lll), and Sm(III)). These results indicated that
Gd(I11), La(ll), and Sm(III) were transported through the membrane while the Eu(lll) was
captured. Membrane showed permselectivity coefficients of La(lll)/Eu(lll), Gd(IH1)/Eu(ll),

and Sm(I)/Eu(lll) equal to 3.82, 3.47, and 3.34 respectively [228]. PVDF/1-butyl-3-
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methylimidazolium tetrafluoroborate (RTIL) nanofiber was used for the dynamic recovery of
Eu(l11) [229]. Physiochemical analysis showed that the incorporation of RTIL increased surface
roughness from 84.5 nm to 114.9 nm. The imprinted cavity sites provide hierarchical roughness
and height, resulting in the formation of homogeneous pits for improved Eu(lll). Adsorption
experiments showed that Freundlich (R?=0.99) isotherm is the most representative model to
describe the adsorption process. IIM PVDF/RTIL nanofiber exhibited excellent absorption
efficiency, up 90% of Eu(lll) was recovered after 3 h of experiment. Additionally, 1IM was
characterized by a remarkable reusability with no appreciable decrease in efficiency over 5

consecutive runs [229].

n Solution

c o W M
/c\ \/c\ n+ ./\/V\/V -Pc< /c< “h"::’ i

e Yy Blending

Prec Voltage Supply (13 kV)
Solution (4 Hours) Electrospinning Setup

lon Imprinted Nanofibres

Wate

Contaminated
Water \

Fig. 23. lon-imprinted electrospun PVDF nanofibers functionalized with ionic liquid, i.e. RTIL,
for effective removal of europium (111) ions. Reproduced with permission from [229] Copyright
© 2019, Elsevier.

I1M based on the methacrylic acid (MAA) monomer was prepared and used in selective
solid-phase extraction of lanthanides from the tap and river waters [230]. Optimization of the
solid-phase extraction protocol showed that the optimum pH for the experiments is 6.5 and 1M

HClg was selected as an elution medium. Subsequently, the membrane was tested in the
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extraction recovery of eight Ln(111) (La(ll1), Ce(111), Nd(111), Sm(111), Gd(111), Dy(l11), Er(111),
and Lu(l11)) from the tap and river waters. The efficiency of recovery of 1M was also compared
with the efficiency of the non-ion-imprinted membrane (NIM). Experiments were performed
for the tap and river waters containing 30 ng of each Ln(l11). In the case of tap water, the highest
extraction recoveries were noticed for Dy(I11) (94%) while the lowest for Sm(I1l) and Lu(ll1)
(both 82%). The prepared IIM demonstrated slightly lower efficiency of recovery of Ln(ll)
from river water. The highest and lowest efficiency of recovery was observed for Nd(111) (80%)
and Lu(lll) (47%), respectively. A comparison of extraction recoveries of IIM and NIM
revealed that in both cases (tap and river waters) 1IM displayed improved performances in the
recovery of Ln(I11) [230].

Liu et al. applied an ion-imprinted macroporous chitosan membrane for the absorption
of Dy(I11) [231]. The membrane was prepared in three steps process. The first step was related
to the preparation of silica particles. Subsequently, the chitosan was modified by o-
nitrobenzaldehyde. In the last step, the membrane was cast from the solution containing
modified chitosan, silica particles, and DyCl3[16H20. After that, the membrane was washed in
1M HCl@q) to remove Dy(l1l) and obtain imprinted cavities. Under the optimal conditions
(pH=7 and 25°C), 1IM showed adsorption capacity toward Dy(l11) equal to 23.3 mg g* and the
adsorption equilibrium was reached in 150 min. Analyzing the results of selectivity studies, it
was noticed that IIM demonstrated a higher absorption ability towards Dy(I1l) in comparison
with competitive ions (Nd(I11), Pr(lll), and Tb(lll)). IMM demonstrated a distribution
coefficient for Dy(111) equal to 500 mL g* while for the competitive ions was equal to 150 mL
gL, Long-term stability revealed that the adsorption capacity of IMM was reduced by only 8.4%
after 5 runs. This indicated that MAC was a very effective adsorbent for the recovery of Dy(l11)

[231].
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Zheng et al. [232] applied dual-layer ionic imprinted bilayer mesoporous membrane
based cellulose nano-crystallites for the recovery of Nd(I11) and Dy(Ill). The membrane was
prepared using the dual template docking oriented ionic imprinting. The obtained membrane is
characterized by a high specific area and ability for the selective adsorption of Nd(l1l) and
Dy(111). 1M possessed Janus structure therefore membrane could adsorb Nd(l111) and Dy(l11) at
the same time. It was observed that IIM demonstrated the adsorption capacity of Nd(l1l) and
Dy(l11) equal to 12.15 mg g* and 17.50 mg g?, respectively. Subsequently, the selective
adsorption properties of 11M towards Nd(I11) and Dy(lll) in the presence of competitive ions
(Th(I), Pr(11)). The properties of the membrane were evaluated by using the distribution
coefficient (Kg). The results revealed that 1M demonstrated higher Kq for Nd(111) (ca. 225 mL
g1) and Dy(111) (ca. 310 mL g*) compared with other ions (ca. 75 mL gt). Moreover, it should
be also noted that IIM could be very easily washed and reused again. It was noticed that the
membrane reduced its adsorption capacity to Nd(I1l) and Dy(lll) by 17.05% and 19.66%,
respectively. TGA and XRD analysis also confirmed the structure of the membrane and

functional group did not change after 5 cycles [232].
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Table 3. Comparison of the efficiency of various 1M in the extraction of REE.

Target ion Membrane substrate Competitive ions Results Ref.
The highest flux was observed during the extraction of Y (I1I) (3.09
umol m2 st) while the lowest one was for the Ho(ll1) (1.84 umol
(i PVDF, Cynanex272, and EVOH Ho(I11), Er(1l) m?2 s1). The Bwmo and Bwer relative separation factors were [139
determined to be 1.32 and 1.45, respectively.
The creation of the ion-immobilized layer on the surface of the
Y(I1) PVDF, Cyanex272 Ho(ll1), Er(I11) electrospinning PVDF significantly increased the  from 1.24 to [157
2.01 for the extraction of Y(III).
IIM showed a single metal adsorption capacity equal to 43.6 mg g
. Nd(I11), Dy(H1), Pr(l1), % Membranes reached the maximum adsorption of Nd(111) after 120
Na(ih) chitosan La(lll) min. The composite membrane was also reusable. After 5 cycles, [225
IIM is characterized by an efficiency of 86%.
three-dimensional Macroporous 3D-1IM membrane demonstrated an adsorption capacity equal to
Nd(I11) wood P Th(111), Dy(I11) 120.9 mg g* and higher adsorption capacity towards Nd(Ill) [156
compared with non-template ions (Th(lI1) and Dy(lI1)).
carbon nanotubes and graphene IIM demonstrated the highest adsorption capacity for the Gd(llI)
. e and much lower for Eu(lll) and La(lll). The adsorption selectivity
Ga(im Oﬁ:d? d(oGg%mg)d'f'Ed by Eu(im), La(il coefficients of Gd(IN/Eu(IlT) and Gd(IT)/La(lll) reach 1.83 and 228
poly(dop 3.39, respectively,
Mesonorous carboxvmethvl Under optimal adsorption conditions, prepared IIM demonstrated
Gd(i chitospan y y Pr(111), Dy(lI1), Th(IIl)  an adsorption capacity equal to 25.37 mg g* and the distribution [227]
coefficient (Kq) was ca. 640 mL g™
. o Membrane showed permselectivity coefficients of La(lll)/Eu(lll),
Eu(lll) ggig”()j modified silicon dioxide .,y Gaany, smqiny — Gd(yEu(IIT), and Sm(ITYEU(IIT) equal to 3.82, 3.47, and 3.34 [228
2 respectively.
Eu(iil) PVDE/RTIL i IIM PVDF/RTIL nanofiber exhibited excellent absorption [229

efficiency up 90% of Eu(l11) was recovered after 3 h.
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8 Ln(lll) macroporous chitosan
Dy(111) macroporous chitosan
Nd(l11),

Dy(l11) cellulose nano-crystallines

Nd(I11), Pr(111), Th(l1)

Th(1I1), Pr(l1)

Better efficiency in the extraction of lanthanides from tap water
compared with river water. In the case of tap water, the highest
extraction recoveries were noticed for Dy(lll) (94%) while the
lowest for Sm(111) and Lu(l11) (both 82%).

I1M showed adsorption capacity toward Dy(I11) equal to 23.3 mg g°
Land distribution coefficient for Dy(l11) equal to 500 mL g* while
for the competitive ions was equal to 150 mL g™.

IIM demonstrated the adsorption capacity of Nd(I11) and Dy(ll)
equal to 12.15 mg g* and 17.50 mg g%, respectively. Membraned
showed higher Kq for Nd(111) (ca. 225 mL g*) and Dy(ll) (ca. 310
mL g*) compared with other ions (ca. 75 mL g*).

[230

[231

[232
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3.3.3. Metal organic frameworks (MOFs) and covalent organic frameworks
(COFs) materials for REE ions separation
3.3.3.1.MOF adsorbents and MOF membranes for REE separation

Metal organic frameworks (MOFs) are porous crystalline materials containing metal
clusters coordinated with organic ligands [140]. MOFs have shown tremendous potential for
the separation of REEs due to their intrinsic properties e.g., large surface area, tunable pore
size, tunable surface chemistry, and unsaturated metal sites [233, 234]. Paz et al. [235]
synthesized Cu-BTC MOF via the solvothermal reaction for the adsorption of Samarium (Sm),
Lanthanum (La), and Erbium (Er) from aqueous solution. The effects of pH, the initial
concentration of lanthanide ions, the adsorbent mass, and the adsorption time on the adsorption
performance of Cu-BTC MOF were investigated. It was found that the prepared MOF showed
the highest adsorption capacity for lanthanide ions under the optimal experimental conditions
(adsorbent amount = 20 mg, teg = 120 min, pH =6, T = 298 K, Co = 500 mg L'1). The maximum
adsorption capacities for Sm(l1l), La(lll), and Er(11l) are 248.4, 235.4, and 131.4 mg g},
respectively. Moreover, the prepared MOF showed higher adsorption capacity for Sm(I11) with
the presence of other metal ions such as Al(I11), Fe(l11), Cr(111), Mg(ll), Co(ll), and Na(l). The
high adsorption performance for lanthanide ions was resulted from the involvement of free
carboxylic groups and the ion-exchange mechanism in the adsorption process. Ammari
Allahyari et al. [236] synthesized MOF [Zn(bim)2(bdc)]. for La(lll) separation from aqueous
solution. In the batch experiments, the prepared MOF exhibited the highest La(lll) adsorption
capacity equal to 130 mg g under the optimized conditions (adsorbent dosage = 2500 mg L™,
teg = 150 min, pH =7, T = 298 K). From the Kkinetic adsorption study, it was found that the
pseudo-first-order kinetics well described the adsorption kinetics and more than 97% of La(lll)
ions were adsorbed onto the prepared MOF. In the fixed bed column mode, the dynamic

adsorption capacity of La(lll) ions onto the synthesized MOF was 20% higher than that from
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the batch experiments. It was found that the synthesized MOF showed higher adsorption
capacity and higher adsorption efficiency when the flow rate in column mode was lower. Khalil
et al. [237] synthesized cobalt MOFs containing diallylamine as the ligand by using the sol-gel
method. The synthesized Co-MOF demonstrated high adsorption efficiency for Ce(l1l) and
Eu(l11) separation from aqueous solution. It was found that he adsorption efficiency for Ce(lll)
and Eu(lll) were 93.3% and 27.4%, respectively when the pH of solution was 5.1. The
adsorption behavior of the synthesized Co-MOF was well described by the pseudo-second-
order kinetic and the Langmuir adsorption model. Under the optimized conditions (adsorbent
dosage = 5000 mg L, teg = 30 min and 180 min, pH = 5.1, T = 298 K, Co = 800 mg L), the
adsorption capacity of Ce(lll) and Eu(lll) were 102.24 mg g* and 52.93 mg g*. The
synthesized Co-MOF showed higher adsorption capacity for Ce(lll) because the Co-MOF
possessed a cavity size which is similar to Ce(l11) ionic radii, which allows the Ce(lll) ions to
enter the Co-MOF and interact with the amine groups on the Co-MOF wall. Zhang et al. [238]
combined ZIF-8 and UiO-66-NH: to synthesize a hybrid material U6N@ZIF-8-20 possessing
a 3D-agaric like core-shell structure for the adsorption of REEs. It was found that the maximum
adsorption capacities of UBN@ZIF-8-20 for Nd(I11), Eu(l11), Gd(I11), and Er(111), were 249.90
mg g?, 295.28 mg g?, 316.22 mg g, and 340.95 mg g, respectively. The high adsorption
capacity of UBN@ZIF-8-20 for REEs are attributed to the abundant amino, hydroxyl and
carboxyl groups, which have high affinity for REEs. What is more, the high surface area, high
porosity, the agaric core-shell structure, and the abundant adsorption sites resulted in the high
adsorption capacity of UGN@ZIF-8-20 for REEs as well. Comparing with the sing ZIF-8 and
UiO-66-NH2, the synthesized U6N@ZIF-8-20 showed enhanced thermal stability, water
stability and reusability.

In order to improve the adsorption capacity and the selectivity of MOFs for the

separation of the target REEs, further modifications are generally conducted. The modification
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of MOFs with functional groups is a favorable way to prepare more efficient and stable porous
adsorption materials. Pei et al. [239] prepared carboxyl functional poly(ionic liquid)s@ MOF
composite (PIL@MIL-101) via the in situ polymerization of ILs monomers in MOF pores. The
prepared PIL@MIL-101 was used to separate La(lll), Sm(lIl), and Nd(Ill) from aqueous
solution. It was found that PIL@MIL-101 exhibited high optimized adsorption efficiency of
99.8% for La(lll), Sm(IIl), and Nd(II) ions. Furthermore, the adsorption performance of
PIL@MIL-101 was again well described by the Langmuir model and the pseudo-second-order
model. The high adsorption performance of PIL@MIL-101 was attributed to the electrostatic
interaction and the coordination of metal ions by the carboxyl group. Ahmed et al. [240]
prepared [Csamim]@UiO-66 by entrapping ionic liquid 1-butyl-3-methylimidazolium bromide
([Csmim]*[Br]") into the cavities of UiO-66 via a ship-in-a-bottle technique. The prepared
[Csmim]@UiO-66 was used to capture Gd(I1l) from aqueous solution. Under the optimized
experimental conditions (teg = 180 min, pH = 6, T = 298 K, Co = 75 mg L), [Csmim]@UiO-
66 exhibited the maximum adsorption capacity equal to 85 mg g, which was significantly
higher than the pristine UiO-66 (17 mg g%). This is because the strong interaction between
Gd(I11) ions and the imidazole rings of Csmim in Csmim@UiO-66 via coordination and
interaction with the aromatic z-electron cloud of imidazole. What is more, Csmim@UiO-66
showed a high selectivity towards Gd(l11) ions in the presence of other transitional metal ions,
and alkali ions. Li et al. [241] synthesized lanthanum-based MOF (LaBDC) by using the
hydrothermal method and modified LaBDC with polyethyleneimine (PEI) by using the
impregnation method. It was found that the modified LaBDC@50%PEI showed the highest
adsorption capacity of 181.77 mg g for Gd(I11), which is 5 times higher than that of pristine
LaBDC. The adsorption isotherm and the adsorption kinetics of LaBDC@50%PEI were well-
defined by the Langmuir and pseudo-second-order kinetic model, respectively. The modified

LaBDC@50%PEI showed high Gd(l1l) adsorption capacity because the PEI modification
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enriched the LaBDC surface with the abundant amino groups, carboxyl groups, and hydroxyl
groups, which overall showed a high affinity to Gd(lI11) ions.

In order to improve the recyclability of MOF-based materials, MOF crystals are formed
on substrates, such as fibers [242], membranes [243], and nanofibrous mats [244]. To increase
the stability of polyacrylonitrile fibers (PANF) and overcome the difficulty of separating of
MOFs from solution, Hua et al. [243] synthesized the MOF nanofibrous membranes (NFMs)
for the separation of Tb(lll) and Eu(lll) from aqueous solution by embedding the UiO-66-
(COOH). nanoparticles into polyacrylonitrile (PAN) nanofibers using colloid-electrospinning

technique (Fig. 24).

Colloid electrospinning

adsorption

® UiO-66-(COOH),
—( -coo
/// UV Light 254nm

Th/Eu

Fig. 24. Schematic illustration of the fabrication procedure of PAN/UiO-66-(COOH).
nanofibrous membranes for the adsorption of Tb%" and Eu®* ions. Reprinted with permission
from [243] Copyright ©2019 Elsevier.

The UiO-66-(COOH). possessed a high number of free carboxyl functional groups
which showed high affinity and strong chelating effect to Tb(lIl) and Eu(lll), while PAN
nanofibers provided high specific surface area, good flexibility, and easy separation. The
prepared PAN/UiO-66-(COOH). containing 60 wt% MOFs showed high adsorption capacity
equal to 203.4 mg gtand 181.3 mg g for Tb(l11) and Eu(l11), respectively under the optimal
conditions (teg = 240 min, pH = 6, T = 298 K, Co = 200 mg L). The adsorption process was

well described by the Langmuir isotherm and pseudo-second-order kinetic model. Mahmoud

61



et al. [245] prepared a microporous MOFs/polymer hybrid material Zn(Glu)-SiNH/PPC
consisting of silica-amine modified MOFs and poly(piperazine-cresol) (PPC) for La(lll)
adsorption separation from aqueous solution. It was found that the synthesized Zn(Glu)-
SiNH/PPC showed the maximum adsorption capacity of 289.3 mg g for La(lll) under the
optimized conditions (adsorbent amount = 20 mg, teq = 20 min, pH =5, T =298 K, Co = 0.01
—0.1 mol LY. The adsorption isotherm and the adsorption kinetics of Zn(Glu)-SiNH/PPC were
well described by the Langmuir model and pseudo-second-order kinetic model, respectively.
Apart from the preparation of MOF-based materials as adsorbents for the separation of
REEs, the fabrication of MOF-based membranes is also important. Even the utilization of
MOF-based membranes for the separaiton of REEs is not common, the study on their
application for the separaiton of REES is required. Yao et al. [246] fabricated H-UiO-66-PF2

membranes for the simultaneous removal of Gd(l11) and oil from wastewater.
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Fig. 25. Illustration of the fabrication process for H-UiO-66-PFx. Reprinted with permission
from [246] Copyright 2022 Elsevier.

The H-UiO-66-PF2 membranes were fabricated by incorporating the 2-
hydroxyphosphono- acetic acid modified UiO-66 crystals on polyester fabric (PF) using the in-
situ growth method (Fig. 25). Comparing with the pristine PF membranes, the modified one
showed enhanced hydrophilicity, high oil/water separation performance with a water flux up
to 126300 L m™ h, and a high maximum Gd(l11) adsorption capactiy equal to 156.6 mg g*

under the optimized experimental conditions (adsorbent amount = 10 mg, teq = 60 min, pH =

62



6, T=298 K, Co = 250 mg L1), which is attributed to the chelation effect between the abundant
phosphate and carboxy groups and Gd(Ill) ions. The prepared H-UiO-66-PF2 membranes
possessed high stability and recyclability. Most importantly, the Gd(lI11) ions were completely
captured from wastewater via the filtration process.

Liang et al. [247] manufactures 2D vertical heterostructure membranes by inserting a 2D
MOF similar to the [002] crystal plane of ZIF-8 between the GO layers for the lanthanide
separation. The 2D MOF was in-situ synthesized in the interlayers of the GO membranes. It
was found that the prepared membranes were highly selective to La(lll) owing to the stronger
attractive between La(lll) and the prepared membranes, resulting from the selective
electrostatic interaction between the small pores on the surface of the MOF and the lanthanide
ions. Therefore, the prepared membranes exhibited high selectivities equal to 55.97 and 6.02
for La(lI)/Yb(111) and La(l11)/Ce(l11), respectively. Moreover, the prepared membrane showed
a high water permeability of 14.20 L m h't bar, which is 7-fold higher than that of the GO
membrane. It was also found that the generated membrane was characterized by a high stability
in strong acids since the 2D MOF was stabilized by the entrapment of graphene and the

interlayer spacing of GO was expanded and fixed by 2D MOF.

Table 4. The separation of REEs by using MOF-based materials.

Material Target Adsorption Optimal experimental Selectivity Ref.
REEs capacity conditions
(mg g*)
[Csmim]@UiO-66 Gd(lny  85.0 teg =180 min,pH =6, T = - [240
298K, Co=75mg L™
PAN/UiO-66- Th(lll) 203.4 teg =240 min,pH=6,T= - [243
(COOH)2 nanofibers  Eu(Ill) 181.3 298 K, Co =200 mg L*
H-Ui0-66-PF2 Gd(lIn) 156.5 Adsorbent amount =10 mg, - [246
membrane teg =60 min,pH=6,T =
298 K, Co =250 mg L!
UiO-66-NH.@ZIF-8  Nd(Ill) 249.5 Adsorbent amount=5mg, - [238]
Eu(lll) 295.3 teg =10 min,pH=5,T =
Gd(Iny 316.2 303 K, Co=20-500 mg L
Er(111)  341.0 !
Cu-BTC MOF Sm(lll) 2484 Adsorbent amount =20 mg, - [235]
La(lll) 2354 teg =120 min, pH =6, T =
Er(lll) 1314 298 K, Co =500 mg L
Zn(Glu)-SiNH/PPC La(lll) 289.3 Adsorbent amount =20 mg, - [245]
nanocomposite teg =20 min, pH =5, T =
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Ce-BTC MOF

LaBDC@50%PEI

[CdL(bipy)]n

[Zn(bim),(bdc)]n

Co-MOF

Co-MOF

Organophosphorus
modified MIL-
101(Cr)

EDTA-CS@ZIF-8

La(lI1)

Gd(I11)

La(lI1)
Gd(I)
Nd(I11)
sm(i)
La(lI1)

ce(lll)

Eu(ll)

Er(l1)

La(ll1)
Eu(lll)
Yh(lIl)

99.0

181.2

143.0
211.0
153.0
179.0
156.7

102.2

52.9

57.5

256.4
270.3
294.1

298 K, Cp=0.01 - 0.1 mol
L-l

Adsorbent dosage = 6
mg/L, teg = 120 min, pH =
6, T=335K, Co =100 -
500 mg L™!

Adsorbent dosage = 200
mg/L, teg = 180 min, pH =
5.5, T=298K, Co=70mg
L—l

Adsorbent dosage = 100
mg/L, teg = 360 min, pH =
5 T=298K,Co=1-40
mg L1

Adsorbent dosage = 2500
mg/L, teg = 150 min, pH =
7, T=298 K

Adsorbent dosage = 5000
mg/L, teg = 30 min, pH =
5.1, T=298 K, Co =500
mg L1

Adsorbent dosage = 5000
mg/L, teg = 180 min, pH =
5.1, T=298 K, Co =800
mg L?

Adsorbent dosage = 1000
mg/L, teg = 180 min, pH =

5.5, T=298 K, Co =200 mg

L-l

Adsorbent dosage = 1.5
mg/L, teqg=24h,pH=6,T
=298 K,Co=5-45mgL*

Er/Nd = 10
Er/Gd=5

[248]

[241

[249

[236

[237]

[237

[250]

[251

teq — equilibrium time, Co — initial concentration, T — temperature,

3.3.3.2.COF adsorbents and COF membranes for REESs separation

Covalent organic frameworks (COFs) are reticular crystalline framework materials
connected by covalent bonds [234]. Due to their regular pore structure, high specific surface
area and high stability, the utilization of COFs in the separation of REEs from aqueous
solutions has drawn great attention [252]. Xiao et al. [253] synthesized TpPa COFs from 1,3,5-
triformylphloroglucinol, and p-phenylenediamine using the deep eutectic solvent (DES) as the
reaction medium at room temperature. The prepared TpPa COFs had a high crystallinity, a
uniform mesoporous structure, and an excellent chemical stability in acidic and alkaline
solutions. They exhibited the maximum La(l11) adsorption capacity of 84.7 mg g under the

optimized experimental conditions (adsorbent dosage = 1000 mg L™, teg =40 min, pH =35, T
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=298 K, Co = 125 mg L™). It was found that the good adsorption performance of TpPa COFs
was attributed to the coordination between the oxygen anions and REEs within the uniform 1D
channel. Zhang et al. [254] synthesized N-rich COFs (COF-PA-CC and COF-ML-CC) by using
the one-step solvothermal method for La(lll) recovery from aqueous solution. The COF-PA-
CC was synthesized from p-phenylenediamine (PA) and cyanuric chloride (CC); and the COF-
ML-CC was synthesized from melamine (ML) and cyanuric chloride (CC). It was found that
COF-PA-CC owned a nanowire morphology while the COF-ML-CC were spherical. The
prepared COF-PA-CC and COF-ML-CC showed maximum adsorption capacities of 150.88
mg/g and 168.19 mg/g, respectively for La(lll) under the optimized conditions (adsorbent
dosage = 500 mg L, teg = 120 min, pH = 5.5, T = 338 K, Co = 900 mg L1). The adsorption
isotherm and the adsorption kinetics of COF-PA-CC and COF-ML-CC were well defined by
the Langmuir model and pseudo-second-order kinetic model, respectively. The high La(lll)
adsorption capacities for the synthesized COFs resulted from the complexation interaction
between La(lll) and the unoccupied N-sites of N-rich COFs.

The COF-based membranes were fabricated for the separation of REEs from aqueous
solution. Lai et al. [255] manufactured PEI-BDSC/TpPa/PES nanofiltration membranes with
an excellent acid resistance and a high trivalent rare-earth ions (RE®*) separation performance
by using the in-situ interfacial polymerization (IP) technique. As shown in Fig. 26, the TpPa
COF layer was firstly formed on the surface of polyethersulfone (PES) ultrafiltration
membrane from 2,4,6-triformylphloro-glucinol (Tp) and phenylenediamine. Subsequently, the
polysulfonamide (PSA) layer was formed on the COF layer from polyethyleneimine (PEI) and
1,3-benzenedisulfonyl dichloride (BDSC). The permeance and salt rejection of the membranes
were evaluated by a laboratory-scale cross-flowing nanofiltration rig with a 21 cm? effective
area at both neutral (pH = 6.8) and acidic (pH = 1) conditions. The prepared PEI-

BDSC/TpPa/PES composite membranes displayed a high rejection of 92.9%, 92.8%, 92.8%,
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92.3%, and 92.2% for La(lll), Nd(111), Gd(I11), Yb(I1I), and Y(I11), respectively, along with the
water permeance of >43.3 L h"t m? bar at pH=6.8 and pH=1.0. The high trivalent rare-earth
ions (RE®*") separation performance of the prepared composite membrane was attributed to the
interlaced stacking between the COF and PSA layers while the COF regulated IP process.
Xiong et al. [256] synthesized [NH4*] [COF-SO37] and COF/PES mixed matrix membranes for
the removal of Th(IV) and REEs from aqueous solution. It was found that the synthesized COF
showed much higher adsorption capacity for Th(IV) than other rare earth elements REEs due
to the cation exchange between [NH4]" and Th(IV) ions and the strong binding between SOz
and Th(IV) ions via coordination interaction. The prepared COF showed the maximum Th(IV),
Eu(l11), and Ce(l1l)adsorption capacity of 385 mg g2, 43 mg g, and 39 mg g, respectively
under the optimized conditions (adsorbent dosage = 500 mg L2, teg = 60 min, pH = 2.8, Co =
125 mg L. In the filtration process, the prepared COF/PES membranes showed 72.4%

removal efficiency for Th(1V), 16.5% for Ce(l1l), and 19.2% for Eu(lll).
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Fig. 26. Fabrication of the PEI-BDSC/TpPa/PES composite membrane. Reprinted with
permission from [255] Copyright © 2022 Elsevier.
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Table 5. The separation of rare earth elements REEs by using COF-based materials.

Material Target Adsorption Optimal experimental Selectivity  Ref.
REEs  capacity conditions
(mgg™)
COF-TZ-TP La(lll) 165.6 Adsorbent dosage =500 mg L~ La/Sm=2 [257]
1 teq =180 min,pH=6,T = La/Er =2
308 K, Co =1000 mg L* La/Lu=6
COF-TA-TP 89.8 La/Sm=5
La/Er =2
La/Lu=3
TpPa COFs La(lll) 84.7 Adsorbent dosage = 1000 mg Eu/Yb=15 [253
L% teg =40 min,pH=35T= Eu/Tm=
298 K, Co=125mg L? 15
Eu/La=11
[NHsT[COF-SO3] Th(lV) 395.0 Adsorbent dosage =500 mg L~ - [256
Eu(lll) 43.0 1 teq = 60 min, pH=2.8, Co =
Ce(lll) 39.0 125 mg L
P-COP-1 Nd(l1)  321.0 Adsorbent dosage = 1000 mg Nd/Ce =20 [258
P-COP-2 175.6 L% teg =30 min,pH=5,T = Nd/La = 15

298 K, Co =300 mg L!
COF-PA-CC La(lll)  150.90 Adsorbent dosage =500 mg L~ - [254]

1 - H — —
N ytg=120 min,pH =55, T=
COF-ML-CC La(lll) 168.20 338 K, Co = 900 mg Lt [254]

teq — equilibrium time, Co — initial concentration, T — temperature,

Table 4 and Table 5 summarize the MOF-based materials and COF-based materials
which were utilized for the separation of REEs from aqueous solutions. It can be found that the
MOF-based materials and COF-based materials were mostly used as adsorbents to capture
REEs in the batch adsorption experiments. The experimental conditions, such as pH of
solutions, the adsorbent dosage, the contact time, the temperature, and the initial concentration
of REEs play a crucial role in the adsorption process. More works related to the application of
MOFs for the adsorption of REEs were found in the literature that that of COFs. Therefore,
more attention should be paid on the synthesis and characterization of COFs for the adsorption
separation of REEs. In addition to the utilization of MOF-based adsorbents and COF-based
materials in the adsorption processes, the application of MOF-based membranes and COF-
based membranes in the membrane separation processes are also important since membrane
technology has many advantages e.g., simple operation, environmental friendliness, low cost,
and high separation efficiency [131]. Although, the exploration of MOF-based membranes and

COF-based membranes with a high separation performance for REEs separation is still
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challenging. MOF-based membranes, such as MOF/GO membranes [247], and MOF/polymer
membranes [246, 259] and COF-based membranes, such as the COF/polymer membranes [255,
256, 260] are believed to be the new generation of separation materials and represent the future

of the separation of REEs.

3.3.4. Nanocomposite membranes

3.3.4.1.Separation of REESs by physical and chemical adsorption

Separation of REEs is challenging due to their similar physical and chemical properties
[261]. Fortunately, adsorption-based methods can be very helpful. It is usually accepted that
adsorption (i.e., accumulation of a component at the interphase) can be chemical (i.e., occurring
via the formation of new chemical bonds) and/or physical — here, van der Waals forces
dominate [262]. Sometimes it is not easy to distinguish both these processes because physical
adsorption can occur on a chemically adsorbed monolayer. Adsorption from solution is a
competitive phenomenon defined by the so-called Gibbs excess [263]. In the majority of cases,
the adsorption of REEs ions from solution is an endothermic process, however, the sign of
enthalpy refers to the whole process, and it is not easy to determine its values for substages.
Considering the major factors determining adsorption from solution, one should mention
temperature, concentration, ionic power, and pH [264]. The latter factor determines the form
of a solute as well as the surface charge. Usually, Langmuir (L) and/or Freundlich (F) models
are applied for the theoretical description of adsorption from solution data. Owing to chemical
inertness and the ability for modification, active and activated carbons are the most popular
adsorbents widely applied in the industry [265], thus the attention will focus in this chapter on
this adsorbent. Recently Gismondi et al. [266] endeavored to address some similarities in the
REEs adsorption. Oligo-grafted mesoporous carbons were applied as adsorbents, and Lu®*,
Dy®*, La®* adsorption was studied. It was concluded that adsorption increased with the ionic

radii, and coordination by oxygen ions occurred. Based on the presented results, one can
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conclude that the adsorption of REEs ions is usually an ion-exchange process with the

participation of chemical bonds and chelating (Fig. 27).
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Fig. 27. The rise in REEs adsorption with atomic radius (A), and with temperature (B) for three
isotherms (temperature rises from blue to brown). Schematic representation of carbon-
containing porous adsorbent, with pores enabling/disabling REEs diffusion (C), schematic
representation of carboxylic surface group with possible adsorption - increasing interactions
(D) and the DFT — calculated configurations of graphene oxide functional groups — La®* (E 1)
and Nd?* (E 2). Reprinted with permission from [266] Copyright © 2022 Elsevier.

Below a short discussion of the results of optimal REESs carbon-containing adsorbent
searching is presented. Fundamental properties of modern carbon nanomaterials were recently
described by Santana—Mayor et al. [267].

Xiong et al. [268] presented the hydrothermal method of P-doped activated bagasse-
based carbon for La®* separation from the mixtures with Na* and Ca?*. Here, capacitive
deionization technology was used. The process of P-doping introduced mesopores to the
system as well as increased surface hydrophilicity. L- and F-models were applied for the
theoretical description of adsorption isotherms, and the comparison with other adsorbents
(activated carbons (ACs) and carbon nanotubes (CNTs)) led to the conclusion about very high
maximum adsorption capacity (all provided in this section adsorption capacities were
calculated using L-model; 140 mg g%). Electro-sorption [269] was used for La®>*,Nd**, and Ce®*

uptake on modified AC. Electro-sorption with the application of a laser-induced graphene (G)
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film [270] allowed to obtain extremely high sorption capacities for Nd** (2349.25 mg g1), Ce®*
(2150.75 mg g1), and La** (2510.5 mg g1). The obtained values are significantly larger than
those recorded for other materials, for example nanohydroxyapatite, CNTs or calcium alginate
beads.

Overdose of La®* present in food can cause serious problems with human health. Thus
a Fe304/C3Ns magnetic framework material was demonstrated as effective/selective for
detection of La** in food samples [271] (Fig. 28). Adsorption capacity (39.2 mg g) was higher
than observed for CNTs and TiO. nanotubes. Also Fe3Os and graphene oxide (GO) —
containing, La-imprinted polymer [272] was shown to be effective La®>" adsorbent (with a
capacity equal to 111 mg g%). Similar adsorbent (FesO4/MnO2/GO) was shown as effective for
the separation of the La**/Ce®" mixture from aqueous solution while the capacities were equal
to 1016 and 981 mg g for La®" and Ce®", respectively. Electrostatic attraction between
negatively charged surface and metal cations was proposed as the basic phenomenon

determining the adsorption mechanism.
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Fe304/C3Ns after La(lll) adsorption; (d) EDS spectra of FesO4/C3sNs before and after La(lll)
adsorption. Reprinted with permission from [271] Copyright © 2021 Elsevier.
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Yang et al. [273] proposed the application of GO/poly-(N-isopropyl acrylamide-maleic
acid) cryogel for La®* adsorption. Adsorption capacity (33.1. mg g1) and high selectivity of
this cryogel can be adapted for La®* recovery from wastewaters via ion-exchange and chelation
mechanism. Covalently functionalized (by 1,3-bis(tris(hydroxymethyl)methylamino)propane)
GO was successfully applied for the separation of La** and Er®* from heavy metals and organic

contaminants, since the affinity of this adsorbent to REEs was negligibly small [274] (Fig. 29).
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Fig. 29. Construction of a novel nitrogen- and oxygen-containing GO-based composite with
specific adsorption selectivity (A). The preparation of GO-BTP composite for removal of
various contaminants (B). Reusability of GO-BTP composite (C), FT-IR spectra of unused
GO-BTP composite and GO-BTP composite after 10 adsorption-desorption cycles toward PNP
or NR (D). Reprinted with permission from [274] Copyright 2021 Elsevier.

MnO,/GO composite [275] was utilized for adsorption of Ce®*" and Eu®" (with
adsorption capacity 102 and 103 mg g, respectively). Hua et al. [276] proposed the application
of carbon nanospheres combined with PAN via electrospinning to obtain La®* adsorbing
membrane. The determined adsorption capacity (174.5 mmol g*) was higher than observed for
functionalized diatomite, polydopamine membranes, or silica nanocomposite. The mechanism

was based on electrostatic interactions between La** and surface carboxylic groups. Li et al.
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[277] studied mechanistic aspects of La®* and Nd?* adsorption on GO using DFT calculations.
Two types of surface oxygen groups were studied at two different locations. It was concluded
that the adsorption mechanism was based on charge transfer and reduction for La®* and
reduction/covalent interactions for Nd2*. It was also proved that GO-based adsorbents can be
efficiently applied for the adsorption of REEs from nuclear power plants waste [278]. Hao et
al. [279] reported the results on Ce®* adsorption on GO/cellulose composite with an adsorption
capacity of 225.8 mg g*. lon-exchange mechanism determined the adsorption process. Dy**,
Nd** and Pr3* were adsorbed on cellulose-based gel modified using GO and polyethyleneimine
[280]. Dy®* selectivity was increased by imprinting. The process of chemisorption was
observed with the capacity of 36.5 mg g*. Similarly, oxidized cellulose nanocrystals-based
composite adsorbent, reinforced by GO and oxidized CNTs [281], was shown to be a selective
Dy** adsorbent (average capacity ca. 40 mg g1). Also, a GO-based adsorbent was applied for
adsorption of Nd** and Ce3*. In this case GO was modified with sodium carboxy-methyl
cellulose applying tetraethyl orthosilicate as a linker [282]. High adsorption capacities i.e., 654
and 431 mg g* for Nd** and Ce** were recorded, respectively, being larger than for the
observed different clays, GO materials and composites. An experimental study on Eu®*
adsorption on oxidized carbon nanomaterials, in the pH range of 2-7 [283], led to the
conclusion about chemisorption and complexation between metal cations and oxygen surface
functionalities. Nd** adsorption from water [284] was studied on activated micro-mesoporous
carbons obtained by a pyrolysis of ZIF-8 and subsequent HNO3 oxidation. In this case it was
postulated that high adsorption capacity (175 mg g) was caused by creation of coordination
bonds between Nd** and surface carboxylic groups. The obtained carbon possessed higher
capacity than mesoporous silica, selected covalent organic frameworks and layered hydroxide.
A zinc-trimesic acid MOF/graphene nanocomposite [285] was shown applicable for the

separation of Ce**/Lu®" and Nd**/Pr®* mixtures. The mechanism of this process was based on
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a similarity of the composite pore diameters and the diameters of REEs ions, enabling
penetration of MOF channels and coordination with the oxygen moieties forming pore walls.
Combined MOF/GO nanocomposite adsorbent was proposed by Chen et al. [261] for REEs
adsorption with capacity 340 mg g and high Sc3*/Tm3" and Sc®*/Er®* mixtures separation. It
should be mentioned that the critical review on the Sc** recovery was published recently [286]
and some high-capacity adsorbents were discussed. Light REEs (Nd**, La®* and Ce®") were
successfully adsorbed on the magnetite (20%)/carbon black (80%) composite. Maximum
adsorption (around 385 - 400 mg g!) was recoded at pH=7.0. On the other hand, the data
reported by Abdollahi et al. [287] are particularly interesting because the authors provided the
results of modelling leading to conclusion about the leading role of electronegativity and
molecular mass of LREEs during adsorption. La®* and Ce®* adsorption (capacity 86 and 200
mg g!) and separation was studied on graphite and graphite/alginate composite [288]. The
adsorption properties were discussed considering electronegativities, hydration energies and
hydrated radii [288].

A separate group of adsorption methods is based on the application of
superparamagnetic nanomaterials in so-called magnetic nanohydrometallurgy for REEs
separation. This method, together with the mechanisms of REEs separation, has been recently

reviewed by Molina-Calderon et al. [289] (Fig. 30).
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Fig. 30. Advances of magnetic nanohydrometallurgy using superparamagnetic nanomaterials
as rare earth ions adsorbents. Reprinted with permission from [289] Copyright 2022 Elsevier.

3.3.4.2.Carbon containing membrane-based separation
Tan et al. [290] proposed the application of N-doped G with tunable porosity for REEs
separation. The pores with controlled diameters (from few to several tens of nanometers) and
pyrrolic N determined membrane properties, especially high selectivity during Sc3* separation

from other REEs (Fig. 31).
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permission from Ref [290] Copyright 2022 Cell. CC Licence.
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A combined membrane, based on the 2D analog of ZIF-8 MOF synthesized between
(stabilizing the MOF) GO layers [247], was proposed to separate La*>*/ Ce** and La*"/ Yb**
mixtures. The chemical composition of the MOF and the diameter of pores in this membrane
allowed La®* diffusion, hindering the diffusion of other ions. GO-based membrane was applied
for the adsorption of Dy** [291]. The highest performance (26.27 mg g™) was observed ad pH
=5.0. Wang et al. [292] described the method of sol-gel preparation of thin cellulose-tetraethyl
orthosilicate film. This film was carbonized and modified using 3-aminopropyl triethoxysilane
and 1-(2-pyridylazo)-2-naphthol. The so-formed mesoporous membrane was applied for the
selective Er** ions separation from a mixture of metal ions usually contained in rare-earth
wastewater.

The hybrid materials possessing in their structure supramolecules, e.g. MOFs and
carbon-based materials are in the spotlight of the researcher for REEs separation [293]. Tursi
and co-workers [294] generated a novel bioMOF-based single-walled carbon nanotube bucky
paper (SWCNTBP). The formed composite material (BioMOF@SWCNT-BP) was applied for
recovery of the endangered REEs from aqueous systems. After incorporating such MOFs with
hexagonal functional channels decorated with threonine amino acid residues pointing toward
the accessible void spaces, the capture properties of the final membrane were successfully
improved, providing an adaptable functional environment to interact with lanthanides. The
researchers studied the ability of SWCNT-BPs and BioMOF@SWCNT-BPs in recovering
lanthanides from water solutions in static and dynamic conditions as a function of pH values
and initial lanthanide concentrations. It was revealed that the adsorption is not impacted by pH
of lanthanide solutions. Moreover, BioMOFs in SWCNT-BPs play a beneficial role in the
increase of Ce®" recovery at higher concentrations owing to the alcohol functionalities of
threonine, decorating the MOF pores. It was found that the relative recovery percentage after

a 7 days recirculation in higher concentration (50 ppm of cerium) solutions—recirculating

75



through the same membrane—with a 263.30 mg of cerium adsorbed per gram of
BioMOF@SWCNT-BP. The spectrum of these materials has been extended also to the
selective lead decontamination [295]. Cheng and co-workers [296] generated 2D-
MOF/graphene oxide membranes as highly efficient adsorbents for the removal of Cs* from
aqueous solutions. The researchers pointed out that the dominant interaction mechanism was
interface or surface complexation and electrostatic interaction, the maximum adsorption
amount of Cs* was 88.4 %.
3.3.4.3.0ther separation-related applications

Composite MOF-based nanomembrane, containing La and GO for adsorption of P from
water (utilizing high affinity between La and P) was described by Wei et al. [297] La was
introduced via impregnation into a MOF structure and next GO was added to increase the water
purification ability of a membrane (Fig. 32). Also Gd-doped (for improving photocatalytic
activity), G-containing BiSO4 composite material for application in photocatalytic removal of
methylene blue was reported [298]. Since radioactive Th coexists with REES, it was proposed
to apply a polyethylenimine-scaffolded and functionalized G aerogel [299] for adsorption of
Th**, separation from REEs, and/or electro-sorption on carbon-based electrodes [300]. Usually,
strongly oxidized microporous AC is sufficient for the purification of REEs via Th** adsorption
[301]. The process takes place in the pH range of 3-5, because in this range, REEs elements
occur as cations while Th** forms hydrolysates (Th(OH)3* and Th(OH)2?*) having larger ionic
diameters than Th*". A mesoporous graphite carbon nitride can be used as an adsorbent for
Th** separation from monazite (containing REEs phosphates) [302], while calcium/alginate-
GO nanocomposite, for separation of Th**, U%* and Fe3* [303]. Also peptide-carbon hybrid
membranes [304] were synthesized to remove not only Th** but also U®* that are present in
concentrates of REEs minerals as defects in crystal lattices. It turn, the method of LiFePO4

recovering from used batteries was presented by Hu et al. [305]. It was based on high-gradient
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and induced roll magnetic separators with a high recovery (ca. 99%). Adsorption — based
separation on cationic resins was used for recovery of REEs from processed carbonaceous shale
[306]. Yuan et al. [307] reported the lack of La®**, Eu** and Tm®" adsorption on graphdiyne and
this can lead to the preparation of a membrane separating REEs from other cations. The lack

of adsorption was caused by the positive adsorption energy.
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Fig. 32. Construction of lanthanum modified MOFs graphene oxide composite membrane for

water purification. Reproduced from [297] Copyright © 2020, Elsevier, CC License.
4. Health issue

Although REEs are broadly applied in the biomedical sectors, e.g., bioimaging, sensing,
photothermal and photodynamic therapy [308, 309], drug delivery [310, 311], and optogenetics
[312, 313], their extensive utilization and high demand have raised concerns about their safety.
The topic of the hazard of REEs to human health is emerging, and further more focused
comprehensive research must be done. In the scientific literature, the main concerns on REEs
health problems are related to REEs acquaintance over the food chain, gadolinium contrast
agents instigating health problems, cytotoxicity of REEs, environmental exposure, and
endangering REEs due to lifestyle. Recently, much more attention has been also paid to the
toxic effect of REEs on the aquatic organisms [314]. Disposing of old REE-containing
equipment, using REE-containing phosphate fertilizers, mining, and dispersion from native

rocks may all enhance the possibility of REEs pollution in water fauna and flora. As a result,
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pollution may lead to their release into the nearby ecosystems. Owing to the lack of safety
regulations, legislation, and widespread utilization in the numerous sectors, REEs’ diverse
effects on aquatic life forms have been noticed. To solve the abovementioned problem, a better
understanding of accumulation, bioavailability, cytogenetic effects, organ-specific toxicity,
growth inhibition, and embryotoxicity criteria of REEs should be done. Furthermore, the reuse
and recycling technologies of REEs need to be implemented to reduce the environmental and
human impacts.

Based on the available data, it was pointed out that REES can enter the human body via
several routes, e.g., ingestion, inhalation, skin contact, and food chain [315, 316] (Table 6 and
7). The latter is related to the REEs utilization in producing pesticides, fertilizers, herbicides,
and feed additives for animals [317, 318]. Moreover, REEs accumulate in soil [319], roots, and
tops of plants [320].

The most severe concern regarding REE toxicity in humans is that these elements can
damage DNA, originate the production of reactive oxygen species (ROS) (nanoparticles of Ce,
Ce02-Gd, and Gd»03) [321], and cause cell death. For instance, Gd and La can be mutagenic
to human primary peripheral lymphocytes [322, 323]. On the other hand, the chloride of these
REE, i.e. LaCls and CeCls inhibited the proliferation of the leukemic cell lines HL-60 and NB4

[324].

Table 6. Examples of the effects of REE exposure.

Species/Model Endpoints /effects Ref.
Mice CeCls oral administration - liver and lung toxicity [325]
Rats CeO- acute pulmonary and thrombotic effects [326]

-> lung fibrosis
HepG2 and HT-29 cell CeClsand LaCls affect gene regulation detected by [327]

lines RT-PCR based arrays

Human spermatozoa Nanoparticles of CeO> [328]
Sea urchin embryos and Proportional toxicities of different REEs to early [329]
sperm development, cytogenetic damage and oxidative

stress fertilization success, offspring damage.
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Exposed population Main endpoints

Housewives exposed to Excess REE levels in scalp hair, associated with [330,

indoor air pollution indoor air pollution and related to hypertension risk  331]

Industrial city in central  Excess REE levels in street dust and linked to [332]

China, Zhuzhou health risks

Residents in Baiyun Obo  Excess scalp hair levels of REEs, heavy metals and [332]

mining area (China) U

Exposure to REEs in the  Main endpoints

workplace in humans

Manufacturing Ce and Excess Ce and La levels in urine 333]

La oxide

REE miners Excess REE level in hair and dysregulation of the [334]

protein expression
e-waste processing Reduced level of hemoglobin in REE-exposed [335]
Table 7. Associated health disorders with selected REE.

REE Associated health disorders Ref.

Ce Increasing risk of anemia [335]

Ce Endomyocardial fibrosis, concentration in primary teeth [336]

Ce Risk of acute myocardial infarction [337]

Ce Risk of stroke [338]

La Affecting pregnancy, concentration in hair [339]

Gd Acute renal failure [340]

La, Nd Orofacial clefts to infants [341]

Ca, Yb Increasing TSH levels in infants [342]

La, Ce, Gd, Lu Accumulation in brain-tumor tissues [343]

REE Subclinical organ damage [344]

REE Leaving close to high REE area — observed disorders:
anorexia, indigestion, abdominal distension, diarrhea,
fatigue, and weakness. Effect for human body: lower levels 345]

of total protein, albumin, globulin, and serum-glutamic
pyruvic transaminase and higher levels of IgM in their blood
serum.

5. Impurity elimination in the course of REES separation

Owing to the complex matrix from which the REEs are separated, removing the
impurities and generating highly pure REEs is crucial for the advanced applications. The
presence of additional elements and molecules substantially affects the quality of the final
product and the processing effectiveness. The most common impurities during the acquisition

process of REEs are Ca, Mg, Fe, Bi, Pb, Cu, Co, Mo, and Mn. Nevertheless, the most
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problematic are Al, Fe, Th, and U [346]. The most common techniques used for the separation
non-REEs from REE are ion exchange, adsorption, solvent extraction, selective precipitation,
protein-based process [347] as well as membrane technologies [346, 348].

Kim and co-workers [349] presented the successful implementation of membrane-
assisted solvent extraction (MSX) with hollow fiber membranes for the selective extraction of
REEs from commercial NdFeB magnets and industrial scrap magnets. The benefit of the MSX
technique is the possibility to exclude the drawback of common equilibrium-based solvent
extraction methods, e.g., third-phase formation, loading, and flooding [208, 350-352]. The
separation during the membrane-assisted solvent extraction process is enhanced owing to the
non-equilibrium conditions. The available conditions can be kept thanks to the high driving
forces during the long-term process compared to the equilibrium-restricted conventional
solvent extraction. The great advantage of MSX is the fact that both circulating the feed and
strip solutions steps are continues without dispersion of phases. However, during the classical
process, solvent extraction carries out extraction and stripping separately [353]. Moreover,
applying hollow fiber membrane modules in the MSX system gives a large contact surface area
per unit volume, resulting in a high REE extraction rate. The presented solution is also
economically friendly, owing to the minimal loses of solvent and was highly effective for
selective recovering pure REEs (Nd, Dy, Pr) from the industrial scrap magnets containing also
Fe and B.

Another, the most important and challenging is the separation of REEs from thorium
and uranium. Previously, the membrane techniques were implemented to separate individually
Th or U from other metal ions in the liquid solutions [354, 355] using SiO2 or GO membranes
[356]. Formation of a complex between the element of interest and the membrane caused such
a recovery. Membranes were effective and selective under acidic pH (4-5.5) for U and < 4 for

Th. Nevertheless, an additional modification of the membrane was required to enhance the
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efficiency of Th and U from the matrix containing REEs. Such a functionalization boosted
selectivity towards the target elements, e.g., Th and U versus REEs (Eu, Sm, and Nd) at ambient
conditions and pH <2 [357].

Xiong et al. [256] presented for the first time a highly effective separation of Th(IV)
from U(V1) and REEs (Ce®*" and Eu*) with the implementation of the breakthrough experiment
and membrane-based separation technique. The membranes were prepared with COF of a high
affinity to the target elements. Moreover, it was possible to separate Th(V1) solution with high

purity > 93% (Fig. 33).
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Fig. 33. Selective extraction of Th from U and REESs using sulfonated COF and its membrane
derivate. Reproduced from [256] Copyright © 2020, Elsevier.

6. Conclusions and critical perspectives

Since the demand for REEs is growing rapidly worldwide, mainly owing to their end-
use applications (e.g., in wind turbines, electric vehicles, advanced electronic products, and
displays), new technologies for extracting and recovering these precious metals appear to be
critical.

Among the generally implemented separation methods, the classic stepwise procedure
for obtaining a single REE necessitates numerous dissolution-crystallization steps. Considering
the production cost and cycle, there is no room to employ the method for separation a single

REE. To overcome this challenge, the MOF selective crystallization technology has slowly
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become more popular owing to the reduction of steps during the process and its higher
selectivity to a single REE. However, the current study on this issue is still in its infancy, and
whether it can be employed in the industrial manufacture remains an open question.
Considering the ion exchange method, producing a single REE with a very high purity is
possible. However, the continuous processing capacity is limited. Specifically, the production
cycles are long and the ion exchange resin has a mediocre stability, hence often requiring the
replacement. These operations generate costs for the overall process. For that purpose, the
replacement with membrane-based separation technologies is giving an amazing opportunity
to shift to more economically and environmentally friendly processes.

The solvent extraction method is broadly utilized commercially for the REE separation.
The high effectiveness of the method, continuous production, and a large processing capacity
caused their implementation in industrial production. Although the solvent extraction process
possesses many benefits, the method consumes massive amounts of organic solvents for the
extraction, and the regeneration of the organic phase after stripping is very challenging. At this
point, membrane technology is becoming very practical, particularly non-liquid membranes
owing to their high stability compared to the liquid counterparts.

In the case of working with low-concentration REE solutions, it is not recommended to
apply the solvent extraction. Here, the adsorption method could be a suitable technique due to
enrichment effect on the rare earth ions in the solution. Nevertheless, this method cannot
achieve high selectivity and high adsorption capacity at the same time. In turn, the advantages
of electrochemical separation of metal components are low energy consumption, continuous
and easy operation, and environmental protection. This method can be applied for large-scale
industrial extraction of REEs from compounds or minerals. However, to be able to apply the

method for the separation of a single REE, the accomplishment of comprehensive research is
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still required. Indeed, there is a room for further enhancement of REE separation approaches
and boosting the separation effectiveness.

Based on the presented data, it can be highlighted that membranes and membrane-based
separation technologies can integrate green and sustainable solutions for effective REEs
separation and purification.

To sum up, LM methods have improved over the previous few decades, resulting in
outstanding permeation and separation capabilities, however, there has been no significant
progress in the scale-up application. For that reason, the non-liquid membranes turn out to be
very promising and worthy of further investigation. PIMs demonstrated higher transport flux,
faster permeation, lower carrier usage, and more advanced adaptability and stability than
SLMs. Its scalability should be pursued, and more sensitive designs for precisely recognizing
target species should be encouraged. The imprinting approach is an excellent approach for
separating adjacent REEs, but the durability of the template cavity should be considered for
the long-term operation. The future research should focus on discovering novel, tailored and
hence unique functional monomers with task-specific recognition abilities and efficient
synthesis routes in the aqueous phase. Despite significant advancements in the membrane
techniques over the last few decades, their applicability in REEs separation is still limited.
Numerous sophisticated membrane approaches, such as nanocomposite membranes with
inorganic nanoparticles and MOF membranes, have received significant consideration in gas
and liquid separation procedures. Moreover, they can be unequivocally indicated as the most
interesting new non-liquid membrane approaches for the REEs separation. Such a highly

efficient and integrated solutions are urgently needed for the greener REE separation.
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Abstract

The current progress in the improvement of membrane materials enlarges the
utilizations and necessities for innovative, more efficient, resistant, and highly specialized
separation materials. One of the growing areas of the implementation of membrane-based
strategies is the selective separation of rare earth elements (REES). Owing to their high potential
and essential meaning in modern industry, demands for raw REEs have increased significantly
in the last years. Moreover, considering the fact that isolation of REEs has listened as one of
“the seven chemical separation processes that, if improved, would rear great global benefits”
their application is emerging. Membrane strategies are gaining popularity in metal separation
and wastewater treatment as sustainable green approaches with a simple operation. Many
membrane strategies for REEs separation have been developed, but only a few reviews have
been found. The main message coming from the literature review is that more light should be
shed on the progress and implementation of non-liquid membranes. The previously utilized
liqguid membranes faced many problems related mainly to the long-term utilization, stability,
and extraction yield. As a consequence, the REEs separation processes have moved in the
direction of much more durable materials, i.e., non-liquid membrane strategies, in which the

carriers are physically or chemically connected with the membrane or porous structure of
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support. The most significant advantage is the lack of a problem of losing extractant into the
aqueous phase.

This article aims to: i) review the current membrane-based methods in REEs separation
focusing on non-liquid membranes (imprinted, polymer inclusion, nanocomposite, metal-
/covalent organic framework membranes), ii) present the considerations of the essential
scientific and technical issues, e.g. extraction performances, separation efficiency, REEs
transport features, and iii) discuss their transport models and mechanisms as well as membrane

stability.

Keywords: Membranes; Membrane-based separation processes; Rare earths extraction; Rare
earths separation
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Introduction

As awareness of climate change grows, some countries are developing green policies
and swiftly transitioning to sustainable energy technology [1-4]. There is an increasing demand
for resources required to make crucial components of such technologies. The European
Commission has already pointed out some of these components as necessary raw materials,
raising worries about the supply security [3, 4]. Such examples of these essential materials are
rare earth elements (REEs), which are required to produce permanent magnets for electric
vehicle motors and wind turbine generators, as well as other emerging utilizations. For the
abovementioned application, there are four crucial elements, praseodymium (Pr), neodymium
(Nd), dysprosium (Dy), and terbium (Tb). REE materials are now mostly supplied by China
[3], and with demand growing rapidly, there are concerns about supply constraints in the midst
of geopolitical tensions [5-8]. In 2020, the EU started a raw materials alliance focused primarily
on REEs and permanent magnet production, as well as a detailed action plan to address possible
risks associated with vital raw resources [9]. Notably, for these four elements (Pr, Nd, Dy, and
Th), the intensification in their usage is expected in both low-carbon technologies and other
applications. Forthcoming REEs demand for wind turbines and e-mobility will be driven by
both technological advancements and material optimization, as well as the political ambitions
underlying their development. In contrast, requisition in other sectors, such as electronics and
specialized equipment, will be primarily influenced by market dynamics. For that reason, there

is a possibility for a broad range of probable future scenarios (Fig. 1).
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Fig. 1. Projected global requisition for Nd, Pr, Dy, and Tb metals for wind turbine generators,
motors for electric vehicles and other sectors, based on the low and high demand scenarios [10-

14].

Other critical applications of rare earths [15], which are considered as “the secret
ingredients of modern industry” [16] were identified in the sectors and devices strictly
associated with human life, e.g. magnets [17, 18], catalysts [19-22], inorganic materials
including ceramics [23-27], petrochemicals [28, 29], electronics [30, 31], battery alloys [32-37]
and additives/enhancers for more advanced materials [38, 39]. Paradoxically, industrial
separation for REEs from mineral ores seemed less clean than their by-end uses [40].

Bearing in mind such tremendous needs for REEs, other pathways away from the
exploration and mining of natural resources should be considered. The alternative options
should focus on improving recycling facilities and waste collection [41] (permanent magnets
(Nd), fluorescent powders, television tubes, flat panel displays) [42-49], developing novel solid
or liquid extraction systems [50-55], and implementing separation and bio-separation
technologies [56-62]. At the European level recycling process is an essential solution owing to
limited options for growing the primary supply. For that reason, the mentioned source of REES

should be upgraded since current recycling input rates for REEs are only around 1 % (Fig. 2).
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Fig. 2. Estimated demand for Nd, Pr, Dy, and Th metals for clean energy technologies compared
with the potential supply form the recycling of REEs from electric vehicles (EU-27). Data
presented according to the low and high demand scenarios [10-14, 63, 64].

Considering the large similarities in the ionic radius of the REEs (Table 1), they are
typically found in multi-element combinations. Nevertheless, the purity of a single REE is more
important in industrial applications than the mixture. For that reason, a lot of work has been
done to develop efficient methods for rare earth separation and purification. The presented
review covers the topic of the extraction, separation, and purification of REEs with the
implementation of membrane-based separation processes focusing mainly on non-liquid
materials. Principally, the progress within the last five years (79 % of literature from the last 5
years and 54 % from the last 2 years) has been highlighted (Fig. 3). Starting from the in-depth
characterization of the REEs and the requirement for membrane separation materials that need
to meet to be effective in the REEs separation are presented, followed by extraction and
separation mechanisms. Finally, the broad range of emerging applications in REEs separation
with the implementation of non-liquid membrane-based separation materials is described. The
most important milestones in the area have been collected on the timeline presented in Fig. 4.

Moreover, the future perspective and new possible pathways are highlighted.
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1.1 Historical view of REE

Rare-earths is a group of 17 elements gathering the entire block of lanthanides (ranging
from La to Lu), and additionally Sc and Y. These elements display many chemicals as well as
physical similarities and their geological deposits frequently coincide. The beginning of REEs
can be traced back to the middle of 18" century. Based on the sources, in 1754, the first rare-
earth mineral was found in Sweden [65]. Unfortunately, this material was previously
misidentified as calcium iron silicate. Carl Arrhenius discovered another comparable mineral
at Ytterby, Sweden, in 1787. Johan Gadolin, a Finnish chemist, extracted new material and
called it ytterbia from the Ytterby ore in 1794. Mosander later divided the ytterbia oxide into
yttria, erbia, and terbia in 1842, while further research found that the mentioned oxides were
likewise rare-earth mixtures [66]. Owing to the similar chemical features of rare-earth elements,
the isolation of all seventeen REEs was not finalized till 1908-1909, when a repetitive fractional
crystallization method was developed [67]. Later on, Henry Moseley applied X-ray
spectroscopy in 1914 to prove the presence of all REEs, excluding radioactive promethium
(Pm) [68] that it has not been characterized still 1945 at Oak Ridge National Laboratory,
previously Clinton Laboratories.

Even though the entire group of REES was characterized, the separation and scale-up
production of single rare-earth compounds remained problematic. Before World War II, only
Eu could be separated on a larger scale as europium(Il) sulphate owing to that Eu ions can be
simply reduced from Eu®* to Eu®* in comparison with other REEs [69]. As a consequence of
dynamic scientific and technological progress during WWII, the primary efficient REE
separation was accomplished with the implementation of ion exchange chromatography. The
principle of the separation was the diversification in the stability of rare-earth citrate chelates
[70-72]. Later on, around 1954, liquid—liquid extraction was developed and effectively applied

in the commercial production [73]. The large-volume production of REEs brought a stable



foundation for their practical utilization in the modern society. One example is the Eu®*-doped
YVO4 which turns out to be the first red phosphor, allowing the progress of color television
displays [74-76]. Starting from the 1950s, REEs have aided progress in the materials industry
in a variety of fields, including metallurgy, phosphors, catalysts magnets, and glass. Rare earths
are often employed as additions or dopants in products [38]. The advantage of employing rare
earth is that they may substantially boost material features even in small concentrations.
Consequently, REEs have been regarded as contemporary industry's "vitamins”, and the
manufacturing of rare earth-doped materials has become one of the most critical components
of technological growth. With the evolution of nanotechnology and nanoscience, the meaning
of REE-enriched nanomaterials for various usage has been progressively recognized. The early
work was focused on REE-doped luminescent nanoparticles [77, 78]. The inspiration for the
designing such materials was taken from the formation of inorganic nanophosphors [79, 80]
and colloidal quantum dots [81-84].

It was not until the beginning of the twenty-first century that new synthetic pathways
for generating high-quality crystals < 100 nm in size sparked growth in this field. Monodisperse
REE-enriched nanomaterials with straightforwardly adjustable crystallinity, morphology, and
size, can now be formed with precisely designed structures owing to recent advances in new
synthetic strategies e.g., thermal decomposition [85, 86], hydro(solvo)thermal processing [87-
89], and coprecipitation [90-92].

Nanomaterials based on rare-earth have evolved into a highly multidisciplinary field of
study that bridges the gap between solid-state chemistry and materials science (Fig. 4). Owing
to the unique features of REEs, a broad range of utilizations have been developed, including
environmental protection (clean energy development and catalytic treatment of pollutants) [93,
94], healthcare (therapy and bioimaging) [95, 96] as well as innovative technologies including

three-dimensional displays, luminescent inks [97] and optical communications [98, 99].



1.2 Characterization and classification of REEs

In the periodic table, the 4f elements, according to IUPAC [100], are called the lanthanoids
(previously and still frequently the ‘lanthanides’) or “rare earth elements”. Although “the rare
earth elements” is a broadly used terminology, they are not particularly rare, except for
promethium, which has no stable isotope (product of natural nuclear fission in uranium ore [69,
101-103]). Generally, together with lanthanides, the yttrium (Y) and scandium (Sc) are
considered rare earth elements owing to their chemical similarities. The chemistry of the entire
group is principally ionic and is determined primarily by the size of the M3* ion (Fig. 5). Since
Y, which is located above La in the Transition Group Il and possesses a similar 3-ion with a
noble-gas core, has both atomic and ionic radii lying close to the corresponding values for Th
and Dy that results from the lanthanide contraction (Table 1, Fig. 5).

The characteristic regularity of the 4f elements reflects the fact that the 4f orbitals filled
across the series are core-like and overlap little with orbitals on donor atoms. The elements
from lanthanum to lutetium possess the 3-oxidation state, and the chemistry is mostly that of
the Ln(111) ion. The Ln(l1) ions with incompletely filled f orbitals exhibit electronic, optical,
and magnetic features, which are broadly exploited in different technologies [104]. The 4f
orbitals are deeply buried owing to the lanthanide contraction, and therefore, the 4f electrons
are not available for the covalent bonding [105, 106]. These features are essential from the
practical point of view and possible pathways of modification and utilization. Compounds of
Ln(11) and Ln(IV) can be generated when the relatively favorable energy of a particular 4f"/5d*
electron configuration shows a possibility, and these uncommon species are frequently very
reactive [107, 108]. Moreover, to describe the orbitals for the materials having 3d-, 4f-, and

5d-electron systems, the linear augmented-Slater-type-orbital (LASTO) approach should be

applied [109].
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Fig. 5. Characterization of rare-earths (ionic radius and valence configuration). The number of
electrons in the 4f orbitals rises with increasing atomic number from La3" to Lu®*. The electron
configurations of La**, Gd®", and Lu®*" reveal empty, half-filled, and entirely filled 4f orbitals,
respectively.

Table 1. Selected properties of Lanthanides atoms and ions plus yttrium (Y) and scandium (Sc).

Electronic configuration pM| Radius [pm]

Z  Name Symbol — om M2+ VERS Mo v M aem  m
Light REE

57  Lanthanum La [Xe]6s%5d* [Xe]5dt [Xe]a4f0 - 36.2 -252 187 106
58  Cerium Ce [Xe]4fles?5dt  [Xe]4f? [Xel4ft  [Xe]4f® 364 -2.48 183 103
59  Praseodymium Pr [Xe]4f36s? [Xe]4f [Xe]4f?  [Xe]aft 3755 -2.47 182 101
60 Neodymium Nd [Xe]4f*6s? [Xe]4f* [Xel4f® - 384 244 181 99
61  Promethium Pm [Xe]4fo6s? [Xe]4f® [Xel4f* - - -2.42 181 98
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62  Samarium Sm [Xe]4fo6s? [Xe]4fd [Xelaf> - 404 -2.41 180 96

Heavy REE
63  Europium Eu [Xe]4f'6s? [Xe]4f [Xe]4ft 418 -241 199 95
64  Gadolinium Gd [Xe]afi6s?5d!  [Xe]af’sdt  [XeJ4f! - 388 -240 180 93
65  Terbium Tb [Xe]4f%6s? [Xe]4f° [Xe]4f®  [Xe]4f” 393 -239 178 92
66  Dysprosium Dy [Xe]4fl%s? [Xe]4fto [Xe]4f® [Xe]4f® 404 -235 177 91
67  Holmium Ho [Xe]4fli6s? [Xe]afit [Xelaflo - 408 -2.32 176 89
68  Erbium Er [Xe]4f126s? [Xe]4f!? [Xe]aflt - 405 -230 175 88
69  Thulium m [Xe]4f'36s2 [Xe]4ft? [XeJ4f? - 4185 -2.28 174 87
70  Ytterbium Yb [Xe]4fl46s? [Xe]4ft [Xe]afts - 435 227 194 86
71 Lutetium Lu [Xe]4f46s25d!  [Xe]4fi4sdt  [Xe]4f4 - 404 -225 173 85
21 Scandium Sc [Ar]4s?3dt [Ar]3d* [Ar] - 4411 -1.88 164 68
39  Yttrium Y [Kr]5s%4dt [Kr]3d? [Kr] - 38.98 -237 180 88

X1 — the sum of first three ionization potentials [69].

Basing the varied physical and chemical features of the REEs, they can be classified
into two groups, the light rare earth elements (LREEs) from La to Eu and the heavy REES
(HREESs) from Gd to Lu along with Sc and Y [110] (Table 1). When compared, the heavy ones
are considered more critical resources owing to their extensive utilization in photo-
electromagnetism, e.g., radiation sources [111, 112], laser media [113, 114], scintillation
crystals [115-117] and magnetic materials [118, 119], that are irreplaceable for the advanced
technology and national defense [120, 121]. On the other hand, the light REE are broadly
applied in superconductors [122, 123], catalysis [124, 125], ferromagnetism [126, 127],

quantum cutting [128], and sensitizer [129, 130].

1.3 Membrane separation techniques for recovery of REEs

Membrane separation techniques (MSTs) represent the most technologically required “all-
in-one’ processing which encompasses simultaneous extraction and stripping operation(s). This
approach eliminates operating under elevated temperature regimes such as (fractional)
distillation, evaporation or drying. Nowadays, MSTs are therefore considered as the most
environmentally benign and the most economic, hence their advancement toward the highest
technological readiness levels experiences a pressing need for tunability-driven creativity, both
scientific and engineering. Those requirements aimed at the recovery of REEs, albeit

competitive advanced solutions are continuously reported globally such as liquid or solid phase
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extraction employing novel solvents or biosorption (i.e., sorption via biomass passively
concentrating and binding REE cations — physically and chemically — onto its porous
structures), locate MSTs as the most rapidly developing separation techniques [131].

Among MSTs as particularly important, polymer inclusion membranes (PIMs) characterize
membranes in which a 3D-polymer network (PVDF, PTFE, CTA, etc.) embeds an ion-
complexing carrier. Simultaneously, the target flexibility of the membrane under operational
conditions is achieved by a rather straightforward addition of a plasticizer or a selection of the
well-defined neat polymer material (in terms of molecular weight, morphology as well as bulk
and surface chemistry) [132]. PIMs, fundamentally advantageous over any other non-polymer
competitive alternatives (only marginally present in the scientific literature), feature simple
compositions, yet of unbeaten versatility (e.g., one type of a membrane dedicated for numbers
of REE solute types), a straightforward and scalable synthesis/manufacturing toward tunable
porosity, effective immaobilization of the carrier upon manufacturing accompanied by its high
concentration, high-performance mechanics, prolonged time and operational stability,
convenient and fast installation in the facilities as well as, last but not least, low overall costs.
Fundamentally, PIMs offer high transport flux, fast permeation, and a low consumption of yet
expensive extracting/complexing carriers. The nature of PIMs easily allows their immediate
physicochemical compatibilization with broad-scale diverse-property chemicals. This scenario
allows considering them as the first-choice systems toward multi-functionality such as
development of in situ chemistries, i.e., synthesis of nanoparticles (e.g. electro-/photocatalysts,
optodes, etc.), speciation, or pretreatment/preconcentration, to list the few most important ones
[38].

It should be emphasized that — from the central postulates of green chemistry perspective —
PIMs constitute the most promising candidates for sustainable systems dedicated for the REE

separation [133]. Nevertheless, and undoubtedly, an elaboration and development of the
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original solutions in the area of PIMs would require from the scientists and technologists broad
and fresh views. Those would encompass multi-level ‘properties-by-design’ approaches
employing, e.g., computational [134] and experimental design of efficient and selective carriers
compatible with the novel material-based membrane and the media [135] — in this sequence or
vice versa. Overall, the innovations concern polymer matrices, plasticizers and carriers while
here the nomenclature of PIM components could be treated somewhat arbitrary. For instance,
the carrier could play a role of a plasticizer or the polymer matrix macromolecules could be
covalently functionalized and eventually bear all of the components as ‘enchanted’ in just one
separating entity.

Although economically justifiable, neat polymer membranes display several drawbacks.
Among them, fouling, low thermal and chemical stability, and a lack of specificity remain as
the most troublesome ones [136]. Indeed, if operated under the highly acidic or otherwise harsh
conditions in the REE hydrometallurgy processing, the membranes emerge as prone to damage
and the consequent/immediate decline of the performance. Taking into account the separation
nature of membranes, such as preferential adsorption feature and shape selectivity, together
with the facility in preparation and thermal or chemical stabilities, it is believed that the
following strategies could be the potential choices for REEs separation and purification in the
near future.

Firstly, to overcome the shortcomings of neat polymeric membranes, numerous
nanoparticles (NPs) such as Ag, Fe, Al, Ti, Zr, Mg, Pd, SiOz as well as different types of two-
dimensional nanomaterials, e.g. functionalized carbon nanotubes (f-CNTs), graphene oxide
(GO), and others were amalgamated with the polymer matrices to enhance their multiple
characteristics [137]. Those metallic and inorganic NPs were intended and finally proved to
augment permeability, selectivity, hydrophilicity, antifouling, tensile strength, and thermal

stability. NP-embedded polymeric membranes were frequently applied for the enhanced gas or
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organic molecules permeability and separation. And although dispersibility of the above NPs
is challenging and the fabrication of membranes may be multi-stage and/or high-energy
demanding, the potential of the membrane characteristics improvement is undisputed. This
trend, in our opinion, accompanied by a tunable morphology and surface physicochemistry of
NPs, will be continued toward separation of REES.

Apart from PIMs, molecular/ion imprinted membranes (MIMs/IIMs) are considered as
promising alternative techniques of enhanced stability and selectivity. Molecular imprinting
technique has become recently a hot topic in the separation science. Polymers of a dedicated
compromise between rigidity and flexibility constitute the prospective matrices capable of
preserving the cavities — programmable by functional groups from polymerization monomers
— matching the size and shape of the template molecules or ions toward the specific separation.
Despite a rapid progress in the field adsorption and separation of REEs by imprinted polymers
in recent years, the studies on the behavior of REE ions in the fully functional imprinted films
are rather scarce. The complexity of manufacturing MIMs/1IMs involving a limited number of
polymerization methods, troublesome tailoring of the porosity, challenging permselectivity,
and poor recyclability represent the most critical obstacles in the scalability [138]. The so-far
applied functional monomers and cross-linking agents cannot satisfy the precise requirements
for the molecular recognition. Additionally, as the majority of separation processes proceeds in
the aqueous media, the hydrogen bonds formed between functional monomers and templates
during the self-assembly-driven pre-polymerization would be significantly affected in polar
protic solvents [139]. Consequently, the synthesis of imprinted polymers must be performed in
non-polar solvents to exclude the interferences in water environments while many templates
are insoluble therein, which severely hampers the full-scale application of the imprinting.

Hence, the new routes of development of the imprinting technique cover: water-based synthesis
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of template-incorporated membranes, novel carriers with specific selectivity for the target
template REE ions, and new functional monomers with this task specific recognition ability.

A new class of hybrid organic/inorganic material toward preparation of membranes is
metal-organic frameworks (MOFs) [140]. In MOFs, the regularly porous structural lattice is
composed from metal ions coordinated with organic ligands. They are contemporarily applied
as gas and liquid storage and separation media, sensors, catalysts, proton conductors, etc. MOFs
are considered as competitive against other adsorbents such as mesoporous silica, activated
carbon or polymeric resins due to milder conditions of methods of synthesis, higher porosity
and specific surface area. In gas and liquid separation, MOF layer are tethered to the surface of
a substrate surface such as silica, alumina, (nano)carbons, polymers, etc. The main problem of
the majority of MOFs is the degradability in the aqueous environments, hence development of
water stable MOFs are considered as well-applicable in the REE separation [141] and the future
of MOFs membranes in REEs separation emerges as bright.

PIMs can be confronted to the less stable liquid membranes (LMs). Generally, LMs are
divided into: (1) unsupported liquid membrane such as (1a) bulk liquid membrane (BLM) and
(1b) emulsion liquid membrane (ELM), and (2) supported liquid membrane (SLM). A
supported liquid membrane contains a porous membrane support and a carrier enabling the
separation process and has been applied as an effective and versatile — in light of the separation
of a broad palette of metal ions from dilute solutions [142, 143].

Indeed, development of membrane separation of REEs witnessed a global contribution
from LM techniques. Nevertheless, scale-up experiments were not satisfying mainly because
of the problems with LM stability and efficiency while the efforts allow for a moderate
optimism [144].

Unquestionably, there is a clear potential of applications in REE ions enrichment and

separation. Yet, there are challenges which need to be addressed in the scaled-up facilities.
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These include an involvement of cleaning as a time-consuming separate unit operation,
replacement of the fouled membranes with the overall economy of processing. So far, these
aspects were non-optimized. Similarly, a relative hydrophobicity, lowered fluxes resulting from
(bio)fouling, low thermal and chemical stability are still incompletely addressed. Among which
the fouling problem must be mitigated before the commercialization since it will decrease the
transport flux and consequently rise the cost of membrane replacement and operation [145,
146]. That is the main obstacle of these membrane systems to be applied in the treatment of
REE metallurgy industry.

The key output from the most recent state-of-art literature review is that more light
should be shed on the development and application of non-liquid membranes, in which the
carriers are physically or chemically bound to the membrane or the porous structure of the
support. Indeed, the greatest advantage of PIMs is the absence of the problem of losing
extractant into the aqueous phase and the ‘all-in-one’ implementation scheme. Primarily, low-
cost PIMs display a high transport flux, fast permeation, low consumption of the high-priced
coordinating carriers, versatility as well as time- and operation-stability than SLMs. On the
other hand, the imprinting technique is emerging as an exclusively promising technique of REE
separation, but the stability of the template cavity must be well-designed and proven in the long-
term operation. PIMs and MIMs/1IMs — as a part of the non-liquid membrane family — bring
hope to become the real-file industrial solutions. Nonetheless, innovative novel synthetic
polymers and their nanocomposites of well-defined and tunable structures — designed for the
specific REE(s) — should continue the avalanche of research. And all of the targeted industrial
applications should focus on minimization of the energy, materials, and all resources input in a

‘cradle-to-grave’ scheme and reagent saving.
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2. Extraction and separation mechanisms

2.1.Complexation/Diffusion mechanism

Transport of REEs in liquid membranes (LMs; bulk liquid membranes, emulsification
liquid membranes or supported liquid membranes) and polymer inclusion membranes (PIMs;
solid membranes) results from a complexion-diffusion process. Indeed, the hydrophobic nature
of LMs and PIMs prevents the diffusion of REEs ions in the absence of a carrier (organic
extractant) whose role is to form a complex with REEs ions to facilitate their diffusion across
the membrane (Fig. 6A) [147].

The transport of REEs in those systems is commonly described as a five-step process (Fig.
7A). The REE first diffuses from the feed solution through the boundary layer in the vicinity of
the membrane/feed solution interface. The second step consists of the REE extraction by
complexation with the carrier. The REE-carrier complex then diffuses through the membrane
towards the membrane/stripping solution interface due to the concentration gradient across the

membrane phase.
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Fig. 6. Schematic representation of carrier-assisted transmembrane transport (A). Green sphere:

species forming a complex with the organic carrier. Yellow sphere: species not complexed by
the organic carrier. A REE selectively interacts with an ion exchange resin (B) or adsorbent
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A decomplexation reaction (stripping reaction) occurs at the membrane/extraction solution
interface (fourth step), and the REE finally diffuses through the boundary layer between the

membrane and the stripping solution.

A Membrane B Membrane Membrane

N Strip Feed { l ‘ Strip Feed f Strip
| phase phase phase phase
i [RE3+]
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i 3H*
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Co-transport Cou nter-transport

Fig. 7. Schematic description of REEs transport process through membranes (A). Rare earth
cation (RE®*") extraction by (B) co-transport and (C) counter-transport mechanisms. X
inorganic anions; E(): carrier (in the organic phase); HA(): acidic carrier (in the organic phase).
It may be noted that the literature on REES separation sometimes refers to the terms co-transport
and counter-transport [131]. In this context, co-transport means that the inorganic anions
contained in the feed solution (i.e., the REES counter-ions) are extracted together with the REE
cations (Fig. 7B). On the other hand, counter-transport (occurring with acidic carriers such as
mono-2-ethylhexyl (2-ethylhexyl)phosphonate) involves a cation-exchange mechanism

between REE cations and hydrogen ions (Fig. 7C).

Let us consider for example the complexation reaction associated with Fig. 7B:

3 -
The thermodynamic equilibrium constant of the complexation reaction (K) the constant can be
written approximately as:

[REX3E (0]

Rz ¥ 5]

)
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Considering transport at steady state through the membrane phase and the surrounding
boundary layers, the following approximate expression of the REE molar flux (jzg) can be

derived [148].

-1
. 1 1 1 3+ _ 3+
JRE = <DRE,f /af + K[X(_aq)r[E(o)]DRE)A(;E(O) + DREs /55> ([RE(aq) f [RE(aq)] S) (3)

where D stands for the diffusion coefficient (note that for supported liquid membranes and
PIMs, the diffusion coefficient of the REE-carrier complex has to be corrected for both the
membrane porosity and tortuosity), & is the thickness of the boundary layer, Ax is the effective
thickness of the membrane phase, and the subscripts f and s stand for feed solution and stripping
solution, respectively.

According to Eq. (3), the transport of REEs through the membrane phase increases with
the extraction constant (K). For instance, Croft et al. [149] performed the sequential separation
of La®", Gd*" and Yb®* using a PIM composed of 55 wt% poly(vinyl chloride) and 45 wt% di-
(2-ethylhexyl) phosphoric acid (D2EHPA), the thermodynamic extraction constants of these
three REEs by D2EHPA having being estimated at 0.776, 81.2 and 7.45 x 10*, respectively
[149]. This behavior can be rationalized by the Hard and Soft Acids and Bases (HSAB) theory
[150]. Indeed, D2EHPA can be considered as a hard (Lewis) base owing to its chemical
structure with localized partial charges and is therefore prone to interact more strongly with
heavy REEs that are harder Lewis acids than light REEs. Soukeur et al. [151] reported
selectivity factor up to 5,600 between ytterbium and cerium using D2EHPA in chloroform.

Eg. (3) also indicates that extraction performance should increase by increasing the
concentration of the organic extractant in the membrane phase (due to the shift of the
complexation equilibrium towards the formation of the REE-carrier complex). However, an
optimal concentration of organic extractant is expected because the increase in its concentration
leads to an increase in the viscosity of the membrane phase and therefore to a decrease in the

diffusion coefficient of the REE-carrier complex in the membrane phase (DREX3E(O)). Tehrani
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and Rahbar-Kelishami [148] indeed reported increasing extraction of gadolinium by supported
(nano)liquid membranes for carrier (Aliquat 336 ionic liquid) concentrations up to 2-3 mol L™
followed by a decreasing permeability for higher carrier concentrations. Qualitatively similar
results were observed by Wannachod et al. [152] in the case of (counter)transport of
neodymium using 2-ethylhexyl-2-ethylhexyl phosphoric acid (HEHEPA) carrier dissolved in
octane.

2.2.Facilitated/retarded permeation mechanism

Another strategy to increase the selectivity of the membranes towards species with very
similar structures (REEs or, for instance, enantiomers) is based on molecular imprinting
approaches [153, 154]. They consist in elaborating a polymer membrane in the presence of a
template species and subsequently removing this template in order to obtain a material with
“memory” sites, which have the ability to selectively rebind the original template from a
mixture [155].

In recent years, various ion-imprinted membranes (I11Ms) for selective separation of REEs

were reported [139, 156, 157] (Fig. 8).
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Fig. 8. Schematic illustration of 1M preparation for specific recognition of REESs. Reproduced
with permission from [139] Copyright © 2021, Elsevier. (upper scheme). Reproduced with
permission from [157] Copyright © 2022, Elsevier. (bottom scheme)

Depending on the binding affinity and structural features of the membrane, the so-called
facilitated or retarded permeation mechanisms can be observed with imprinted membranes
[158].

Membranes based on facilitated transport mechanism are characteristically defined as
diffusion-selective membranes [154]. As shown in Fig. 9A, the facilitated transport mechanism
is based on the enhanced permeation of the target compound through the membrane via
binding/desorption cycles between neighboring recognition sites, while diffusion of the other
species (non-interacting with the binding sites) is impeded by the microporous structure of the
membrane. Efficient separations can then only be achieved with relatively dense membranes
with an appropriate density and distribution of recognition sites [159].

The facilitated transport mechanism therefore involves a sufficiently high binding
affinity between the target compound and the specific recognition sites. However, if the binding
affinity becomes so strong that it makes desorption of the preferentially adsorbed species
difficult, then the latter may be transported more slowly across the membrane than other

compounds with no specific interactions with the membrane sites (Fig. 9B). Membranes based
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on such a retarded transport mechanism are typically described as adsorption-selective
membranes and separation efficiency is mainly controlled by the membrane binding capacity.
Separation performance of membranes based on facilitated transport mechanism is constrained
by selectivity/permeability trade-off while membranes based on the retarded transport

mechanism might improve both permeability and selectivity simultaneously [154].
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Fig. 9. Schematic illustration of (A) facilitated and (B) retarded transport in imprinted
membranes.

Fig. 10A shows REE separation performance of an [IM membrane developed by Wu et al. [156]
for retarded transport of Nd®* ions. The 1IM was found to significantly hinder the transport of
Nd3* ions compared with other REEs (Tb%* and Dy®*), with selectivity factors Th**/Nd** and
Dy3*/Nd®* of 10.99 and 10.17, respectively. On the other hand, nearly similar permeation fluxes
were observed for non-imprinted membrane (Fig. 10B) with selectivity factors Th**/Nd** and

Dy3*/Nd®* of 1.08 and 1.48, respectively.
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Fig. 10. Time-dependent concentrations of Nd**, Th**, Fe®" and Dy®* crossing (a) a wood-based
Nd(I11)-imprinted membrane, and (b) a non-imprinted membrane. Reproduced with permission

from [156] Copyright © 2021, Elsevier.

2.3.Rejection mechanism by membranes without specific carriers or recognition sites

LMs, PIMs and IIMs can suffer from limited stability and/or scaling difficulties, which

limits their development on an industrial scale. Polymeric membranes, pure or composite but

without the addition of a transporter or specific recognition site, make it possible to overcome

these limits. However, the absence of sites or carriers with chemical specificity necessarily

limits their selectivity with respect to the various REEs (Fig. 11).

A

Molecular sieving

Chemical affinity

Fig. 11. Molecular sieving by a porous membrane (A) and chemical affinity (B).

Porous membranes exhibit selectivity based on the relative size of the compounds to be

separated and the membrane pores [147] (molecular sieving, Fig. 11A).
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However, the size of the various REEs is extremely similar, with a little difference in
radius from La (0.106 nm) to Lu (0.0848 nm). Bearing in mind that polymer membranes do not
exhibit a uniform pore size distribution, it is therefore difficult to achieve efficient selectivity
between REEs by means of molecular sieving.

Moreover, the typical pore size of microfiltration (MF) and ultrafiltration (UF)
membranes is too large (~2-100 nm for UF membranes and >100 nm for MF membranes) to
reject REEs dissolved in water by means of these pressure-driven processes. An effective
strategy for retaining REEs with a UF membrane is to artificially increase their size in the feed

solution using complexing species (Fig. 12).
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Fig.12. Schematic representation of complexation-assisted UF. Reproduced with permission
from [160] Copyright © 2005, Elsevier CC license.

Different complexing species have been considered in this complexation-assisted UF
strategy, such as polymers (polymer-assisted ultrafiltration (PAUF) [161]), surfactants
(micellar-enhanced ultrafiltration (MEUF) [162]), humic matter [163], and organic extractants
[164]. For example, Sorin et al. [164] showed that the rejection of gadolinium by a polyamide
membrane with a cut-off of 2500 Da (i.e. at the edge between ultrafiltration and nanofiltration)
could reach 95% by complexing Gd with diethylenetriaminepentaacetic acid (DTPA), whereas
the rejection of uncomplexed Gd (in the form of Gd(NOs3)3 salt) was less than 10% whatever

the pH of the feed solution (Fig. 13) [164].
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Fig. 13. (a) Experimental rejection of Gd (in the form of Gd(NO3)s salt; feed concentration: 0.3
mM) at 4 bar by Desal G10 membrane vs. pH; (b) Theoretical speciation diagram for Gd(+111)
| DTPA system (L stands for DTPA in the figure); (c) Theoretical speciation of Gd-DTPA
complex vs. pH (left axis) and experimental rejection of Gd in the presence of DTPA ([Gd(+I11)
= [DTPA] = 0.3 mM) at 4 bar by Desal G10 membrane vs. pH (right axis). Reproduced with

permission from [164] Copyright © 2005, Elsevier.
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Another possible rejection mechanism by membranes is the so-called Donnan exclusion,
which refers to electrostatic repulsion between ions bearing an electrical charge of the same
sign as the membrane. The mechanism of membrane charge formation can be quite complex,
including ionization of surface functional groups (such as carboxylic or sulfonic acids,
ammonium) [165-167] as well as adsorption of charged species (ions, charged surfactants, etc.)
from the solution onto the membrane surface [168].

The Donnan exclusion mechanism is particularly important for membranes with pore
sizes comparable to the Debye length of the solution. It is for instance well-established that
mass transport and surface charge effects are strongly interrelated in nanofiltration (NF; a
pressured-driven process using membranes pore size in the range 1-2 nm), particularly at low
to moderate concentrations of the charged solutes (the membrane charge being progressively
screened as ionic strength of solution increases) [169, 170].

Zhao et al. [171] used NF to separate REEs from other cations of different valences and
obtained selectivity factors of up to 11.88 between sodium and neodymium and 12.43 between
sodium and cerium (Fig. 14). Lopez et al. [172] evaluated the performance of two NF
membranes for the recovery of REEs from acid mine water. As in the study by Zhao et al. [171],
the authors obtained a fair separation with membrane permeance to REEs much lower than
other species with different valence but with low selectivity between REEs (Fig. 15).

Alternatively, Pramanik et al. [173] investigated the potential of the forward osmosis
(FO) process for the separation of REEs with the main argument that this osmotic process is
less energy intensive than NF as it does not require an external supply of hydrostatic pressure
[173] (water diffuses through a dense FO membrane from the feed solution to the draw solution
that is characterized by a higher osmotic pressure than the feed solution [174]). Qualitatively

similar conclusions to NF were obtained in terms of separation performance, i.e. good REE
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rejections, from 82 to 96% depending on the solution pH and the membrane orientation, but

little selectivity between the different REEs (La, Ce and Dy) [173].
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Fig. 14. The explanation of ions selectivity of nanofiltration membranes for rare earth
wastewater treatment. Reproduced with permission from [171] Copyright © 2022, Elsevier.
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Fig. 15. Calculated Desal DL and HydraCoRe 70pHT membrane permeances to ions for NF
experiments performed with an acid mine water model solution (upper image). Proposed
treatment of an AMW including a) total oxidation of Fe(ll) to Fe(lll) and precipitation with
Ca0/CaCQOg; b) concentration of valuable metals with IX resins; c) recovery of H.SO4 and
concentration of valuable metals with NF; and d) selective precipitation of REE as phosphates
(bottom image). Reproduced with permission from [172] Copyright © 2019, Elsevier.

According to the Donnan exclusion principle, a more efficient rejection would be
expected between REE ions and a positively charged membrane due to the strong electrostatic
repulsion between trivalent REE ions and the membrane surface of the same sign.
Unfortunately, most polymer membranes are negatively charged over a wide range of pH, their
isoelectric point being usually reported between pH 2 and 4 [175]. A possible strategy is to
lower the pH of the solution below the membrane isoelectric point. The membrane thus
becomes positively charged, due to protonation of basic surface groups (e.g. amines) and/or
adsorption of protons from the surrounding solution. However, as the ionic strength increases
with the medium acidity, the positive surface charge of the membrane is screened, which
weakens the Donnan exclusion and results in the increase in REE permeation through the
membrane [176]. Hammache et al. [177] developed polymer membranes by mixing cellulose
triacetate (CTA) and a cationic polyelectrolyte (polyethylenimine, PEI) with the addition of

amino-based or phosphorous-based additives. The isoelectric points of the resulting membranes
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were found between pH 4.6 and 8.6 due to the presence of positively charged quaternary
ammonium groups, making it possible to have positively charged membrane without the need
to carry out membrane separation at very low pH (and thus high ionic strength). Membranes
were employed to recover neighboring REE elements, Nd and Pr, from electronic waste
(magnets of end-of-life computer hard-disk drives) by diffusion dialysis [177]. The strong
electrostatic repulsion between the membranes surface and Nd** and Pr®* ions led to efficient
rejection of REEs by the membranes and high selectivity factors between boron (in the form of
uncharged boric acid molecules) and REEs, with values up to 3706 for the B / Nd selectivity

factor as shown in Fig. 16.
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Fig. 16. Selectivity factor B/Nd and B/Pr for various CTA-PEI membranes containing amino-
based additives (tridodecylamine for M2 and trioctylamine for M3) and phosphorous-based (di-
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(2-ethylhexyl) phosphoric acid for M1 and trioctylphosphine oxide for M4) additives. (a) Feed
solution composition (mg L?): B: 8.724, Pr: 35.711, Nd: 119.141; (b) Feed solution
composition (mg L™?): B: 12.630, Pr: 48.142, Nd: 944.721. Reproduced with permission from
[177] Copyright © 2021, Elsevier.

Although not reported by the authors, the results in Fig. 16 indicate interesting
selectivity between the two neighboring REES, with Pr/Nd selectivity factors ranging from 2.5
up to 90.4 depending on the membrane and feed solution composition [177].

The dense membranes synthesized by Hammache et al. [177] exhibited higher
permeation for Pr3* than Nd®* although both cations are trivalent. As they all had a dense (i.e.
non-porous) structure, it is unlikely that solutes could penetrate the membrane phase while
keeping fully hydrated [178]. Being charged like Pr3* but slightly smaller, Nd** has a higher
charge density than Pr3* and thus a higher Gibbs energy of hydration (=3280 and —3245 kJ mol-
1 for Nd®* and Pr3*, respectively). The associated excess solvation energy, i.e., the extra-work
required to transfer a solute from the bulk solution into the membrane phase, is therefore higher
for Nd®* than Pr3*. This phenomenon represents another rejection mechanism, usually termed
dielectric exclusion in membrane science, that is relevant for dense and non-porous membranes
[179-181].

3. Extraction and separation methods of REEs
3.1.Technological non-membrane-based processes

Cascade [182-184] and fuzzy extraction technologies [49, 185, 186], still
overrepresented in the contemporary industry, are also applied as an approach toward
scalability of the pre-optimized extraction. This general characteristic stems from the fact that
these are multi-stage operations consuming large amounts of energy and organic chemicals,
producing large amounts of acidic and/or alkaline wastewater, and therefore leading to severe
environmental pollution. Therefore, cascade (Fig. 17) and fuzzy extraction technologies cannot

be considered as green solutions; this statement is particularly true since they can be
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immediately replaced by MSTs. However, a few examples could be recalled in this field though
still requiring verification when scalable. For instance, non-aqueous solvent extraction of
(heavy) REE hydroxide concentrate from mining waste, redissolved in ethylene glycol + 10
vol.% water, 0.43 M HCl and 0.8 M NaCl, was successfully transformed into 16-stage lab-scale
mixer-settlers leading to obtaining thulium and dysprosium group elements of the purity — from
originally 34% and 54% to ultimately 99.8% and 98.7%, respectively [49]. Further, REES were
extracted and purified from industrial sludge in a closed-loop system — demonstrated as scalable
and economically viable — using two green chemistry washing solutions: (a) [(NH4)2SOa4, N,N-
bis(carboxymethyl)glutamic acid, tetrabutylammonium bromide, and water], and (b) a porous
S-cyclodextrin polymer composite (PCDP-M-SHM), with no significant differences in their
extracting power. The recycling effectiveness after the purification of leached REEs using
PCDP-M-SHM were various for different REEs, in the range of 76% (Gd) to 87% (Pr), and 8%

for Ce [187].
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3.2.Solid-liquid separation without membrane implementation

3.2.1. Electrical transformations

An alternative and cleaner than the environmentally hazardous ‘precipitation-roasting’
strategy employing REE chloride-to-oxide transformations, a cationic membrane electrolysis
(CME) of 97% current efficiency was studied. This method, characterized by a zero-waste
liquid and zero gas emission, yielded pure and fine microparticles of Nd2Os, Sm203, Gd203,
Yb203 and CeO: after and without calcination, respectively [188]. Furthermore, electro-assisted
extraction, i.e., a prolonged, two-compartment electrodialysis allowed to recover REE (from
solutes of pH 2) from bituminous (138 ppm) and anthracite (447 ppm, Nd 65 ppm) coal fly ash
allowing to extract >70% of REEs [189]. Similarly, but applying orders of magnitude more
concentrated secondary source of REEs, i.e., a NdFeB magnet, Nd was solubilized, mobilized,
extracted and selectively recovered as oxalate in 95% yield [190].

3.2.2. Solid-phase extraction

Recovery of REE (as oxalates and fluorides) from coal fly ash was achieved by applying
choline chloride:p-toluenesulfonic acid monohydrate (1:1) deep eutectic solvent (DES) with
leachability of >85%, ca. 35% higher than sulfuric(\V1) acid [191] (Fig. 18). Yttrium (and other
heavy REES) were extracted from water using liquid o-octyloxybenzoic acid (and o-
ethylhexyloxybenzoic acid) allowing, via the optimized fractional extraction, to obtain Y-
product with a purity of 99.4% and yield of 96.4% [192]. A previously unexplored as the REE
source, silicate-based ore was extracted using sulfuric(\V1) acid-baking toward scandium and
iron allowing to achieve 13.5% and 65.0% vyield, respectively, clearly indicating a room for the
future improvement [185]. Concerning the ‘properties-by-design’ approach toward novel
extracting agents for REEs, a series of unsymmetrical diglycolamides was proved to act
efficiently and release REEs under acidic conditions [193]. Subcritical water extraction (SWE)

using citric acid (at 150 °C) as the leaching reagent was proved to rapidly (5 min) and efficiently
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extract REEs (90.85% of La, 88.84% of Ce, and 90.85% of Nd — as precipitated phosphates)
from spent NiMH batteries, locating this approach as technologically valuable [194]. Yttrium
and europium, after solid-phase chlorination by NH4Cl and acidic leaching, have been
recovered from a fluorescent lamp waste (as the other secondary resources) by a four-stage
cross-flow solvent extraction combining commercially available Cyanex 923 and Cyanex 572
yielding purity at the level >94% [195]. Similarly, selective leaching and separation of REEs
was performed using HNOzq) and Cyanex 923, respectively. The counter-current mixer setter
system encompassing three extraction and four stripping stages yielded as the final product
yttrium (94.61%)/europium (5.09%) oxides (by calcination of oxalates) [196]. Concerning the
other secondary REE resources, i.e. spent NdFeB magnets, an alternative, low-energy and green
route to selective recovery of REEs (ca. 100% purity of Nd) from using conc. ZnClaq) (stable
up to 4 cycles) was developed and elaborated. The process was characterized by a high Nd/Fe
separation factor (>1x10°) upon dissolution of oxides [197]. Also, (NH4)2SOa(q) (300 g L2,
120 °C 180 min, solid/liquid phase ratio 1:3) was applied to recover 99.98% of REEs and ca.

100% of Zn from the spent nickel-metal hydride (Ni-MH) batteries [198].

CFA Feed

Fig. 18. Images of HBD, HBA and DES reagents pre- and post-leaching (LL — Leach Liquor)
(A). Precipitated REE-rich products obtained with ChCl:pTSA(1:1) leaching of CFA. (a) CFA,
(b) REE-Oxalate and (c) REE-Fluoride. Reproduced with permission from [191] Copyright ©
2022, Elsevier.
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3.2.3. Microorganism- and bio-derived systems

Microorganism systems represent a prospective alternative in the area of biosorption
and hence separation of REEs. A method exploring a continuous flow filtration assay, based on
the adsorption and pH-dependent desorption of lanthanide to/from the pre-protonated bacterium
Roseobacter AzwK-3b immobilized on the assay filter, was proven to efficiently concentrate a
solution of equal concentrations of each lanthanide to nearly 50% of the three heaviest
lanthanides (Tm, Lu, and YD) in two passes. After protonation of bacteria with 2% HNO3(ag),
selectivity was achieved due to a reduced biosorption of the lighter REEs but higher and similar
biosorption of the heavier REEs. Similar trends were found for Shewanella oneidensis,
Sphingobacterium, and Halomonas.

The above characteristics emerged as surpassing the available industrial processes
[199]. Moreover, bioengineered E. coli strains were grown and applied to regulate the REE
adsorption and recovery by sensing extraneous REEs. Specifically, adsorption capacity of Th
(as a model REE) reached the highest reported value of 41.9 mg g per dry cell weight, while
its desorption efficiency >90% upon applying three bed volumes of citrate solution [200]. Ulva
lactuca, an abundant marine macroalgae, allowed to recover Nd and Dy from an artificial
seawater — after optimization of biosorbent stock density, ionic strength and contact time — with
the removal efficiencies up to 98% and 89% for Nd for Dy, respectively [201]. Staying in the
Kingdom Plantae and combining ion imprinting techniques with the bio-derived systems,
polydopamine-modified basswood 3D-materials were applied to construct selective separation
membranes decorated with Nd(I11)-imprinted cavities of a high rebinding capacity (120.87 mg

g1) and high permselectivity coefficients (>10) (Fig. 19) [156].
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Fig. 19. Schematic diagram for the synthesis procedures of 3DW-I1IMs (upper part). ()
Isothermal permeation results of 3DW-1IMs and NIMs toward Nd** and the time-dependent
permselectivity curves of Nd**, Th*", Fe®", Dy*" through (b) 3DW-IIMs and (c) NIMs, (d)
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3.2.4. Other hydrometallurgical approaches

A clean and energy-efficient diffusion dialysis was proposed to recover Nd and Pr from
NdFeB magnets of end-of-life computer hard disk drives. Precisely, a CTA/PEI/TDDA
membrane was found as of the highest B/REE selectivity with values up to 3706 and 140 for
Nd and Pr, respectively [177]. Also, Nd®* and Dy** were recovered from (simulated and real)
leaching solution of the NdFeB magnet via solid phase extraction (SPE) using SiO2-NHo,
EDTA and/or phosphonic groups. For multi-component systems, the affinity of
phosphorous/nitrogen adsorbents was found in the order: Fe®* > Dy*" > Nd®* > Ni?* > AP*.
Extraction of REEs from supernatant liquid via bifunctional mesoporous silica with EDTA
and/or phosphonic groups recovered 97.0% of Nd**, with Ni?* and AI** as impurities, while it
was the non-ordered silica functionalized with phosphonic groups which was characterized by
the most prospective economy. Also, adsorption capacity by polyacrylonitrile (PAN)
nanofibers (both under a batch and continuous mode) impregnated with a commercial organic
extractant Cyanex 272, was found as 200 and 400 mg g* for Y (I11) and Eu(lIl) (from aqueous
solution), respectively, revealing a high potential of membranes prepared therefrom [202].
Similarly, electrospun poly(vinyl alcohol) (PVA) nanofibres (d=280 nm) containing
hydrothermally synthesized ultrasmall (3 nm) CeO2 NPs (CNPs) (34 wt%) were found as
efficient adsorbents of Eu®*, Gd*" and Yb** at from aqueous solutions at pH 5.8 [203]. As an
example of other hydrophilic fibrous materials, carboxylated cellulose filters emerged as
promising systems dedicated for removal and recovery of La(lll) with a high permeation flux

(dynamic adsorption at 0.07 kPa) and high adsorption capacity (33.7 mg gt) [204] (Fig. 20).
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Fig. 20. Schematic representation of proposed electrostatic interactions between carboxylate
groups located on carboxylated cellulose and La (Ill) ions (upper image). SEM and EDX
mapping images of carboxylated cellulose fibers before (A) and after adsorption of La (111) (B)
(bottom images). Reproduced with permission from [204] Copyright © 2020, Elsevier.

3.3.Solid-liquid separation with membrane implementation

3.3.1. Polymer inclusion membranes (P1M)

Polymer inclusion membranes (PIMs) are a new type of liquid membrane [205].
Usually, PIM consists of a base polymer and a carrier. Polymers offer mechanical properties
while the carrier plays key roles in the transport of the targeted chemical species. In some cases,
PIMs can also consist of plasticizers which increase the membrane elasticity and modifiers
which make the extracted species more soluble in the membrane liquid phase [206]. PIMs are
characterized by easy-forming performance, suitable mechanical properties, and a wide range
of applications [207].

PIMs simultaneously combine the extraction and stripping processes into a single
device. Additionally, PIM could be a promising green alternative for concentrating, separating,
and recovering REEs due to its long-term stability, low carrier loss, elimination of significant
amounts of diluents, and a lack of phase separation issues [208].

Polyvinylidene fluoride (PVDF) has drawn a lot of interest because of its outstanding

thermal stability, chemical resistance, and well-defined film-forming capabilities [209]. Huang

38



et al. [210] used a polymer inclusion membrane functionalized by task-specific ionic liquid
di(2-ethylhexyl)phosphinic acid (P227) for the extraction of lutetium(111). PVDF was selected
as a polymer-based material, while PP227 was used as a carrier and plasticizer. The first part
of this research was related to finding the optimal amount of P227 in the PVDF matrix.
Therefore, membranes with the P227 content varying from 20 wt% to 50 wt% were prepared.
SEM analysis proved that the membrane containing 40 wt% of P227 demonstrated a certain
regularity in the distribution and a hierarchically ordered structure of pores. Contact angle
measurements revealed that the contact angle increased with increasing content of P227 in the
polymer matrix. Subsequently, membranes were tested in the transport of Lu(lI1). The highest
transport rate of lutetium(lll) was observed for the P227@PIM (40 wit%). This PIM
demonstrated the transport rate constant equal to 0.4220 h. Based on the physiochemical
analysis and transport rate, it can be concluded that the optimum amount of P227 in PIM was
40 wt% [210]. Huang et al. [211] tested also PIM with 60 wt% of PVDF and 40 wt% of P227
for the separation of Lu(l1l) from La(lll) and Sm(I1I). It was also noticed that at pH = 1.5 after
5 h, the recovery factors of Lu(l1), La(ll1), and Sm(I11) were 85%, 40%, and 4%, respectively.
The Sm(Ill) was successfully isolated from La(lll) when the pH was raised to 2.4. This
suggested that P227@PIM (40 wt%) can be used as a membrane to separate heavy and light
REEs. Moreover, the properties of regenerated PIMs were also investigated. Regenerated PIM
was prepared by dissolving the used in a proper amount of DMAC and cast on a glass plate.
SEM analysis of the regenerated PIM showed that it was characterized by a similar porous
structure to the non-regenerated PIM. Transport experiments proved that regenerated and
normal PIMs were characterized by similar Lu(l11) transport rate constant [211]. Another task-
specific ionic liquid dialkylphosphoric acid [A336][P227] was incorporated into a P\VDF matrix

and was used for the separation of yttrium [212] (Fig. 21).
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Fig. 21. Schematic illustration of the fabrication process of PVDF-[A336][P227] polymer
inclusion membrane (upper image). SEM images of PVVDF and PVDF-[A336][P227] PIM (ALl:
large pore side of PVDF, A2: small pore side of PVDF; B1: large pore side of PIM, B2: small
pore side of PIM, C1 and C2: cross section of PIM) (bottom images). Reproduced with
permission from [212] Copyright © 2018, Elsevier.

Results indicated that prepared PIM (containing 37.5 wt% of [A336][P227] and 62.5
wt% of PVDF) was suitable for the separation of yttrium from holmium and erbium.
Additionally, it was also proven that the PIM membrane was stable for 8 cycles. The thickness
and flux of the yttrium did not change after the long-term stability test [212]. Chen and Chen
[213] incorporated [tricaprylmethylammonium][di(2-ethylhexyl)orthophosphinate]
[A336][P507] into PVDF for the separation of Lu(lll). SEM analysis demonstrated that a
uniform distribution of pores characterized PIM. While the AFM analysis showed that the task-

specific ionic liquid was also homogeneously distributed in the PVDF polymer matrix. It was
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also noticed that various parameters influence the efficiency of the separation of Lu(lll). In the
case of the content of [A336][P507], results indicated that the permeability coefficient increased
with increasing content of carrier in PVDF. The highest permeability coefficient was noticed
for the PIM with 60 wt% of [A336][P507] with a stirring speed of 450 rpm. Further increase in
stirring speed did not increase the permeability coefficient. Subsequently, PIM was also used
in the separation of Yb(IIl) and Lu(lll). Surprisingly, PIM showed better efficiency in the
extraction of Yb(I1l). Long-term stability tests demonstrated that membranes could be used for
up to 10 cycles. Moreover, the thickness of the PIM decreased by only 2.6% after 10 cycles
[213]. Chen et al. [214] prepared a new type of PIM for the separation of Yb(III) and Lu(lll).
This new type of PIM consisted of a mixture of PVDF and poly(vinyl-alcohol-co-ethylene)
(EVOH) as a base polymer and Cyanex27 as the carrier. SEM analysis of the surface of
membranes proved that the incorporation of EVOH into the polymer matrix increased the
surface pores and internal channels. Based on the static adsorption dynamics permeation
experiments, the PIM with the composition of 25 wt% Cyanex 272 and 10 wt% EVOH was
selected for the separation of Yb(IIl) and Lu(lll). Analyzing the results, the membrane
demonstrated permeability coefficients of Lu(I11) and Yhb(I11) equal to 41.62 mg L™ and 77.46
mg L, respectively. While the selectivity (BybquyLuamy) Was equal to 3.78 [214]. Wan et al.
[215] tested the PIM membrane consisting of task-specific ionic liquid
trihexyl(tetradecyl)phosphonium  bis(2,4,4-trimethylpentyl)phosphinate (Cyphos IL 104)
(carrier) and PVDF (polymer) in the separation of the Yb(IIl) and Lu(lll). It was found that
membranes containing Cyphos IL 104 were characterized by bigger pore sizes compared with
the original PVDF membrane. When the content of IL increased from 11.76 wt% to 37.5 wt%
the pore size increased from 0.62 um to 0.97 um. in view of the separation efficiency of PIMs
membranes in the separation of Yb(IIl) and Lu(lll), PIM membranes containing 25 wt%

showed the best performances. This membrane demonstrated the permeability of Lu(l11) equal
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to 114.8 um st and Yb(Il) equal to 156.0 um s*. Moreover, the long-term stability of the
membranes was also tested. After 8 separation experiments, the permeation flux of the PIM
decreased by 24.6% [215].

Makowka and Pospiech [216] prepared PIM based on cellulose triacetate (CTA) for the
separation of lanthanum(I1l) and cerium(lll). Prepared membranes consisted also of ion
carriers: di(2-ethylhexyl)phosphoric acid (D2EHPA) or tributyl phosphate (TBP) and
plasticizer 2-nitrophenyl octyl ether (NPOE). The prepared membranes contained 30 wt% of
CTA, 40 wt% of NPOE, and 30 wt% of D2EHPA or TBP. The obtained results suggested that
the prepared membranes could be successfully used for the separation of La(lll) and Ce(llI).
Higher separation efficiency was found for PIM with the D2EHPA (BceqnyLaqiy=2.8) compared
with PIM with TBP (Bceqyagin=1.4). Moreover, PIM with the D2EHPA demonstrated twice
time higher La(lll) flux (Jagm=11.1 pumol m? s?) and three-time higher Ce(lll) flux
(Jceqmy=30.7 pmol m? s?) in comparison with PIM with TBP (JLagqiy=6.5 pumol m? s,
Jeeqn=9.2 umol m2 s?t) [216]. Makowka and Pospiech [217] also separated Ce(I11) from the
solution containing La(lll), Cu(ll), Co(ll), and Ni(lIl) using PIM containing CTA, CyphosIL
104, and plasticizer nitrophenyl octyl ether (NPOE). Prepared PIMs differed in the amount of
CyphosIL 104 (15 wt%, 25 wt%, 30 wt%) and NPOE (50 wt%, 55 wt%; 65 wt%). It was found
that CyphosIL 104 was suitable for the extraction of Ce(ll1) and La(lll) and demonstrated the
highest efficiency at pH=4.25. Transport experiments revealed that the highest initial flux was
noted for PIM containing 20 wt% of CTA, 55 wt% of NPOE, and 25 wt% of CyphosIL 104
(PIM2). At the high content of ion carrier, PIM was characterized by too high viscosity to reach
a sufficient value of transport of ion-carrier complex through the membrane. The PIM2
demonstrated a higher efficiency during the extraction of Ce(l111) (P=3.1 um s, RF=68.1%) in
comparison with the efficiency of removal of La(l1l) (P=0.5 um s, RF=16.2%). Subsequently,

PIM2 was tested in the separation of Ce(l11) from the solution containing La(lll), Cu(ll), Co(ll),
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and Ni(ll). Results indicated that prepared PIM2 was able to selectively extract Ce(l1l) from
the mixture of various ions. The highest removal factor was found for Ce(l1l) (RF=67%). The
removal factor of other ions was in the range of 3.6% (Ni(ll)) to 15.7% (La(lll)) [217]. Sharaf
et al. [218] also selected cellulose triacetate as a base polymer for the preparation of PIM.
Dioctylphalate (DOP) and 2-nitrophenyloctyl ether (2NOPE) were selected as plasticizers,
while the PC-88A and Versatic 10 were used as carriers. In the preliminary study, the
optimization of the PIM composition was performed. It was noticed that the quantitative
extraction of the Sc(l11) increased with increasing the content of PC-88A or Versatic 10 in the
PIM. PC-88A demonstrated better ability in the extraction of Scandium in comparison with
Versatic 10. Versatic 10 showed a greater efficiency in the back-extraction. Therefore, the
influence of the mixture of ion carriers on the extraction was investigated. Based on the obtained
results it was concluded that the highest efficiency of extraction and back-extraction was
noticed for PIM containing 4 wt% of PC-88A and 36 wt% of Versatic 10. In the case of
plasticizer, the best efficiency was found for the PIM with 40 wt% of plasticizer. Subsequently,
the optimized PIM membrane was used in transport experiments. The optimized PIM was
characterized by permeability and flux of Sc(l1l) equal to 6.77710° m h and 1.88110°" mol
m2 s, respectively [218]. Yoshida et al. [219] prepared a series of PIM based on CTA with
various ion carriers ((N-[N,N-di(2-ethylhexyl)aminocarbonylmethyl]glycine (D2EHAG), N-
[N,N-di(2-ethylhexyl)aminocarbonylmethyl]phenylalanine (D2EHAF), N-[N,N-di(2-
ethylhexyl)aminocarbonylmethyl]sarcosine (D2EHAS), D2EHPA, Versatic 10, and TOPQ)).
During the preliminary studies, the efficiency of various carriers in the extraction and stripping
of Sc(111) at acidic pH was investigated. The results indicated that D2ZEHAG and D2EHAF were
able to extract Sc(I11) while D2EHPA showed sufficient extraction of Sc(lll) at pH below 0.5.
Such low pH may be the problem with the stripping of Sc(l11). In the case of Versatic 10 and

TOPO carriers, these two carriers demonstrated poor efficiency in the extraction of Sc(lll).
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Based on the preliminary studies, D2EHAG and D2EHAF were selected for the extraction of
Sc(111) from the solution containing various common metal ions such as Fe(l11), Ni(ll), Al(I11),
Co(ll), Mn(11), Cr(111), Ca(ll), and Mg(ll). It was noticed that PIM with a D2EHAF carrier was
able to separate Sc(l11) from Ni(ll), Al(I11), Co(ll), Mn(ll), Cr(I11), Ca(ll), Mg(ll) and partially
from Fe(111). PIM with D2RHAF was characterized by Sc(l11) flux equal to 1.901107 mol m™
st and a much lower flux of other ions [219]. Ansari et al. [220] used PIM based on CTA and
N,N,N’,N'-tetraoctyl-3-oxapentanediamide(TODGA) for the facilitated transport of La, Eu, and
Lu. Additionally, plasticizer NPOE was added to obtain a more flexible membrane. Performed
transport experiments revealed that the highest flux was noticed for La(lIl) (7.31110® mol m
s'1) while the smallest was for Lu(l1l) (2.1110® mol m? s2). It can be concluded that the
transport of lanthanides followed the order of their ionic potential (Lu(lI)>Eu(lll)>La(lll)).
Moreover, it was also noticed that after 5 h, PIM quantitatively transported Lu(l1l) while only
60% of La(lll) was transported [220].

Croft et al. [149] tested the possibility of using the PIM based on the poly(vinyl chloride)
(PVC) and D2EHPA for the selective extraction of the La(lll), Gd(I1I), and Yb(III). lon carrier
D2EHPA was selected due to its enhanced capability for extraction and separation of
lanthanides. PIM with 45 wt% of D2EHPA was selected for the extraction of lanthanides. The
efficiency of the extraction of Yb(III), Gd(l11), and La(lll) was performed at pH equal to 0.45,
1.35, and 2.50, respectively. The highest flux was noticed during the extraction of La(lll)
(70107 mol m s) while the smallest one was for the Yh(II1) (410" mol m? st). Moreover,
according to calculations, the thermodynamic extraction constants for Yb(IIl), Gd(lll), and
La(lll) were 92,7, 85.5, and 0.9, respectively [149]. Zaheri and Ghassabzedeh [221] prepared
PIM based on PVC and a mixture of D2EHPA and Cyanex272 for the selective extraction of
Eu. The optimization study revealed that the best performance (extraction and back-extraction)

was observed for PIM containing 35.16 wt% of carriers (60 mg of D2EHPA and 53.9 mg of
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Cyanex272). The incorporation of plasticizers is a very common way to improve the flexibility
of PIM. Therefore, the influence of the incorporation of poly(oxyethylene alkyl ether) (POE)
on the efficiency of D2EHPA-Cyanex272-PVC@PIM in the extraction of Eu was studied. The
highest value of flux of Eu was noticed for PIM containing 18.52 wt% of POE. Optimized PIM
(35.16 wt% of D2EHPA+Cynanex272, 18.52 wt% of POE, and 46.31 wt% of PVC) is
characterized by the flux of Europium equal to 2.71110° mol m? s*. Moreover, the long-term
experiments showed that up to 5 cycles PIM demonstrated constant efficiency in the extraction

of Eu. In further experiments, the effectiveness of the membrane gradually decreased [221].
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Table 2. Comparison of the efficiency of various PIM in the extraction of REE.

Membrane
matrix

Carrier

REE

Results

Ref.

PVDF

PVDF

PVDF

PVDF

PVDF-EVOH

PVDF

CTA

CTA

CTA

p227

p227

[A336][P227]

[A336][P507]

Cyanex 272

Cyphos IL 104

D2EHPA and TBP

Cyphos IL 104

PC-88A and Verstic 10

Lu(l1)

Lu(l1), Sm(I11),
La(ll1)

Yh(I1)

Lu(l1)

Lu(I1), Yb(Il)

Lu(l11), Yb(Il)

La(l11), Ce(I1)

La(l11), Ce(l11)

sc(li)

P227@PIM (40 wt%) demonstrated the transport rate constant equal to
0.422 ht,

The recovery factors of Lu(lIl), La(lll), and Sm(I1I) were 85%, 40%, and
4%, respectively. The Sm(I11) was successfully isolated from La(lll) when
the pH was raised to 2.4.

PIM was suitable for the separation of yttrium from holmium and erbium.

The best permeability coefficient was noticed for the PIM with 60 wt% of
[A336][P507] with a stirring speed of 450 rpm. Long-term stability tests
demonstrated that membranes could be used for up to 10 cycles.

PIM demonstrated permeability coefficients of Lu(l1l) and Yb(llI) equal to
41.62 mg L and 77.46 mg L%, respectively. The selectivity (BvbainyLuan)
was equal to 3.78.

The membrane demonstrated the permeability of Lu(l1l) equal to 114.8 um
st and Yb(III) equal to 156.0 um s. Moreover, the long-term stability of
the membranes was also tested. After 8 separation experiments, the
permeation flux of the PIM decreased by 24.6%.

PIMs could be successfully used for the separation of La(lll) and Ce(lll).
Higher separation efficiency was found for PIM with the D2EHPA
(,BCe(|||)/|_a(|||)=2.8) compared with PIM with TBP (,BCe(|||)/|_a(|||)=1.4).

PIM demonstrated higher efficiency during the extraction of Ce(ll) (P=3.1
um s, RF=68.1%) in comparison with the efficiency of La(lll) extraction
(P=0.5 um s, RF=16.2%).

The best efficiency of extraction and back-extraction was noticed for PIM
containing 4 wt% of PC-88A and 36 wt% of Versatic 10. The membrane
was characterized by permeability and flux of Sc(l11) equal to 6.77(110° m
h* and 1.881107" mol m? s, respectively.

210]

211]

212]

213]

214]

215]

216]

[217]

218]
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CTA

CTA

PVC

PVC

D2EHAG, D2EHAF,
D2EHAS, D2EHPA,
Versatic 10, and TOPO

TODGA

D2EHPA

D2EHPA and Cyanex272

sc(li)

La(l11), Eu(ll),
Lu(l11)

La(l11), Gd(I1),
Yh(lIl)

Eu(ll1)

Results indicated that D2EHAG and D2EHAF were able to extract Sc(l11).
It was noticed PIM with a D2EHAF carrier was able to separate Sc(l11) from
Ni(ll), AI(I), Co(ll), Mn(ll), Cr(111), Ca(ll), Mg(ll) and partially from
Fe(111).

The highest flux was noticed for La(lll) (7.3110® mol m? s*) while the
smallest was for Lu(l11) (2.11110® mol m2s?). The transport of lanthanides
followed the order of their ionic potential (Lu(lID>Eu(lIl)>La(lll)).

The efficiency of the extraction of Yb(IIIl), Gd(lll), and La(lll) was
performed at 0.45, 1.35, and 2.50, respectively. The highest flux was
noticed during the extraction of La(lll) (710" mol m? s?) while the
smallest one was for the Yb(II1) (477107 mol m?2 s1).

The optimized PIM (35.16 wt% of D2EHPA+Cynanex272, 18.52 wt% of
POE, and 46.31 wt% of PVC) is characterized by the flux of Eu(lIl) equal
to 2.70110° mol m? s. The long-term experiments showed that up to 5
cycles PIM showed constant efficiency in the extraction of Eu(lll).

219]

220]

221]

221]
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3.3.2.  Molecular and ion-imprinted membranes (11M)

The ion-imprinting technique (11T) is a type of molecular imprinting technology inspired
by the interaction of natural receptors and ligands [222]. The preassembly is initially used by
ligands, template ions, and functional monomers to generate the ternary complexes during a
standard ion-imprinting polymerization [223]. The ternary complexes are then crosslinked and
form polymers in the presence of a cross-linker. After the removal of template ions by
protonation, precise recognition sites capable of adsorbing target ions may be created on the so-
called ion-imprinted polymers (11Ps) [224].

Chen et al. [139] prepared a yttrium(Y) ion-imprinted membrane (IIM). IIM was
prepared by immersing PIM (containing PVDF, Cynanex272, and EVOH) in the solution of
YClz and itaconic acid. The template of Y(II1) was removed by immersing the membrane in
EDTA solution for 24 h. SEM analysis proved that 1M was characterized by a lower pore size
(0.5 pm) compared with the PIM (1-1.5 um). Some aggregates of polymer on the surface of
I1M were detected. Moreover, forming an imprinted layer reduced the contact angle from 79.4°
to 20.3°. Subsequently, prepared 1M was tested in the separation of Y (I11), Ho(l11), and Er(l1I).
Furthermore, the initial Y membrane fluxes of PIMs and Y-1IMs were 3.97 umol m2s and 3.09
umol m2 s, respectively. It can be concluded that the initial flux was not reduced significantly.
The highest flux was observed during the extraction of Y(II1) (3.09 umol m s?) while the
lowest one was for the Ho(l11) (1.84 umol m s?). The Bmo) and Beien relative separation
factors were determined to be 1.32 and 1.45, respectively. A long-term experiment, revealed
that the 1M showed stable flux up to 10 cycles [139]. Chen et al. [157] also used 1M based on
electrospinning PVDF for the separation of the neighboring heavy rare earth ion Y(I1I) from
Ho(l11), and Er(111). SEM analysis indicated that also in this case agglomeration on the surface
of IIM. These agglomerates were formed by the strong interaction between Y ions and

Cyanex272. IIM based on the electrospinning PVDF is characterized by static adsorption
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greater than 7. The formation of the ion-immobilized layer on the surface of the electrospinning
PVDF significantly increased the g from 1.24 to 2.01 for the extraction of Y(l11). Based on the
obtained results, it can be concluded that the prepared IIM a sufficient number of imprinting
sites [157] (Fig. 22).

Zhang et al. [225] used an ion-imprinted chitosan composite membrane for the
adsorption of Nd(II). FTIR analyses proved successful synthesis of 1IM based on chitosan
while the N, adsorption-desorption showed that the 1IM was characterized by the specific
surface are (Sget) equal to 38.1 m? g* and the pore size equal to 5.89 nm. The optimization
experiments proved that the highest adsorption capacity of 1M was found for a pH equal to 5.
Moreover, it was also proved that the 1M based on chitosan adsorbed more Nd(I11) compared
to PIM. It can be concluded that ion-imprinting technology can significantly improve the
adsorption efficiency of the membrane. 11M showed a single metal adsorption capacity equal to
43.6 mg g1. Both membranes reached the maximum adsorption of Nd(I11) after 120 min. The
composite membrane was also reusable. After 5 cycles, I1IM is characterized by an efficiency
of 86% [225]. The three-dimensional macroporous wood-based ion-imprinted membrane was
used for the selective separation of Nd(111) [156]. The membrane was prepared in a four-stages
procedure. The first step was related to the self-polymerization of dopamine on the basswood
chips. Subsequently, the membrane with poly(dopamine) layer was treated for immobilization
of KH-570 (3-(trimethoxysilyl)propyl methacrylate). In the last step, PDA@basswood (KH-
570/PDA@basswood) membrane was immersed into the solution of Nd(IIl) nitrite,
methylacrylic acid, acrylamide, and ethylene glycol dimethacrylate. SEM images showed that
the roughness increased after the creation of poly(dopamine) layer which means that the layer
of poly(dopamine) was successfully created. Subsequently, the membrane was tested in the
separation of Nd(II1). Adsorption studies showed that the 3D-IIM membrane demonstrated

higher adsorption capacity (120.9 mg g™*) compared with the PIM (33.6 mg g2).
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Fig. 22. Illustration on the synthetic process of Y-1IEMs (upper image). (a) pDA processing
time; (b) Dosage of APTES; (c) Dosage of TEOS; (d) Influence of reaction time on Y (III),
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Ho(1Il), and Er(II) adsorption properties of Y-IIEMs (left vertical axis is corresponding to the
Qe value represented by the bar data, and right vertical axis is corresponding to the separation
factor represented by the point plots) (middle image). Effect of time on the adsorption properties
of (a) Y(II), (b) Ho(Il) and (c) Er(1l) by Y-1IEMs and NIMs (liquid phase: 20 mg L*RECI3,
298.15K) (bottom image). Reproduced with permission from [157] Copyright © 2022, Elsevier.

Equilibrium adsorption was reached at 120 mg L* of Nd(lll). Additionally, the
properties of the membrane were tested in the mixture of Nd(111), Tb(II), Fe(l1l), and Dy(ll1).
During these experiments, the mixed solution containing 120 mg L of Nd(I11), Th(lI1), Fe(llI),
and Dy(I1) was used. It was found that 3D-1IM demonstrated higher adsorption capacity to
Nd(111) compared with non-template ions (Tb(IlI), Fe(l11), and Dy(l11)). The imprinting factor
(IF) of 3D-1IM/PIM toward Nd(I11) was close to 4.0 while the selective adsorption coefficient
of anaqamymbany, ondaiymsn, and andanymbaiy were 5.1, 4.8, and 5.2, respectively [156].

Cui et al. [226] prepared Gd(I11)-imprinted membranes based on carbon nanotubes and
graphene oxide (GO) modified by poly(dopamine). TEM and SEM analysis showed after the
polymerization of dopamine roughness of GO had become lower and less transparent. This
observation proved the successful polymerization of dopamine on the GO. Selective adsorption
experiments revealed that the membrane demonstrated the highest adsorption capacity for the
Gd(I11) and much lower for Eu(lll) and La(lll). The adsorption selectivity coefficients of
Gd(l)/Eu(ll) and Gd(l)/La(l1T) onto GIMs reach 1.83 and 3.39, respectively, Additionally,
it was also found that the Langmuir model better described the adsorption of Gd(l111) compared
with the Freundlich model. It can be concluded that the adsorption sites were spread evenly on
the surface of the prepared membrane. Subsequently, the membrane was tested in the separation
of Gd(I11) from La(lll) and Eu(lll). Analyzing the obtained results it was noticed that the
membrane demonstrated a permeation selectivity coefficient of La(lll)/Gd(Ill) and
Eu(lIN/Gd(I1) was equal to 2.91 and 2.49, respectively [226]. Zheng et al. [227] used
mesoporous carboxymethyl chitosan membrane for the selective extraction of Gd(Ill). The

effect of various parameters such as pH and temperature on the efficiency of the extraction was
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also investigated. Considering the effect of pH on extraction efficiency, it was noticed that the
amount of adsorbed Gd(II1) increased with increasing pH. Based on the results, pH=7 was
chosen as the optimal pH for the further experiments. In the case of the temperature effect, it
was detected that temperature had a positive influence on the adsorption process. The amount
of adsorbate per gram increased when the temperature of the experiment also increased. Under
the optimal adsorption conditions, the so-prepared I1IM demonstrated an adsorption capacity
equal to 25.37 mg g and the distribution coefficient (Kq) was ca. 640 mL g*. The long stability
test displayed that membrane lost 21% of its initial performance after 5 consecutive runs [227].

Lu et al. [228] applied an Eu(l1l) imprinted membrane based on the GO and modified
silicon dioxide (SiO) for the separation of Eu(lll) from La(lll), Gd(lI1), and Sm(IlI). The
membrane was also modified by the attachment of Ag particles to increase the anti-fouling
properties. Analyzing the SEM micrographs, it was found that after the incorporation of Ag
particles, no changes in the surface structure of the membrane were noticed. In the case of I[IM
membranes, the tumor-like polymers around nanospheres on the surface were detected which
confirmed the preparation of the Eu(l11) imprinted membrane. Antifouling studies showed that
after being buried in natural soil for 20 days, the membrane without Ag particles was completely
damaged while the membrane with Ag particles was almost undamaged. Subsequently, the
influence of pH on the rebinding capacities and regeneration properties was investigated. It was
observed that the best rebinding and regeneration properties membrane possessed at pH equal
to 7. In the last part of this research, the transport and selective properties were investigated.
The significantly lower flux and permeability of Eu(l11) were noticed compared with the fluxes
and permeabilities of other ions (Gd(I1), La(lll), and Sm(Il)). These results indicated that
Gd(I11), La(ll), and Sm(III) were transported through the membrane while the Eu(lll) was
captured. Membrane showed permselectivity coefficients of La(lll)/Eu(lll), Gd(IH1)/Eu(ll),

and Sm(II)/Eu(lll) equal to 3.82, 3.47, and 3.34 respectively [228]. PVDF/1-butyl-3-
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methylimidazolium tetrafluoroborate (RTIL) nanofiber was used for the dynamic recovery of
Eu(l11) [229]. Physiochemical analysis showed that the incorporation of RTIL increased surface
roughness from 84.5 nm to 114.9 nm. The imprinted cavity sites provide hierarchical roughness
and height, resulting in the formation of homogeneous pits for improved Eu(lll). Adsorption
experiments showed that Freundlich (R?=0.99) isotherm is the most representative model to
describe the adsorption process. IIM PVDF/RTIL nanofiber exhibited excellent absorption
efficiency, up 90% of Eu(lll) was recovered after 3 h of experiment. Additionally, 1IM was
characterized by a remarkable reusability with no appreciable decrease in efficiency over 5

consecutive runs [229].
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Fig. 23. lon-imprinted electrospun PVDF nanofibers functionalized with ionic liquid, i.e. RTIL,
for effective removal of europium (111) ions. Reproduced with permission from [229] Copyright
© 2019, Elsevier.

I1M based on the methacrylic acid (MAA) monomer was prepared and used in selective
solid-phase extraction of lanthanides from the tap and river waters [230]. Optimization of the
solid-phase extraction protocol showed that the optimum pH for the experiments is 6.5 and 1M

HClg was selected as an elution medium. Subsequently, the membrane was tested in the
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extraction recovery of eight Ln(111) (La(lll), Ce(111), Nd(I11), Sm(I11), Gd(I11), Dy(I11), Er(l1I),
and Lu(l11)) from the tap and river waters. The efficiency of recovery of I1IM was also compared
with the efficiency of the non-ion-imprinted membrane (NIM). Experiments were performed
for the tap and river waters containing 30 ng of each Ln(l1l). In the case of tap water, the highest
extraction recoveries were noticed for Dy(I11) (94%) while the lowest for Sm(I1l) and Lu(ll1)
(both 82%). The prepared 1M demonstrated slightly lower efficiency of recovery of Ln(lll)
from river water. The highest and lowest efficiency of recovery was observed for Nd(111) (80%)
and Lu(lll) (47%), respectively. A comparison of extraction recoveries of IIM and NIM
revealed that in both cases (tap and river waters) 1IM displayed improved performances in the
recovery of Ln(I11) [230].

Liu et al. applied an ion-imprinted macroporous chitosan membrane for the absorption
of Dy(I11) [231]. The membrane was prepared in three steps process. The first step was related
to the preparation of silica particles. Subsequently, the chitosan was modified by o-
nitrobenzaldehyde. In the last step, the membrane was cast from the solution containing
modified chitosan, silica particles, and DyCl3[16H20. After that, the membrane was washed in
1M HCl@q) to remove Dy(l1l) and obtain imprinted cavities. Under the optimal conditions
(pH=7 and 25°C), 1IM showed adsorption capacity toward Dy(l11) equal to 23.3 mg g™* and the
adsorption equilibrium was reached in 150 min. Analyzing the results of selectivity studies, it
was noticed that 1M demonstrated a higher absorption ability towards Dy(I11) in comparison
with competitive ions (Nd(II), Pr(lll), and Tb(lll)). IMM demonstrated a distribution
coefficient for Dy(111) equal to 500 mL g* while for the competitive ions was equal to 150 mL
gL, Long-term stability revealed that the adsorption capacity of IMM was reduced by only 8.4%
after 5 runs. This indicated that MAC was a very effective adsorbent for the recovery of Dy(l11)

[231].
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Zheng et al. [232] applied dual-layer ionic imprinted bilayer mesoporous membrane
based cellulose nano-crystallites for the recovery of Nd(I11) and Dy(lll). The membrane was
prepared using the dual template docking oriented ionic imprinting. The obtained membrane is
characterized by a high specific area and ability for the selective adsorption of Nd(l1l) and
Dy(111). 1M possessed Janus structure therefore membrane could adsorb Nd(l111) and Dy(l11) at
the same time. It was observed that 1M demonstrated the adsorption capacity of Nd(I11) and
Dy(l11) equal to 12.15 mg g* and 17.50 mg g?, respectively. Subsequently, the selective
adsorption properties of 11M towards Nd(I11) and Dy(ll1) in the presence of competitive ions
(Th(I), Pr(11)). The properties of the membrane were evaluated by using the distribution
coefficient (Kg). The results revealed that 1M demonstrated higher Kq for Nd(111) (ca. 225 mL
g1) and Dy(111) (ca. 310 mL gt) compared with other ions (ca. 75 mL gt). Moreover, it should
be also noted that IIM could be very easily washed and reused again. It was noticed that the
membrane reduced its adsorption capacity to Nd(I1l) and Dy(lll) by 17.05% and 19.66%,
respectively. TGA and XRD analysis also confirmed the structure of the membrane and

functional group did not change after 5 cycles [232].
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Table 3. Comparison of the efficiency of various 1M in the extraction of REE.

Targetion Membrane substrate Competitive ions Results Ref.
The highest flux was observed during the extraction of Y (I1I) (3.09
umol m2 st) while the lowest one was for the Ho(ll1) (1.84 umol
(i PVDF, Cynanex272, and EVOH Ho(I11), Er(1l) m?2 s1). The Bwmo and Bwer relative separation factors were [139
determined to be 1.32 and 1.45, respectively.
The creation of the ion-immobilized layer on the surface of the
Y(I1) PVDF, Cyanex272 Ho(ll1), Er(I11) electrospinning PVDF significantly increased the  from 1.24 to [157
2.01 for the extraction of Y(III).
IIM showed a single metal adsorption capacity equal to 43.6 mg g
. Nd(I11), Dy(H1), Pr(li1), % Membranes reached the maximum adsorption of Nd(I11) after 120
Na(ih) chitosan La(lll) min. The composite membrane was also reusable. After 5 cycles, [225
IIM is characterized by an efficiency of 86%.
three-dimensional Macroporous 3D-1IM membrane demonstrated an adsorption capacity equal to
Nd(I11) wood P Th(111), Dy(I11) 120.9 mg g* and higher adsorption capacity towards Nd(Ill) [156
compared with non-template ions (Th(lI1) and Dy(lI1)).
carbon nanotubes and graphene IIM demonstrated the highest adsorption capacity for the Gd(lll)
. e and much lower for Eu(lll) and La(lll). The adsorption selectivity
Ga(im Oﬁ:d? d(oGg%mg)d'f'Ed by Eu(im), La(il coefficients of Gd(IN/Eu(IIT) and Gd(IT)/La(llT) reach 1.83 and 228
poly(dop 3.39, respectively,
Mesonorous carboxvmethvl Under optimal adsorption conditions, prepared IIM demonstrated
Gd(i chitospan y y Pr(111), Dy(lI1), Th(IIl)  an adsorption capacity equal to 25.37 mg g* and the distribution [227]
coefficient (Kq) was ca. 640 mL g™
. o Membrane showed permselectivity coefficients of La(lll)/Eu(lll),
Eu(lll) ggigﬂ? modified silicon dioxide .,y Gaany, smqiny  Gd(yEu(IIN), and Sm(ITYEU(IIT) equal to 3.82, 3.47, and 3.34 [228
2 respectively.
Eu(iil) PVDE/RTIL i IIM PVDF/RTIL nanofiber exhibited excellent absorption [229

efficiency up 90% of Eu(l11) was recovered after 3 h.
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8 Ln(lll) macroporous chitosan
Dy(111) macroporous chitosan
Nd(l11),

Dy(l11) cellulose nano-crystallines

Nd(I11), Pr(111), Th(l1)

Th(1I1), Pr(l1)

Better efficiency in the extraction of lanthanides from tap water
compared with river water. In the case of tap water, the highest
extraction recoveries were noticed for Dy(lll) (94%) while the
lowest for Sm(111) and Lu(l11) (both 82%).

I1M showed adsorption capacity toward Dy(I11) equal to 23.3 mg g°
Land distribution coefficient for Dy(l11) equal to 500 mL g* while
for the competitive ions was equal to 150 mL g™.

IIM demonstrated the adsorption capacity of Nd(I11) and Dy(ll)
equal to 12.15 mg g* and 17.50 mg g%, respectively. Membraned
showed higher Kq for Nd(111) (ca. 225 mL g*) and Dy(ll) (ca. 310
mL g*) compared with other ions (ca. 75 mL g*).

[230

[231

[232
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3.3.3. Metal organic frameworks (MOFs) and covalent organic frameworks
(COFs) materials for REE ions separation
3.3.3.1.MOF adsorbents and MOF membranes for REE separation

Metal organic frameworks (MOFs) are porous crystalline materials containing metal
clusters coordinated with organic ligands [140]. MOFs have shown tremendous potential for
the separation of REEs due to their intrinsic properties e.g., large surface area, tunable pore
size, tunable surface chemistry, and unsaturated metal sites [233, 234]. Paz et al. [235]
synthesized Cu-BTC MOF via the solvothermal reaction for the adsorption of Samarium (Sm),
Lanthanum (La), and Erbium (Er) from aqueous solution. The effects of pH, the initial
concentration of lanthanide ions, the adsorbent mass, and the adsorption time on the adsorption
performance of Cu-BTC MOF were investigated. It was found that the prepared MOF showed
the highest adsorption capacity for lanthanide ions under the optimal experimental conditions
(adsorbent amount = 20 mg, teg = 120 min, pH =6, T = 298 K, Co = 500 mg L'1). The maximum
adsorption capacities for Sm(l1l), La(lll), and Er(11l) are 248.4, 235.4, and 131.4 mg g},
respectively. Moreover, the prepared MOF showed higher adsorption capacity for Sm(l11) with
the presence of other metal ions such as Al(I11), Fe(l11), Cr(111), Mg(ll), Co(ll), and Na(l). The
high adsorption performance for lanthanide ions was resulted from the involvement of free
carboxylic groups and the ion-exchange mechanism in the adsorption process. Ammari
Allahyari et al. [236] synthesized MOF [Zn(bim)2(bdc)]. for La(lll) separation from aqueous
solution. In the batch experiments, the prepared MOF exhibited the highest La(lll) adsorption
capacity equal to 130 mg g under the optimized conditions (adsorbent dosage = 2500 mg L™,
teg = 150 min, pH =7, T = 298 K). From the Kkinetic adsorption study, it was found that the
pseudo-first-order kinetics well described the adsorption kinetics and more than 97% of La(lll)
ions were adsorbed onto the prepared MOF. In the fixed bed column mode, the dynamic

adsorption capacity of La(lll) ions onto the synthesized MOF was 20% higher than that from
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the batch experiments. It was found that the synthesized MOF showed higher adsorption
capacity and higher adsorption efficiency when the flow rate in column mode was lower. Khalil
et al. [237] synthesized cobalt MOFs containing diallylamine as the ligand by using the sol-gel
method. The synthesized Co-MOF demonstrated high adsorption efficiency for Ce(l1l) and
Eu(l11) separation from aqueous solution. It was found that he adsorption efficiency for Ce(lll)
and Eu(lll) were 93.3% and 27.4%, respectively when the pH of solution was 5.1. The
adsorption behavior of the synthesized Co-MOF was well described by the pseudo-second-
order kinetic and the Langmuir adsorption model. Under the optimized conditions (adsorbent
dosage = 5000 mg L, teg = 30 min and 180 min, pH = 5.1, T = 298 K, Co = 800 mg L), the
adsorption capacity of Ce(lll) and Eu(lll) were 102.24 mg g* and 52.93 mg g*. The
synthesized Co-MOF showed higher adsorption capacity for Ce(lll) because the Co-MOF
possessed a cavity size which is similar to Ce(l11) ionic radii, which allows the Ce(lll) ions to
enter the Co-MOF and interact with the amine groups on the Co-MOF wall. Zhang et al. [238]
combined ZIF-8 and UiO-66-NH: to synthesize a hybrid material U6N@ZIF-8-20 possessing
a 3D-agaric like core-shell structure for the adsorption of REEs. It was found that the maximum
adsorption capacities of UBN@ZIF-8-20 for Nd(I11), Eu(l11), Gd(I11), and Er(111), were 249.90
mg g?, 295.28 mg g?, 316.22 mg g, and 340.95 mg g, respectively. The high adsorption
capacity of UBN@ZIF-8-20 for REEs are attributed to the abundant amino, hydroxyl and
carboxyl groups, which have high affinity for REEs. What is more, the high surface area, high
porosity, the agaric core-shell structure, and the abundant adsorption sites resulted in the high
adsorption capacity of UGN@ZIF-8-20 for REEs as well. Comparing with the sing ZIF-8 and
UiO-66-NH2, the synthesized U6N@ZIF-8-20 showed enhanced thermal stability, water
stability and reusability.

In order to improve the adsorption capacity and the selectivity of MOFs for the

separation of the target REEs, further modifications are generally conducted. The modification
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of MOFs with functional groups is a favorable way to prepare more efficient and stable porous
adsorption materials. Pei et al. [239] prepared carboxyl functional poly(ionic liquid)s@ MOF
composite (PIL@MIL-101) via the in situ polymerization of ILs monomers in MOF pores. The
prepared PIL@MIL-101 was used to separate La(lll), Sm(lIl), and Nd(Ill) from aqueous
solution. It was found that PIL@MIL-101 exhibited high optimized adsorption efficiency of
99.8% for La(lll), Sm(IIl), and Nd(II) ions. Furthermore, the adsorption performance of
PIL@MIL-101 was again well described by the Langmuir model and the pseudo-second-order
model. The high adsorption performance of PIL@MIL-101 was attributed to the electrostatic
interaction and the coordination of metal ions by the carboxyl group. Ahmed et al. [240]
prepared [Csamim]@UiO-66 by entrapping ionic liquid 1-butyl-3-methylimidazolium bromide
([Csmim]*[Br]") into the cavities of UiO-66 via a ship-in-a-bottle technique. The prepared
[Csmim]@UiO-66 was used to capture Gd(I1l) from aqueous solution. Under the optimized
experimental conditions (teg = 180 min, pH = 6, T = 298 K, Co = 75 mg L), [Csmim]@UiO-
66 exhibited the maximum adsorption capacity equal to 85 mg g, which was significantly
higher than the pristine UiO-66 (17 mg g%). This is because the strong interaction between
Gd(I11) ions and the imidazole rings of Csmim in Csmim@UiO-66 via coordination and
interaction with the aromatic z-electron cloud of imidazole. What is more, Csmim@UiO-66
showed a high selectivity towards Gd(l11) ions in the presence of other transitional metal ions,
and alkali ions. Li et al. [241] synthesized lanthanum-based MOF (LaBDC) by using the
hydrothermal method and modified LaBDC with polyethyleneimine (PEI) by using the
impregnation method. It was found that the modified LaBDC@50%PEI showed the highest
adsorption capacity of 181.77 mg g for Gd(I11), which is 5 times higher than that of pristine
LaBDC. The adsorption isotherm and the adsorption kinetics of LaBDC@50%PEI were well-
defined by the Langmuir and pseudo-second-order kinetic model, respectively. The modified

LaBDC@50%PEI showed high Gd(l1l) adsorption capacity because the PEI modification
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enriched the LaBDC surface with the abundant amino groups, carboxyl groups, and hydroxyl
groups, which overall showed a high affinity to Gd(lI11) ions.

In order to improve the recyclability of MOF-based materials, MOF crystals are formed
on substrates, such as fibers [242], membranes [243], and nanofibrous mats [244]. To increase
the stability of polyacrylonitrile fibers (PANF) and overcome the difficulty of separating of
MOFs from solution, Hua et al. [243] synthesized the MOF nanofibrous membranes (NFMs)
for the separation of Tb(lll) and Eu(lll) from aqueous solution by embedding the UiO-66-
(COOH). nanoparticles into polyacrylonitrile (PAN) nanofibers using colloid-electrospinning

technique (Fig. 24).

Colloid electrospinning

adsorption

® UiO-66-(COOH),
—( -coo
/// UV Light 254nm

Th/Eu

Fig. 24. Schematic illustration of the fabrication procedure of PAN/UiO-66-(COOH).
nanofibrous membranes for the adsorption of Tb%" and Eu®* ions. Reprinted with permission
from [243] Copyright ©2019 Elsevier.

The UiO-66-(COOH). possessed a high number of free carboxyl functional groups
which showed high affinity and strong chelating effect to Th(lll) and Eu(lll), while PAN
nanofibers provided high specific surface area, good flexibility, and easy separation. The
prepared PAN/UiO-66-(COOH). containing 60 wt% MOFs showed high adsorption capacity
equal to 203.4 mg gtand 181.3 mg g for Tb(l11) and Eu(l11), respectively under the optimal
conditions (teg = 240 min, pH = 6, T = 298 K, Co = 200 mg L). The adsorption process was

well described by the Langmuir isotherm and pseudo-second-order kinetic model. Mahmoud
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et al. [245] prepared a microporous MOFs/polymer hybrid material Zn(Glu)-SiNH/PPC
consisting of silica-amine modified MOFs and poly(piperazine-cresol) (PPC) for La(lll)
adsorption separation from aqueous solution. It was found that the synthesized Zn(Glu)-
SiNH/PPC showed the maximum adsorption capacity of 289.3 mg g for La(lll) under the
optimized conditions (adsorbent amount = 20 mg, teq = 20 min, pH =5, T =298 K, Co = 0.01
—0.1 mol LY. The adsorption isotherm and the adsorption kinetics of Zn(Glu)-SiNH/PPC were
well described by the Langmuir model and pseudo-second-order kinetic model, respectively.
Apart from the preparation of MOF-based materials as adsorbents for the separation of
REEs, the fabrication of MOF-based membranes is also important. Even the utilization of
MOF-based membranes for the separaiton of REEs is not common, the study on their
application for the separaiton of REES is required. Yao et al. [246] fabricated H-UiO-66-PF2

membranes for the simultaneous removal of Gd(l11) and oil from wastewater.
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Fig. 25. Illustration of the fabrication process for H-UiO-66-PFx. Reprinted with permission
from [246] Copyright 2022 Elsevier.

The H-UiO-66-PF2 membranes were fabricated by incorporating the 2-
hydroxyphosphono- acetic acid modified UiO-66 crystals on polyester fabric (PF) using the in-
situ growth method (Fig. 25). Comparing with the pristine PF membranes, the modified one
showed enhanced hydrophilicity, high oil/water separation performance with a water flux up
to 126300 L m™ h%, and a high maximum Gd(l11) adsorption capactiy equal to 156.6 mg g*

under the optimized experimental conditions (adsorbent amount = 10 mg, teq = 60 min, pH =
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6, T=298 K, Co = 250 mg L1), which is attributed to the chelation effect between the abundant
phosphate and carboxy groups and Gd(Ill) ions. The prepared H-UiO-66-PF2 membranes
possessed high stability and recyclability. Most importantly, the Gd(lI11) ions were completely
captured from wastewater via the filtration process.

Liang et al. [247] manufactures 2D vertical heterostructure membranes by inserting a 2D
MOF similar to the [002] crystal plane of ZIF-8 between the GO layers for the lanthanide
separation. The 2D MOF was in-situ synthesized in the interlayers of the GO membranes. It
was found that the prepared membranes were highly selective to La(lll) owing to the stronger
attractive between La(lll) and the prepared membranes, resulting from the selective
electrostatic interaction between the small pores on the surface of the MOF and the lanthanide
ions. Therefore, the prepared membranes exhibited high selectivities equal to 55.97 and 6.02
for La(lI)/Yb(111) and La(l11)/Ce(l11), respectively. Moreover, the prepared membrane showed
a high water permeability of 14.20 L m h't bar, which is 7-fold higher than that of the GO
membrane. It was also found that the generated membrane was characterized by a high stability
in strong acids since the 2D MOF was stabilized by the entrapment of graphene and the

interlayer spacing of GO was expanded and fixed by 2D MOF.

Table 4. The separation of REEs by using MOF-based materials.

Material Target Adsorption Optimal experimental Selectivity Ref.
REEs capacity conditions
(mg g*)
[Csmim]@UiO-66 Gd(lny  85.0 teg =180 min,pH =6, T = - [240
298K, Co=75mg L™
PAN/UiO-66- Th(lll) 203.4 teg =240 min,pH=6,T= - [243
(COOH)2 nanofibers  Eu(Ill) 181.3 298 K, Co =200 mg L*
H-Ui0-66-PF2 Gd(lIn) 156.5 Adsorbent amount =10 mg, - [246
membrane teg =60 min,pH=6,T =
298 K, Co =250 mg L!
UiO-66-NH.@ZIF-8  Nd(Ill) 249.5 Adsorbent amount=5mg, - [238]
Eu(lll) 295.3 teg =10 min,pH=5,T =
Gd(Iny 316.2 303 K, Co=20-500 mg L
Er(111)  341.0 !
Cu-BTC MOF Sm(lll) 2484 Adsorbent amount =20 mg, - [235]
La(lll) 2354 teg =120 min, pH =6, T =
Er(lll) 1314 298 K, Co =500 mg L
Zn(Glu)-SiNH/PPC La(lll) 289.3 Adsorbent amount =20 mg, - [245]
nanocomposite teg =20 min, pH =5, T =
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Ce-BTC MOF

LaBDC@50%PEI

[CdL(bipy)]n

[Zn(bim),(bdc)]n

Co-MOF

Co-MOF

Organophosphorus
modified MIL-
101(Cr)

EDTA-CS@ZIF-8

La(lI1)

Gd(I11)

La(lI1)
Gd(I)
Nd(I11)
sm(i)
La(lI1)

ce(lll)

Eu(ll)

Er(l1)

La(ll1)
Eu(lll)
Yh(lIl)

99.0

181.2

143.0
211.0
153.0
179.0
156.7

102.2

52.9

57.5

256.4
270.3
294.1

298 K, Cp=0.01 - 0.1 mol
L-l

Adsorbent dosage = 6
mg/L, teg = 120 min, pH =
6, T=335K, Co =100 -
500 mg L™!

Adsorbent dosage = 200
mg/L, teg = 180 min, pH =
5.5, T=298K, Co=70mg
L—l

Adsorbent dosage = 100
mg/L, teg = 360 min, pH =
5 T=298K,Co=1-40
mg L1

Adsorbent dosage = 2500
mg/L, teg = 150 min, pH =
7, T=298 K

Adsorbent dosage = 5000
mg/L, teg = 30 min, pH =
5.1, T=298 K, Co =500
mg L1

Adsorbent dosage = 5000
mg/L, teg = 180 min, pH =
5.1, T=298 K, Co =800
mg L?

Adsorbent dosage = 1000
mg/L, teg = 180 min, pH =

5.5, T=298 K, Co =200 mg

L-l

Adsorbent dosage = 1.5
mg/L, teqg=24h,pH=6,T
=298 K,Co=5-45mgL*

Er/Nd = 10
Er/Gd=5

[248]

[241

[249

[236

[237]

[237

[250]

[251

teq — equilibrium time, Co — initial concentration, T — temperature,

3.3.3.2.COF adsorbents and COF membranes for REESs separation

Covalent organic frameworks (COFs) are reticular crystalline framework materials
connected by covalent bonds [234]. Due to their regular pore structure, high specific surface
area and high stability, the utilization of COFs in the separation of REEs from aqueous
solutions has drawn great attention [252]. Xiao et al. [253] synthesized TpPa COFs from 1,3,5-
triformylphloroglucinol, and p-phenylenediamine using the deep eutectic solvent (DES) as the
reaction medium at room temperature. The prepared TpPa COFs had a high crystallinity, a
uniform mesoporous structure, and an excellent chemical stability in acidic and alkaline
solutions. They exhibited the maximum La(l11) adsorption capacity of 84.7 mg g under the

optimized experimental conditions (adsorbent dosage = 1000 mg L™, teq =40 min, pH =35, T
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=298 K, Co = 125 mg L™). It was found that the good adsorption performance of TpPa COFs
was attributed to the coordination between the oxygen anions and REEs within the uniform 1D
channel. Zhang et al. [254] synthesized N-rich COFs (COF-PA-CC and COF-ML-CC) by using
the one-step solvothermal method for La(lll) recovery from aqueous solution. The COF-PA-
CC was synthesized from p-phenylenediamine (PA) and cyanuric chloride (CC); and the COF-
ML-CC was synthesized from melamine (ML) and cyanuric chloride (CC). It was found that
COF-PA-CC owned a nanowire morphology while the COF-ML-CC were spherical. The
prepared COF-PA-CC and COF-ML-CC showed maximum adsorption capacities of 150.88
mg/g and 168.19 mg/g, respectively for La(lll) under the optimized conditions (adsorbent
dosage = 500 mg L, teg = 120 min, pH = 5.5, T = 338 K, Co = 900 mg L1). The adsorption
isotherm and the adsorption kinetics of COF-PA-CC and COF-ML-CC were well defined by
the Langmuir model and pseudo-second-order kinetic model, respectively. The high La(lll)
adsorption capacities for the synthesized COFs resulted from the complexation interaction
between La(lll) and the unoccupied N-sites of N-rich COFs.

The COF-based membranes were fabricated for the separation of REEs from aqueous
solution. Lai et al. [255] manufactured PEI-BDSC/TpPa/PES nanofiltration membranes with
an excellent acid resistance and a high trivalent rare-earth ions (RE®*) separation performance
by using the in-situ interfacial polymerization (IP) technique. As shown in Fig. 26, the TpPa
COF layer was firstly formed on the surface of polyethersulfone (PES) ultrafiltration
membrane from 2,4,6-triformylphloro-glucinol (Tp) and phenylenediamine. Subsequently, the
polysulfonamide (PSA) layer was formed on the COF layer from polyethyleneimine (PEI) and
1,3-benzenedisulfonyl dichloride (BDSC). The permeance and salt rejection of the membranes
were evaluated by a laboratory-scale cross-flowing nanofiltration rig with a 21 cm? effective
area at both neutral (pH = 6.8) and acidic (pH = 1) conditions. The prepared PEI-

BDSC/TpPa/PES composite membranes displayed a high rejection of 92.9%, 92.8%, 92.8%,
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92.3%, and 92.2% for La(lll), Nd(111), Gd(I11), Yb(I1I), and Y (I11), respectively, along with the
water permeance of >43.3 L h"t m? bar* at pH=6.8 and pH=1.0. The high trivalent rare-earth
ions (RE®*") separation performance of the prepared composite membrane was attributed to the
interlaced stacking between the COF and PSA layers while the COF regulated IP process.
Xiong et al. [256] synthesized [NH4*] [COF-SO37] and COF/PES mixed matrix membranes for
the removal of Th(IV) and REEs from aqueous solution. It was found that the synthesized COF
showed much higher adsorption capacity for Th(IV) than other rare earth elements REEs due
to the cation exchange between [NH4]" and Th(IV) ions and the strong binding between SOz
and Th(IV) ions via coordination interaction. The prepared COF showed the maximum Th(IV),
Eu(l11), and Ce(l1l)adsorption capacity of 385 mg g2, 43 mg g, and 39 mg g, respectively
under the optimized conditions (adsorbent dosage = 500 mg L2, teg = 60 min, pH = 2.8, Co =
125 mg L. In the filtration process, the prepared COF/PES membranes showed 72.4%

removal efficiency for Th(1V), 16.5% for Ce(l1l), and 19.2% for Eu(lll).
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Fig. 26. Fabrication of the PEI-BDSC/TpPa/PES composite membrane. Reprinted with
permission from [255] Copyright © 2022 Elsevier.
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Table 5. The separation of rare earth elements REEs by using COF-based materials.

Material Target Adsorption Optimal experimental Selectivity  Ref.
REEs  capacity conditions
(mgg™)
COF-TZ-TP La(lll) 165.6 Adsorbent dosage =500 mg L~ La/Sm=2 [257]
1 teq =180 min,pH=6,T = La/Er =2
308 K, Co =1000 mg L* La/Lu=6
COF-TA-TP 89.8 La/Sm=5
La/Er =2
La/Lu=3
TpPa COFs La(lll) 84.7 Adsorbent dosage = 1000 mg Eu/Yb=15 [253
L% teg =40 min,pH=35T= Eu/Tm=
298 K, Co=125mg L? 15
Eu/La=11
[NHsT[COF-SO3] Th(lV) 395.0 Adsorbent dosage =500 mg L~ - [256
Eu(lll) 43.0 1 teq = 60 min, pH=2.8, Co =
Ce(lll) 39.0 125 mg L
P-COP-1 Nd(l1)  321.0 Adsorbent dosage = 1000 mg Nd/Ce =20 [258
P-COP-2 175.6 L% teg =30 min,pH=5,T = Nd/La = 15

298 K, Co =300 mg L!
COF-PA-CC La(lll)  150.90 Adsorbent dosage =500 mg L~ - [254]

1 - H — —
N ytg=120 min,pH =55, T=
COF-ML-CC La(lll) 168.20 338 K, Co = 900 mg Lt [254]

teq — equilibrium time, Co — initial concentration, T — temperature,

Table 4 and Table 5 summarize the MOF-based materials and COF-based materials
which were utilized for the separation of REEs from aqueous solutions. It can be found that the
MOF-based materials and COF-based materials were mostly used as adsorbents to capture
REEs in the batch adsorption experiments. The experimental conditions, such as pH of
solutions, the adsorbent dosage, the contact time, the temperature, and the initial concentration
of REEs play a crucial role in the adsorption process. More works related to the application of
MOFs for the adsorption of REEs were found in the literature that that of COFs. Therefore,
more attention should be paid on the synthesis and characterization of COFs for the adsorption
separation of REEs. In addition to the utilization of MOF-based adsorbents and COF-based
materials in the adsorption processes, the application of MOF-based membranes and COF-
based membranes in the membrane separation processes are also important since membrane
technology has many advantages e.g., simple operation, environmental friendliness, low cost,
and high separation efficiency [131]. Although, the exploration of MOF-based membranes and

COF-based membranes with a high separation performance for REEs separation is still
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challenging. MOF-based membranes, such as MOF/GO membranes [247], and MOF/polymer
membranes [246, 259] and COF-based membranes, such as the COF/polymer membranes [255,
256, 260] are believed to be the new generation of separation materials and represent the future

of the separation of REEs.

3.3.4. Nanocomposite membranes

3.3.4.1.Separation of REESs by physical and chemical adsorption

Separation of REEs is challenging due to their similar physical and chemical properties
[261]. Fortunately, adsorption-based methods can be very helpful. It is usually accepted that
adsorption (i.e., accumulation of a component at the interphase) can be chemical (i.e., occurring
via the formation of new chemical bonds) and/or physical — here, van der Waals forces
dominate [262]. Sometimes it is not easy to distinguish both these processes because physical
adsorption can occur on a chemically adsorbed monolayer. Adsorption from solution is a
competitive phenomenon defined by the so-called Gibbs excess [263]. In the majority of cases,
the adsorption of REEs ions from solution is an endothermic process, however, the sign of
enthalpy refers to the whole process, and it is not easy to determine its values for substages.
Considering the major factors determining adsorption from solution, one should mention
temperature, concentration, ionic power, and pH [264]. The latter factor determines the form
of a solute as well as the surface charge. Usually, Langmuir (L) and/or Freundlich (F) models
are applied for the theoretical description of adsorption from solution data. Owing to chemical
inertness and the ability for modification, active and activated carbons are the most popular
adsorbents widely applied in the industry [265], thus the attention will focus in this chapter on
this adsorbent. Recently Gismondi et al. [266] endeavored to address some similarities in the
REEs adsorption. Oligo-grafted mesoporous carbons were applied as adsorbents, and Lu®*,
Dy®*, La®* adsorption was studied. It was concluded that adsorption increased with the ionic

radii, and coordination by oxygen ions occurred. Based on the presented results, one can
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conclude that the adsorption of REEs ions is usually an ion-exchange process with the

participation of chemical bonds and chelating (Fig. 27).
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Fig. 27. The rise in REEs adsorption with atomic radius (A), and with temperature (B) for three
isotherms (temperature rises from blue to brown). Schematic representation of carbon-
containing porous adsorbent, with pores enabling/disabling REEs diffusion (C), schematic
representation of carboxylic surface group with possible adsorption - increasing interactions
(D) and the DFT — calculated configurations of graphene oxide functional groups — La®* (E 1)
and Nd?* (E 2). Reprinted with permission from [266] Copyright © 2022 Elsevier.

Below a short discussion of the results of optimal REESs carbon-containing adsorbent
searching is presented. Fundamental properties of modern carbon nanomaterials were recently
described by Santana—Mayor et al. [267].

Xiong et al. [268] presented the hydrothermal method of P-doped activated bagasse-
based carbon for La®* separation from the mixtures with Na* and Ca?*. Here, capacitive
deionization technology was used. The process of P-doping introduced mesopores to the
system as well as increased surface hydrophilicity. L- and F-models were applied for the
theoretical description of adsorption isotherms, and the comparison with other adsorbents
(activated carbons (ACs) and carbon nanotubes (CNTs)) led to the conclusion about very high
maximum adsorption capacity (all provided in this section adsorption capacities were
calculated using L-model; 140 mg g%). Electro-sorption [269] was used for La®>*,Nd**, and Ce®*

uptake on modified AC. Electro-sorption with the application of a laser-induced graphene (G)
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film [270] allowed to obtain extremely high sorption capacities for Nd** (2349.25 mg g1), Ce®*
(2150.75 mg g1), and La** (2510.5 mg g1). The obtained values are significantly larger than
those recorded for other materials, for example nanohydroxyapatite, CNTs or calcium alginate
beads.

Overdose of La®* present in food can cause serious problems with human health. Thus
a Fe304/C3Ns magnetic framework material was demonstrated as effective/selective for
detection of La** in food samples [271] (Fig. 28). Adsorption capacity (39.2 mg g) was higher
than observed for CNTs and TiO. nanotubes. Also Fe3Os and graphene oxide (GO) —
containing, La-imprinted polymer [272] was shown to be effective La®>" adsorbent (with a
capacity equal to 111 mg g%). Similar adsorbent (FesO4/MnO2/GO) was shown as effective for
the separation of the La**/Ce®" mixture from aqueous solution while the capacities were equal
to 1016 and 981 mg g for La®" and Ce®", respectively. Electrostatic attraction between
negatively charged surface and metal cations was proposed as the basic phenomenon

determining the adsorption mechanism.
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Fig. 28. Synthetic route of Fe304/C3Ns and its application for MSPE of La(lll) (left part). TEM
images of (a) CsNs and (b) Fes04/C3Ns material; (c) TEM image and elemental mapping of
Fe304/C3Ns after La(lll) adsorption; (d) EDS spectra of FesO4/C3sNs before and after La(lll)
adsorption. Reprinted with permission from [271] Copyright © 2021 Elsevier.
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Yang et al. [273] proposed the application of GO/poly-(N-isopropyl acrylamide-maleic
acid) cryogel for La®* adsorption. Adsorption capacity (33.1. mg g1) and high selectivity of
this cryogel can be adapted for La®* recovery from wastewaters via ion-exchange and chelation
mechanism. Covalently functionalized (by 1,3-bis(tris(hydroxymethyl)methylamino)propane)
GO was successfully applied for the separation of La** and Er®* from heavy metals and organic

contaminants, since the affinity of this adsorbent to REEs was negligibly small [274] (Fig. 29).
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Fig. 29. Construction of a novel nitrogen- and oxygen-containing GO-based composite with
specific adsorption selectivity (A). The preparation of GO-BTP composite for removal of
various contaminants (B). Reusability of GO-BTP composite (C), FT-IR spectra of unused
GO-BTP composite and GO-BTP composite after 10 adsorption-desorption cycles toward PNP
or NR (D). Reprinted with permission from [274] Copyright 2021 Elsevier.

MnO,/GO composite [275] was utilized for adsorption of Ce®*" and Eu®" (with
adsorption capacity 102 and 103 mg g, respectively). Hua et al. [276] proposed the application
of carbon nanospheres combined with PAN via electrospinning to obtain La®* adsorbing
membrane. The determined adsorption capacity (174.5 mmol g*) was higher than observed for
functionalized diatomite, polydopamine membranes, or silica nanocomposite. The mechanism

was based on electrostatic interactions between La** and surface carboxylic groups. Li et al.
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[277] studied mechanistic aspects of La®* and Nd?* adsorption on GO using DFT calculations.
Two types of surface oxygen groups were studied at two different locations. It was concluded
that the adsorption mechanism was based on charge transfer and reduction for La®* and
reduction/covalent interactions for Nd2*. It was also proved that GO-based adsorbents can be
efficiently applied for the adsorption of REEs from nuclear power plants waste [278]. Hao et
al. [279] reported the results on Ce®* adsorption on GO/cellulose composite with an adsorption
capacity of 225.8 mg g*. lon-exchange mechanism determined the adsorption process. Dy**,
Nd** and Pr3* were adsorbed on cellulose-based gel modified using GO and polyethyleneimine
[280]. Dy®* selectivity was increased by imprinting. The process of chemisorption was
observed with the capacity of 36.5 mg g*. Similarly, oxidized cellulose nanocrystals-based
composite adsorbent, reinforced by GO and oxidized CNTs [281], was shown to be a selective
Dy** adsorbent (average capacity ca. 40 mg g1). Also, a GO-based adsorbent was applied for
adsorption of Nd** and Ce3*. In this case GO was modified with sodium carboxy-methyl
cellulose applying tetraethyl orthosilicate as a linker [282]. High adsorption capacities i.e., 654
and 431 mg g* for Nd** and Ce** were recorded, respectively, being larger than for the
observed different clays, GO materials and composites. An experimental study on Eu®*
adsorption on oxidized carbon nanomaterials, in the pH range of 2-7 [283], led to the
conclusion about chemisorption and complexation between metal cations and oxygen surface
functionalities. Nd** adsorption from water [284] was studied on activated micro-mesoporous
carbons obtained by a pyrolysis of ZIF-8 and subsequent HNO3 oxidation. In this case it was
postulated that high adsorption capacity (175 mg g) was caused by creation of coordination
bonds between Nd** and surface carboxylic groups. The obtained carbon possessed higher
capacity than mesoporous silica, selected covalent organic frameworks and layered hydroxide.
A zinc-trimesic acid MOF/graphene nanocomposite [285] was shown applicable for the

separation of Ce3*/Lu®* and Nd**/Pr3* mixtures. The mechanism of this process was based on
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a similarity of the composite pore diameters and the diameters of REEs ions, enabling
penetration of MOF channels and coordination with the oxygen moieties forming pore walls.
Combined MOF/GO nanocomposite adsorbent was proposed by Chen et al. [261] for REEs
adsorption with capacity 340 mg g and high Sc3*/Tm3* and Sc3*/Er®* mixtures separation. It
should be mentioned that the critical review on the Sc3* recovery was published recently [286]
and some high-capacity adsorbents were discussed. Light REEs (Nd**, La®* and Ce®") were
successfully adsorbed on the magnetite (20%)/carbon black (80%) composite. Maximum
adsorption (around 385 - 400 mg g!) was recoded at pH=7.0. On the other hand, the data
reported by Abdollahi et al. [287] are particularly interesting because the authors provided the
results of modelling leading to conclusion about the leading role of electronegativity and
molecular mass of LREEs during adsorption. La®* and Ce®* adsorption (capacity 86 and 200
mg g!) and separation was studied on graphite and graphite/alginate composite [288]. The
adsorption properties were discussed considering electronegativities, hydration energies and
hydrated radii [288].

A separate group of adsorption methods is based on the application of
superparamagnetic nanomaterials in so-called magnetic nanohydrometallurgy for REEs
separation. This method, together with the mechanisms of REEs separation, has been recently

reviewed by Molina-Calderon et al. [289] (Fig. 30).
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Fig. 30. Advances of magnetic nanohydrometallurgy using superparamagnetic nanomaterials
as rare earth ions adsorbents. Reprinted with permission from [289] Copyright 2022 Elsevier.

3.3.4.2.Carbon containing membrane-based separation
Tan et al. [290] proposed the application of N-doped G with tunable porosity for REEs
separation. The pores with controlled diameters (from few to several tens of nanometers) and
pyrrolic N determined membrane properties, especially high selectivity during Sc3* separation

from other REEs (Fig. 31).
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A combined membrane, based on the 2D analog of ZIF-8 MOF synthesized between
(stabilizing the MOF) GO layers [247], was proposed to separate La®*/ Ce** and La®*/ Yb®*
mixtures. The chemical composition of the MOF and the diameter of pores in this membrane
allowed La®* diffusion, hindering the diffusion of other ions. GO-based membrane was applied
for the adsorption of Dy3* [291]. The highest performance (26.27 mg g*) was observed ad pH
=5.0. Wang et al. [292] described the method of sol-gel preparation of thin cellulose-tetraethyl
orthosilicate film. This film was carbonized and modified using 3-aminopropyl triethoxysilane
and 1-(2-pyridylazo)-2-naphthol. The so-formed mesoporous membrane was applied for the
selective Er** ions separation from a mixture of metal ions usually contained in rare-earth
wastewater.

The hybrid materials possessing in their structure supramolecules, e.g. MOFs and
carbon-based materials are in the spotlight of the researcher for REEs separation [293]. Tursi
and co-workers [294] generated a novel bioMOF-based single-walled carbon nanotube bucky
paper (SWCNTBP). The formed composite material (BioMOF@SWCNT-BP) was applied for
recovery of the endangered REEs from aqueous systems. After incorporating such MOFs with
hexagonal functional channels decorated with threonine amino acid residues pointing toward
the accessible void spaces, the capture properties of the final membrane were successfully
improved, providing an adaptable functional environment to interact with lanthanides. The
researchers studied the ability of SWCNT-BPs and BioMOF@SWCNT-BPs in recovering
lanthanides from water solutions in static and dynamic conditions as a function of pH values
and initial lanthanide concentrations. It was revealed that the adsorption is not impacted by
pH of lanthanide solutions. Moreover, BioMOFs in SWCNT-BPs play a beneficial role in the
increase of Ce3* recovery at higher concentrations owing to the alcohol functionalities of
threonine, decorating the MOF pores. It was found that the relative recovery percentage after

a 7 days recirculation in higher concentration (50 ppm of cerium) solutions—recirculating
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through the same membrane—with a 263.30 mg of cerium adsorbed per gram of
BioMOF@SWCNT-BP. The spectrum of these materials has been extended also to the selective
lead decontamination [295]. Cheng and co-workers [296] generated 2D-MOF/graphene oxide
membranes as highly efficient adsorbents for the removal of Cs* from aqueous solutions. The
researchers pointed out that the dominant interaction mechanism was interface or surface
complexation and electrostatic interaction, the maximum adsorption amount of Cs™ was 88.4
%.
3.3.4.3.0ther separation-related applications

Composite MOF-based nanomembrane, containing La and GO for adsorption of P from
water (utilizing high affinity between La and P) was described by Wei et al. [297] La was
introduced via impregnation into a MOF structure and next GO was added to increase the water
purification ability of a membrane (Fig. 32). Also Gd-doped (for improving photocatalytic
activity), G-containing BiSO4 composite material for application in photocatalytic removal of
methylene blue was reported [298]. Since radioactive Th coexists with REES, it was proposed
to apply a polyethylenimine-scaffolded and functionalized G aerogel [299] for adsorption of
Th**, separation from REEs, and/or electro-sorption on carbon-based electrodes [300]. Usually,
strongly oxidized microporous AC is sufficient for the purification of REEs via Th** adsorption
[301]. The process takes place in the pH range of 3-5, because in this range, REEs elements
occur as cations while Th** forms hydrolysates (Th(OH)3* and Th(OH)2?*) having larger ionic
diameters than Th*". A mesoporous graphite carbon nitride can be used as an adsorbent for
Th** separation from monazite (containing REEs phosphates) [302], while calcium/alginate-
GO nanocomposite, for separation of Th**, U%* and Fe3* [303]. Also peptide-carbon hybrid
membranes [304] were synthesized to remove not only Th** but also U®* that are present in
concentrates of REEs minerals as defects in crystal lattices. It turn, the method of LiFePO4

recovering from used batteries was presented by Hu et al. [305]. It was based on high-gradient
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and induced roll magnetic separators with a high recovery (ca. 99%). Adsorption — based
separation on cationic resins was used for recovery of REEs from processed carbonaceous shale
[306]. Yuan et al. [307] reported the lack of La®**, Eu** and Tm?" adsorption on graphdiyne and
this can lead to the preparation of a membrane separating REEs from other cations. The lack

of adsorption was caused by the positive adsorption energy.
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Fig. 32. Construction of lanthanum modified MOFs graphene oxide composite membrane for

water purification. Reproduced from [297] Copyright © 2020, Elsevier, CC License.
4. Health issue

Although REEs are broadly applied in the biomedical sectors, e.g., bioimaging, sensing,
photothermal and photodynamic therapy [308, 309], drug delivery [310, 311], and optogenetics
[312, 313], their extensive utilization and high demand have raised concerns about their safety.
The topic of the hazard of REEs to human health is emerging, and further more focused
comprehensive research must be done. In the scientific literature, the main concerns on REEs
health problems are related to REEs acquaintance over the food chain, gadolinium contrast
agents instigating health problems, cytotoxicity of REEs, environmental exposure, and
endangering REEs due to lifestyle. Recently, much more attention has been also paid to the
toxic effect of REEs on the aquatic organisms [314]. Disposing of old REE-containing
equipment, using REE-containing phosphate fertilizers, mining, and dispersion from native

rocks may all enhance the possibility of REEs pollution in water fauna and flora. As a result,
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pollution may lead to their release into the nearby ecosystems. Owing to the lack of safety
regulations, legislation, and widespread utilization in the numerous sectors, REEs’ diverse
effects on aquatic life forms have been noticed. To solve the abovementioned problem, a better
understanding of accumulation, bioavailability, cytogenetic effects, organ-specific toxicity,
growth inhibition, and embryotoxicity criteria of REEs should be done. Furthermore, the reuse
and recycling technologies of REEs need to be implemented to reduce the environmental and
human impacts.

Based on the available data, it was pointed out that REES can enter the human body via
several routes, e.g., ingestion, inhalation, skin contact, and food chain [315, 316] (Table 6 and
7). The latter is related to the REEs utilization in producing pesticides, fertilizers, herbicides,
and feed additives for animals [317, 318]. Moreover, REEs accumulate in soil [319], roots, and
tops of plants [320].

The most severe concern regarding REE toxicity in humans is that these elements can
damage DNA, originate the production of reactive oxygen species (ROS) (nanoparticles of Ce,
Ce02-Gd, and Gd»03) [321], and cause cell death. For instance, Gd and La can be mutagenic
to human primary peripheral lymphocytes [322, 323]. On the other hand, the chloride of these
REE, i.e. LaCls and CeCls inhibited the proliferation of the leukemic cell lines HL-60 and NB4

[324].

Table 6. Examples of the effects of REE exposure.

Species/Model Endpoints /effects Ref.
Mice CeCls oral administration - liver and lung toxicity [325]
Rats CeO- acute pulmonary and thrombotic effects [326]

-> lung fibrosis
HepG2 and HT-29 cell CeClsand LaCls affect gene regulation detected by [327]

lines RT-PCR based arrays

Human spermatozoa Nanoparticles of CeO> [328]
Sea urchin embryos and Proportional toxicities of different REEs to early [329]
sperm development, cytogenetic damage and oxidative

stress fertilization success, offspring damage.
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Exposed population Main endpoints

Housewives exposed to Excess REE levels in scalp hair, associated with [330,

indoor air pollution indoor air pollution and related to hypertension risk  331]

Industrial city in central  Excess REE levels in street dust and linked to [332]

China, Zhuzhou health risks

Residents in Baiyun Obo  Excess scalp hair levels of REEs, heavy metals and [332]

mining area (China) U

Exposure to REEs in the  Main endpoints

workplace in humans

Manufacturing Ce and Excess Ce and La levels in urine 333]

La oxide

REE miners Excess REE level in hair and dysregulation of the [334]

protein expression
e-waste processing Reduced level of hemoglobin in REE-exposed [335]
Table 7. Associated health disorders with selected REE.

REE Associated health disorders Ref.

Ce Increasing risk of anemia [335]

Ce Endomyocardial fibrosis, concentration in primary teeth [336]

Ce Risk of acute myocardial infarction [337]

Ce Risk of stroke [338]

La Affecting pregnancy, concentration in hair [339]

Gd Acute renal failure [340]

La, Nd Orofacial clefts to infants [341]

Ca, Yb Increasing TSH levels in infants [342]

La, Ce, Gd, Lu Accumulation in brain-tumor tissues [343]

REE Subclinical organ damage [344]

REE Leaving close to high REE area — observed disorders:
anorexia, indigestion, abdominal distension, diarrhea,
fatigue, and weakness. Effect for human body: lower levels 345]

of total protein, albumin, globulin, and serum-glutamic
pyruvic transaminase and higher levels of IgM in their blood
serum.

5. Impurity elimination in the course of REES separation

Owing to the complex matrix from which the REEs are separated, removing the
impurities and generating highly pure REEs is crucial for the advanced applications. The
presence of additional elements and molecules substantially affects the quality of the final
product and the processing effectiveness. The most common impurities during the acquisition

process of REEs are Ca, Mg, Fe, Bi, Pb, Cu, Co, Mo, and Mn. Nevertheless, the most
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problematic are Al, Fe, Th, and U [346]. The most common techniques used for the separation
non-REEs from REE are ion exchange, adsorption, solvent extraction, selective precipitation,
protein-based process [347] as well as membrane technologies [346, 348].

Kim and co-workers [349] presented the successful implementation of membrane-
assisted solvent extraction (MSX) with hollow fiber membranes for the selective extraction of
REEs from commercial NdFeB magnets and industrial scrap magnets. The benefit of the MSX
technique is the possibility to exclude the drawback of common equilibrium-based solvent
extraction methods, e.g., third-phase formation, loading, and flooding [208, 350-352]. The
separation during the membrane-assisted solvent extraction process is enhanced owing to the
non-equilibrium conditions. The available conditions can be kept thanks to the high driving
forces during the long-term process compared to the equilibrium-restricted conventional
solvent extraction. The great advantage of MSX is the fact that both circulating the feed and
strip solutions steps are continues without dispersion of phases. However, during the classical
process, solvent extraction carries out extraction and stripping separately [353]. Moreover,
applying hollow fiber membrane modules in the MSX system gives a large contact surface area
per unit volume, resulting in a high REE extraction rate. The presented solution is also
economically friendly, owing to the minimal loses of solvent and was highly effective for
selective recovering pure REEs (Nd, Dy, Pr) from the industrial scrap magnets containing also
Fe and B.

Another, the most important and challenging is the separation of REEs from thorium
and uranium. Previously, the membrane techniques were implemented to separate individually
Th or U from other metal ions in the liquid solutions [354, 355] using SiO2 or GO membranes
[356]. Formation of a complex between the element of interest and the membrane caused such
a recovery. Membranes were effective and selective under acidic pH (4-5.5) for U and < 4 for

Th. Nevertheless, an additional modification of the membrane was required to enhance the
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efficiency of Th and U from the matrix containing REEs. Such a functionalization boosted
selectivity towards the target elements, e.g., Th and U versus REEs (Eu, Sm, and Nd) at ambient
conditions and pH <2 [357].

Xiong et al. [256] presented for the first time a highly effective separation of Th(IV)
from U(V1) and REEs (Ce®*" and Eu*) with the implementation of the breakthrough experiment
and membrane-based separation technique. The membranes were prepared with COF of a high
affinity to the target elements. Moreover, it was possible to separate Th(V1) solution with high

purity > 93% (Fig. 33).
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Fig. 33. Selective extraction of Th from U and REESs using sulfonated COF and its membrane
derivate. Reproduced from [256] Copyright © 2020, Elsevier.

6. Conclusions and critical perspectives

Since the demand for REEs is growing rapidly worldwide, mainly owing to their end-
use applications (e.g., in wind turbines, electric vehicles, advanced electronic products, and
displays), new technologies for extracting and recovering these precious metals appear to be
critical.

Among the generally implemented separation methods, the classic stepwise procedure
for obtaining a single REE necessitates numerous dissolution-crystallization steps. Considering
the production cost and cycle, there is no room to employ the method for separation a single

REE. To overcome this challenge, the MOF selective crystallization technology has slowly
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become more popular owing to the reduction of steps during the process and its higher
selectivity to a single REE. However, the current study on this issue is still in its infancy, and
whether it can be employed in the industrial manufacture remains an open question.
Considering the ion exchange method, producing a single REE with a very high purity is
possible. However, the continuous processing capacity is limited. Specifically, the production
cycles are long and the ion exchange resin has a mediocre stability, hence often requiring the
replacement. These operations generate costs for the overall process. For that purpose, the
replacement with membrane-based separation technologies is giving an amazing opportunity
to shift to more economically and environmentally friendly processes.

The solvent extraction method is broadly utilized commercially for the REE separation.
The high effectiveness of the method, continuous production, and a large processing capacity
caused their implementation in industrial production. Although the solvent extraction process
possesses many benefits, the method consumes massive amounts of organic solvents for the
extraction, and the regeneration of the organic phase after stripping is very challenging. At this
point, membrane technology is becoming very practical, particularly non-liquid membranes
owing to their high stability compared to the liquid counterparts.

In the case of working with low-concentration REE solutions, it is not recommended to
apply the solvent extraction. Here, the adsorption method could be a suitable technique due to
enrichment effect on the rare earth ions in the solution. Nevertheless, this method cannot
achieve high selectivity and high adsorption capacity at the same time. In turn, the advantages
of electrochemical separation of metal components are low energy consumption, continuous
and easy operation, and environmental protection. This method can be applied for large-scale
industrial extraction of REEs from compounds or minerals. However, to be able to apply the

method for the separation of a single REE, the accomplishment of comprehensive research is
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still required. Indeed, there is a room for further enhancement of REE separation approaches
and boosting the separation effectiveness.

Based on the presented data, it can be highlighted that membranes and membrane-based
separation technologies can integrate green and sustainable solutions for effective REEs
separation and purification.

To sum up, LM methods have improved over the previous few decades, resulting in
outstanding permeation and separation capabilities, however, there has been no significant
progress in the scale-up application. For that reason, the non-liquid membranes turn out to be
very promising and worthy of further investigation. PIMs demonstrated higher transport flux,
faster permeation, lower carrier usage, and more advanced adaptability and stability than
SLMs. Its scalability should be pursued, and more sensitive designs for precisely recognizing
target species should be encouraged. The imprinting approach is an excellent approach for
separating adjacent REEs, but the durability of the template cavity should be considered for
the long-term operation. The future research should focus on discovering novel, tailored and
hence unique functional monomers with task-specific recognition abilities and efficient
synthesis routes in the aqueous phase. Despite significant advancements in the membrane
techniques over the last few decades, their applicability in REEs separation is still limited.
Numerous sophisticated membrane approaches, such as nanocomposite membranes with
inorganic nanoparticles and MOF membranes, have received significant consideration in gas
and liquid separation procedures. Moreover, they can be unequivocally indicated as the most
interesting new non-liquid membrane approaches for the REEs separation. Such a highly

efficient and integrated solutions are urgently needed for the greener REE separation.
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imprinted membranes; ML — melamine; MOF - metal-organic framework; MSTs - membrane
separation techniques; MSX — membrane-assisted solvent extraction; NF — nanofiltration; NIM
- non-ion-imprinted membrane; NPOE - plasticizer 2-nitrophenyl octyl ether; NPs -
nanoparticles; PAUF - polymer-assisted ultrafiltration; PA - p-phenylenediamine; PAN —
polyacrylonitrile; PEI — polyethylenimine; PES - polyethersulfone; PIMs - polymer inclusion
membranes; PPC - poly(piperazine-cresol); PSA - polysulfonamide; PTFE -
polytetrafluoroethylene; PVDF - polyvinylidene fluoride; REE — rare earth element; RTIL -
room temperature ionic liquids; SLM - supported liquid membrane; SWE - subcritical water
extraction; TBP - tributyl phosphate; TDDA - tridodecylamine ; Tp - 2,4,6-triformylphloro-
glucinol; UF — ultrafiltration;

Declaration of Competing Interest
The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

84



References

[1] E. Strzatkowska, Int. J. Coal Geol., 258 (2022).

[2] A.K.S. Choudhary, S. Kumar, S. Maity, J. Earth Syst. Sci., 131 (2022).

[3] X. Hu, B. Sun, C. Wang, M.K. Lim, P. Wang, X. Geng, C. Yao, W.Q. Chen, Resour. Policy,
81 (2023).

[4] Z. Zuo, B.C. McLellan, Y. Li, H. Guo, J. Cheng, Resour. Policy, 78 (2022).

[5] Y. Shen, R. Moomy, R.G. Eggert, Miner. Econ., 33 (2020) 127-151.

[6] B. Jiu, W. Huang, B. Spiro, R. Hao, N. Mu, L. Wen, H. Hao, Int. J. Coal Geol., 267 (2023).
[7] Q. Liu, H. Shi, Y. An, J. Ma, W. Zhao, Y. Qu, H. Chen, L. Liu, F. Wu, J. Hazard. Mater.,
445 (2023).

[8] N. Kim, B. Han Lee, S.M. Koh, H.S. Lee, B.D. So, Ore Geol. Rev., 154 (2023).

[9] Z. Ge, Y. Geng, F. Dong, J. Liang, C. Zhong, Front. Environ. Sci., 10 (2022).

[10] M.K. Hossain, G.A. Raihan, M.A. Akbar, M.H. Kabir Rubel, M.H. Ahmed, M.I. Khan, S.
Hossain, S.K. Sen, M.1.E. Jalal, A. El-Denglawey, ACS Appl. Electron. Mater., 4 (2022) 3327-
3353.

[11] J. Kim, B. Guillaume, J. Chung, Y. Hwang, Appl. Energy, 139 (2015) 327-334.

[12] Q. Tan, C. Deng, J. Li, J. Clean. Prod., 142 (2017) 2187-2191.

[13] T. Elwert, D. Goldmann, F. RGmer, M. Buchert, C. Merz, D. Schueler, J. Sutter, Recycl.,
1 (2016) 25-60.

[14] L. Ciacci, I. Vassura, Z. Cao, G. Liu, F. Passarini, Resour. Conserv. Recycl., 142 (2019)
143-152.

[15] Y. Yang, X. Weng, Z. Chen, J. Colloid Interf. Sci., 638 (2023) 449-460.

[16] A. Jordens, Y.P. Cheng, K.E. Waters, Miner. Eng., 41 (2013) 97-114.

[17] A. Kovacs, J. Fischbacher, H. Oezelt, A. Kornell, Q. Ali, M. Gusenbauer, M. Yano, N.
Sakuma, A. Kinoshita, T. Shoji, A. Kato, Y. Hong, S. Grenier, T. Devillers, N.M. Dempsey,
T. Fukushima, H. Akai, N. Kawashima, T. Miyake, T. Schrefl, Front. Mater., 9 (2023).

[18] M. Mohammadi, B. Reinicke, K. Wawrousek, Sep. Purif. Technol., 303 (2022).

[19] M.W.S. Mubarok, M. Fakhrudin, E. Kartini, in: E. Kartini, N. Sofyan, J.H. Purba, A.W.
Pramono (Eds.), American Institute of Physics Inc., 2022.

[20] W. Guan, H. He, J. Zhang, Atmos. Environ., 269 (2022).

[21] Y. Zou, S. Abednatanzi, P. Gohari Derakhshandeh, S. Mazzanti, C.M. SchiIbauer, D.
Cruz, P. Van Der Voort, J.W. Shi, M. Antonietti, D.M. Guldi, A. Savateev, Nat. Commun., 13
(2022).

[22] G. Salfate, J. S&nchez, Polym., 14 (2022).

[23] Y. Cheng, Z. Cai, Z. Xu, X. Sang, C. Song, J. Mol. Struct., 1281 (2023) 135004.

[24] K.P. Andryushin, L.A. Shilkina, S.V. Khasbulatov, A.V. Nagaenko, S.I. Dudkina, I.N.
Andryushina, K. Sadykov, I.A. Verbenko, A.G. Rudskaya, L.A. Reznichenko, Ceram Int, 48
(2022) 1642-1658.

[25] S.V. Yudintsev, A.A. Lizin, S.V. Tomilin, Dokl. Earth Sci., 503 (2022) 129-133.

[26] S.A. Oglezneva, S.E. Porozova, M.N. Kachenyuk, A.A. Smetkin, V.B. Kul’met’eva, Lett.
Mater., 12 (2022) 379-384.

[27] S.V. Yudintsev, M.S. Nickolsky, M.I. Ojovan, O.l. Stefanovsky, B.S. Nikonov, A.S.
Ulanova, Mater., 15 (2022).

[28] J.M.F. Barros, G.J.T. Fernandes, M.D.S. Araujo, D.M.A. Melo, A.D. Gondim, V.J.
Fernandes, Jr., A.S. Araujo, Nanomaterials, 13 (2023).

[29] D.A. Bardonov, P.D. Komarov, V.l. Ovchinnikova, L.N. Puntus, M.E. Minyaev, I.E.
Nifant’ev, K.A. Lyssenko, V.M. Korshunov, LV. Taidakov, D.M. Roitershtein,
Organometallics, 40 (2021) 1235-1243.

[30] D. Xia, N.M. Charpentier, A.A. Maurice, A. Brambilla, Q. Yan, J.-C.P. Gabriel, Chem.
Eng. J., 441 (2022) 135886.

85



[31] C. Ramprasad, W. Gwenzi, N. Chaukura, N. Izyan Wan Azelee, A. Upamali Rajapaksha,
M. Naushad, S. Rangabhashiyam, Chem. Eng. J., 442 (2022) 135992.

[32] P. Wamea, M.L. Pitcher, J. Muthami, A. Sheikhi, Chem. Eng. J., 428 (2022).

[33] A. Akcil, Y.A. Ibrahim, P. Meshram, S. Panda, Abhilash, J. Chem. Technol. Biotechnol.,
96 (2021) 1785-1797.

[34] R.K. Jyothi, T. Thenepalli, J.W. Ahn, P.K. Parhi, K.W. Chung, J.Y. Leeg, J. Clean. Prod.,
267 (2020).

[35] B. Zheng, Y.W. Zhang, Y. Geng, W. Wei, Z. Ge, Z. Gao, J. Clean. Prod., 368 (2022).
[36] C. Boronat, T. Rivera, J. Garcia-Guinea, V. Correcher, Radiat. Phys. Chem., 130 (2017)
236-242.

[37] P. Meshram, B.D. Pandey, Abhilash, Resour. Policy, 60 (2019) 9-22.

[38] B. Zheng, J. Fan, B. Chen, X. Qin, J. Wang, F. Wang, R. Deng, X. Liu, Chem. Rev., 122
(2022) 5519-5603.

[39] Y. Liu, G. Li, D. Wang, Z. Zhong, K. Hu, C. Zhang, G. Hu, X. Li, Y. Wan, J. Colloid
Interf. Sci., 638 (2023) 461-474.

[40] L. Wang, X. Huang, Y. Yu, Y. Xiao, Z. Long, D. Cui, Green Chem., 15 (2013) 1889-
1894.

[41] L. Cassayre, B. Guzhov, M. Zielinski, B. Biscans, Renewable Sustainable Energy Rev,
170 (2022).

[42] R.F. Higgins, K.P. Ruoff, A. Kumar, E.J. Schelter, Acc. Chem. Res., 55 (2022) 2616-
26217.

[43] A. Deshmukh, Z.H. Foo, C. Stetson, H. Lee, C.J. Orme, A.D. Wilson, J.H. Lienhard,
Chem. Eng. J., 434 (2022).

[44] W.C. Wilfong, T. Ji, Y. Duan, F. Shi, Q. Wang, M.L. Gray, J. Hazard. Mater., 424 (2022).
[45] T. Liu, K.R. Johnson, S. Jansone-Popova, D.E. Jiang, J. Am. Chem. Soc., 2 (2022) 1428-
1434,

[46] D. Talan, Q. Huang, Minerals Eng, 179 (2022).

[47] W. Zhang, Y. Du, X. Tong, X. Xie, D. Feng, Q. Song, Minerals Eng, 183 (2022).

[48] A. Kumar, H. Geng, E.J. Schelter, RSC Adv., 12 (2022) 27895-27898.

[49] B. Dewulf, S. Riafio, K. Binnemans, Sep. Purif. Technol., 290 (2022).

[50] N. Wang, F. Li, B. Fan, S. Zhang, L. Bai, X. Zhang, Front. Chem. Sci. Eng., 16 (2022)
1584-1594.

[51] G. Yu, Z. Zeng, Y. Gao, S. Ni, H. Zhang, X. Sun, J Rare Earth, 41 (2023) 290-299.

[52] L. Li, B. Yu, K. Davis, A. King, M. Dal-Cin, A. Nicalek, N. Du, Membr., 12 (2022).
[53] J. Pan, X. Zhao, C. Zhou, F. Yang, W. Ji, Minerals, 12 (2022).

[54] J. Han, G. Wu, Y. Li, S. Li, W. Liao, Sep. Purif. Technol., 306 (2023).

[55] W. Zhang, X. Tong, Y. Du, Y. Cao, D. Feng, X. Xie, Xiyou Jinshu, 46 (2022) 1645-1656.
[56] D. Ballesteros-Plata, Y. Zhang, E. Rodriguez-Castellon, T. Vincent, E. Guibal, Adv.
Sustain. Syst., (2023).

[57] J.A. Mattocks, J.A. Cotruvo, G.J. Deblonde, Chem. Sci., 13 (2022) 6054-6066.

[58] H. Singer, B. Drobot, C. Zeymer, R. Steudtner, L.J. Daumann, Chem. Sci., 12 (2021)
15581-15587.

[59] J.A. Mattocks, J.A. Cotruvo, Chem. Soc. Rev., 49 (2020) 8315-8334.

[60] T.N. Tran, Q.C. Do, D. Kim, J. Kim, S. Kang, J. Hazard. Mater., 430 (2022).

[61] C. Xie, Y. Xiao, C. He, W.S. Liu, Y.T. Tang, S. Wang, A. van der Ent, J.L. Morel, M.O.
Simonnot, R.L. Qiu, J. Hazard. Mater., 443 (2023).

[62] J. Zhang, N. Zhang, F.M.G. Tack, S. Sato, D.S. Alessi, P. Oleszczuk, H. Wang, X. Wang,
S. Wang, J. Hazard. Mater., 418 (2021).

[63] B. Monfared, R. Furberg, B. Palm, Int. J. Refrig., 42 (2014) 69-76.

[64] J.D. Widmer, R. Martin, M. Kimiabeigi, Sustain. Mater. Technol., 3 (2015) 7-13.

86



[65] C. Piguet, Nature Chem., 6 (2014) 370-370.

[66] F. Auzel, Chem. Rev., 104 (2004) 139-174.

[67] C. Fan, C. Xu, A. Shi, M.P. Smith, J. Kynicky, C. Wei, Geochim. Cosmochim. Acta, 343
(2023) 371-383.

[68] R.G. Egdell, E. Bruton, Philos. Trans. Royal Soc., 378 (2020) 20190302.

[69] F.A. Cotton, G. Wilkinson, C.A. Murillo, M. Bochmann, Advanced Inorganic Chemistry,
Wiley-Interscience, 1999.

[70] J.E. Powell, Prog Sci Technol Rare Earths, 88 (1964) 4536.

[71] G. Moldoveanu, V. Papangelakis, Metals, 11 (2021) 1265.

[72] D. Kotodynska, D. Fila, Z. Hubicki, Environ. Res., 191 (2020) 110171.

[73] M.H.V. Werts, Sci. Prog., 88 (2005) 101-131.

[74] L. Kolesnikov, D. Tolstikova, A. Kurochkin, S. Pulkin, A. Man’shina, M. Mikhailov, J.
Lumin., 158 (2015).

[75] G.S. Ningombam, T.S. David, N.R. Singh, ACS Omega, 4 (2019) 13762-13771.

[76] I.E. Kolesnikov, E.V. Afanaseva, M.A. Kurochkin, E.Y. Kolesnikov, E. L&hderanta, Phys.
B: Condens., 624 (2022) 413456.

[77] Q. Wang, T. Liang, J. Wu, Z. Li, Z. Liu, ACS Appl. Mater. Interfaces, 13 (2021) 29303-
29312.

[78] Z. Zhang, Y. Yang, M. Zhao, L. Lu, F. Zhang, Y. Fan, ACS Appl. Bio Mater., 5 (2022)
2935-2942.

[79] J. Zhang, L. Liu, S. He, J. Peng, F. Du, F. Yang, X. Ye, Inorg. Chem., 58 (2019) 15207-
15215.

[80] E. Bonturim, L.G. Merizio, R. dos Reis, H.F. Brito, L.C.V. Rodrigues, M.C.F.C. Felinto,
J. Alloys Compd., 732 (2018) 705-715.

[81] J. Dhanaraj, R. Jagannathan, T.R.N. Kutty, C.-H. Lu, J. Phys. Chem. B, 105 (2001) 11098-
11105.

[82] M. Toma, O. Selyshchev, Y. Havryliuk, A. Pop, D.R.T. Zahn, Photochem, 2 (2022) 515-
527.

[83] G. Gouget, M. Pellerin, R. Al Rahal Al Orabi, L. Pautrot-D’ Alengon, T. Le Mercier, C.B.
Murray, J. Am. Chem. Soc., 143 (2021) 3300-3305.

[84] Z. Zhang, N. Han, L. Tan, Y. Qian, H. Zhang, M. Wang, W. Li, Z. Cui, X. Zhang,
Langmuir, 35 (2019) 16545-16554.

[85] M. Kendin, D. Tsymbarenko, J. Anal. Appl. Pyrolysis, 140 (2019) 367-375.

[86] X. Cao, Z. Wei, J. Song, H. Zhang, Y. Qu, F. Xie, Mater., 13 (2020) 2811.

[87] I.Z. Dinic, L. T. Mancic, M.E. Rabanal, K. Yamamoto, S. Ohara, S. Tamura, T. Koji,
A.M.L.M. Costa, B.A. Marinkovic, O.B. Milosevic, Adv. Powder Technol., 28 (2017) 73-82.
[88] N. Rozman, D.M. Tobaldi, U. Cvelbar, H. Puliyalil, J.A. Labrincha, A. Legat, A. Sever
Skapin, Mater., 12 (2019) 713.

[89] W.S.W.W.H.K.M.G.M.R.C.M.F.A. Siti Machmudah, Int. J. Technol., 10 (2019) 291-319.
[90] L. Wang, Y. Li, Nano Lett., 6 (2006) 1645-1649.

[91] K.N. Han, Minerals, 10 (2020) 178.

[92] S. Li, J. Pan, F. Gao, D. Zeng, F. Qin, C. He, G. Dodbiba, Y. Wei, T. Fujita, J. Mater. Sci:
Mater. Electron., 32 (2021) 13511-13526.

[93] P. Zapp, A. Schreiber, J. Marx, W. Kuckshinrichs, MRS Bulletin, 47 (2022) 267-275.
[94] D. Talan, Q. Huang, Miner. Eng., 179 (2022) 107430.

[95] J. Wang, S. Li, Front. Med., 9 (2022).

[96] J. Meng, Y. Cui, Y. Wang, J. Mater. Chem. B, 10 (2022) 8596-8615.

[97] C. Zhuo, S. Zhao, X. Huang, Y. Jiang, J. Li, D.-Y. Fu, J. Mol. Liq., 376 (2023) 121442.
[98] T.A. Hamdalla, T.A. Hanafy, S.M. Seleim, Ph. Transit., 92 (2019) 603-613.

87



[99] M. Raha, S. Chen, C.M. Phenicie, S. Ourari, A.M. Dibos, J.D. Thompson, Nat. Commun.,
11 (2020) 1605.

[100] T. Prohaska, J. Irrgeher, J. Benefield, J.K. Bohlke, L.A. Chesson, T.B. Coplen, T. Ding,
P.J.H. Dunn, M. Groning, N.E. Holden, H.A.J. Meijer, H. Moossen, A. Possolo, Y. Takahashi,
J. Vogl, T. Walczyk, J. Wang, M.E. Wieser, S. Yoneda, X.-K. Zhu, J. Meija, Pure Appl. Chem.,
94 (2022) 573-600.

[101] T. Vazhappilly, A.K. Pathak, Comput Theor Chem, 1209 (2022).

[102] K.M. Fenker, D.P. DiPrete, J. Radioanal. Nucl. Chem., 331 (2022) 5033-5038.

[103] S.E. Hosseini, M. Ghannadi-Maragheh, A. Bahrami-Samani, S. Shirvani-Arani,
Radiochim. Acta, 109 (2021) 295-300.

[104] J.A. Cotruvo, Jr., ACS Cent. Sci., 5 (2019) 1496-1506.

[105] L.J. Daumann, ACS Cent. Sci., 7 (2021) 1780-1782.

[106] M. Peplow, ACS Cent. Sci., 7 (2021) 1776-1779.

[107] P. Sun, E.A. Binter, Z. Liang, M.A. Brown, A.V. Gelis, I. Benjamin, M.K. Bera, B. Lin,
W. Bu, M.L. Schlossman, ACS Cent. Sci., 7 (2021) 1908-1918.

[108] C. Galaup, C. Picard, F. Couderc, V. Gilard, F. Collin, FEBS J., 289 (2022) 2516-2539.
[109] H. Yamagami, Y. Kitawaki, Electron. Struct., 3 (2021) 034003.

[110] B. Zhou, Z. Li, C. Chen, Minerals, 7 (2017) 203.

[111] A.C. Garcia, M. Latifi, A. Amini, J. Chaouki, Metals, 10 (2020) 1524.

[112] J.A. Galhardi, K. Luko-Sulato, L.N.M. Yabuki, L.M. Santos, Y.J.A.B. da Silva, Y.J.A.B.
da Silva, Chapter 17 - Rare earth elements and radionuclides, in: T. Dalu, N.T. Tavengwa
(Eds.) Emerging Freshwater Pollutants, Elsevier, 2022, pp. 309-329.

[113] S. Lorenz, J. Beyer, M. Fuchs, P. Seidel, D. Turner, J. Heitmann, R. Gloaguen, Remote
Sensing, 11 (2019) 21.

[114] M. Gaft, L. Nagli, A. Gorychev, Y. Raichlin, Spectrochim. Acta B: At. Spectrosc., 192
(2022) 106426.

[115] C. Kim, W. Lee, A. Melis, A. Elmughrabi, K. Lee, C. Park, J.-Y. Yeom, Crystals, 11
(2021) 669.

[116] E. Longo, Nucl. Instrum. Methods Phys. Res. A, 486 (2002) 7-12.

[117] L. Stand, M. Zhuravleva, B. Chakoumakos, J. Johnson, M. Loyd, Y. Wu, M. Koschan,
C.L. Melcher, J. Cryst. Growth, 486 (2018) 162-168.

[118] S. Papagianni, A.M. Moschovi, K.M. Sakkas, M. Chalaris, I. Yakoumis, AppliedChem,
2 (2022) 199-212.

[119] S. Bao, Y. Wang, Z. Wei, W. Yang, Y. Yu, J. Hazard. Mater., 424 (2022) 127370.
[120] V.B. Grasso, Rare earth elements in national defense: Background, oversight issues, and
options for congress, in, 2016, pp. 31-80.

[121] M. Humphries, Rare earth elements: the global supply chain, Diane Publishing, 2010.
[122] D. Sun, V.S. Minkov, S. Mozaffari, Y. Sun, Y. Ma, S. Chariton, V.B. Prakapenka, M.l.
Eremets, L. Balicas, F.F. Balakirev, Nat. Commun., 12 (2021) 6863.

[123] A.P. Drozdov, P.P. Kong, V.S. Minkov, S.P. Besedin, M.A. Kuzovnikov, S. Mozaffari,
L. Balicas, F.F. Balakirev, D.E. Graf, V.B. Prakapenka, E. Greenberg, D.A. Knyazev, M.
Tkacz, M.1. Eremets, Nature, 569 (2019) 528-531.

[124] X. Cao, J. Lu, Y. Zhao, R. Tian, W. Zhang, D. He, Y. Luo, Processes, 9 (2021) 400.
[125] F. Hu, L. Liao, B. Chi, H. Wang, Chem. Eng J., 436 (2022) 135271.

[126] S. Choura-Maatar, R. M’nassri, W. Cheikhrouhou-Koubaa, M. Koubaa, A.
Cheikhrouhou, E.K. Hlil, RSC Adv., 7 (2017) 50347-50357.

[127] K. Dzierzgowski, S. Wachowski, M. Lapinski, A. Mielewczyk-Gryn, M. Gazda, Mater.,
15 (2022) 2267.

[128] W. Xia, S. Xiao, X. Yang, X. Jin, Mater. Res. Bull., 89 (2017) 5-10.

88



[129] Q.-C. Zhang, W.-L. Yan, L. Jiang, Y.-G. Zheng, J.-X. Wang, R.-K. Zhang, Molecules,
24 (2019) 4275.

[130] V.M. Lu, T.R. Jue, K.L. McDonald, Sci. Rep., 10 (2020) 18156.

[131] L. Chen, Y. Wu, H. Dong, M. Meng, C. Li, Y. Yan, J. Chen, Sep. Purif. Technol., 197
(2018) 70-85.

[132] B. Keskin, B. Zeytuncu-Gokoglu, I. Koyuncu, Chemosphere, 279 (2021) 130604.

[133] C.A. Carner, C.F. Croft, S.D. Kolev, M.I.G.S. Almeida, Sep. Purif. Technol., 239 (2020)
116486.

[134] M. Yaqub, B. Eren, V. Eyupoglu, Water Environ. J., 35 (2021) 1073-1084.

[135] M. Baczynska, M. Waszak, M. Nowicki, D. Przadka, S. Borysiak, M. Regel-Rosocka,
Ind. Eng. Chem. Res., 57 (2018) 5070-5082.

[136] A.T.N. Fajar, M. Goto, J. Chem. Eng. Jpn., 56 (2023) 2153547.

[137] A. Bashiri, A. Nikzad, R. Maleki, M. Asadnia, A. Razmjou, Membranes, 12 (2022) 80.
[138] X. Zhou, B. Wang, R. Wang, Sep. Purif. Technol., 298 (2022) 121469.

[139] L. Chen, Y. Wang, J. Dai, M. Meng, X. Dai, J. Pan, Appl. Surf. Sci., 588 (2022) 152862.
[140] J. Kujawa, S. Al-Gharabli, T.M. Muziot, K. Knozowska, G. Li, L.F. Dumée, W.
Kujawski, Coord. Chem. Rev., 440 (2021) 213969.

[141] S. Qiu, M. Xue, G. Zhu, Chem. Soc. Rev., 43 (2014) 6116-6140.

[142] T. Jun, Y. Jingqun, C. kaihong, R. Guohua, J. Mintao, C. Ruan, Int. J. Miner. Process.,
98 (2011) 125-131.

[143] W. Wang, C.Y. Cheng, J. Chem. Technol. Biotechnol., 86 (2011) 1237-1246.

[144] M. Alemrajabi, J. Ricknell, S. Samak, R. Rodriguez Varela, J. Martinez, F. Hedman, K.
Forsberg, A.C. Rasmuson, Ind. Eng. Chem. Res., 61 (2022) 18475-18491.

[145] W. Guo, H.-H. Ngo, J. Li, Bioresour. Technol., 122 (2012) 27-34.

[146] F. Saffarimiandoab, B. Yavuzturk Gul, R. Sengur Tasdemir, S. Erkoc llter, S. Unal, B.
Tunaboylu, Y.Z. Menceloglu, I. Koyuncu, Desalin. Water Treat., 216 (2021) 47-70.

[147] R.M. DuChanois, N.J. Cooper, B. Lee, S.K. Patel, L. Mazurowski, T.E. Graedel, M.
Elimelech, Nat. Water, 1 (2023) 37-46.

[148] B. Mohammad Tehrani, A. Rahbar-Kelishami, Chem. Eng. Process., 143 (2019) 107625.
[149] C.F. Croft, M.1.G.S. Almeida, R.W. Cattrall, S.D. Kolev, J. Membr. Sci., 545 (2018)
259-265.

[150] R.G. Pearson, J. Am. Chem. Soc., 85 (1963) 3533-35309.

[151] A. Soukeur, A. Szymczyk, Y. Berbar, M. Amara, Sep. Purif. Technol., 256 (2021)
117857.

[152] T. Wannachod, N. Leepipatpiboon, U. Pancharoen, K. Nootong, Chem. Eng. J., 248
(2014) 158-167.

[153] R. Liu, A. Poma, Molecules, 26 (2021) 3589.

[154] Q. Zhu, Z. Cai, P. Zhou, X. Sun, J. Xu, Sep. Purif. Technol., 309 (2023) 123077.

[155] L.1. Andersson, I.A. Nicholls, J. Chromatogr. B, 804 (2004) 1.

[156] Y. Wu, R. Lin, F. Ma, W. Xing, J. Pan, J. Colloid Interf. Sci., 587 (2021) 703-714.
[157] W. Pan, L. Chen, Y. Wang, Y. Yan, J. Membr. Sci., 658 (2022) 120759.

[158] L. Gu, Q. Chen, X. Li, C. Meng, H. Liu, Chirality, 32 (2020) 842-853.

[159] M. Ulbricht, J. Chromatogr. B, 804 (2004) 113-125.

[160] E. Elbashier, A. Mussa, M. Hafiz, A.H. Hawari, Hydrometallurgy, 204 (2021) 105706.
[161] R.-S. Juang, C.-H. Chiou, J. Membr. Sci., 177 (2000) 207-214.

[162] V. Innocenzi, M. Prisciandaro, F. Tortora, G. Mazziotti di Celso, F. Veglio, Waste
Manag., 74 (2018) 393-403.

[163] O. Pourret, M. Davranche, G. Gruau, A. Dia, Geochim. Cosmochim. Acta, 71 (2007)
2718-2735.

89



[164] A. Sorin, A. Favre-Réguillon, S. Pellet-Rostaing, M. Sbai, A. Szymczyk, P. Fievet, M.
Lemaire, J. Membr. Sci., 267 (2005) 41-49.

[165] P. Fievet, M. Shai, A. Szymczyk, C. Magnenet, C. Labbez, A. Vidonne, Sep. Purif.
Technol., 39 (2004) 2931-2949.

[166] A. Szymczyk, N. Fatin-Rouge, P. Fievet, J. Colloid Interf. Sci., 309 (2007) 245-252.
[167] Y. Hanafi, P. Loulergue, S. Ababou-Girard, C. Meriadec, M. Rabiller-Baudry, K.
Baddari, A. Szymczyk, J. Membr. Sci., 501 (2016) 24-32.

[168] A. Szymczyk, P. Fievet, S. Bandini, J. Membr. Sci., 355 (2010) 60-68.

[169] P. Fievet, M. Shai, A. Szymczyk, J. Membr. Sci., 264 (2005) 1-12.

[170] Y. Lanteri, P. Fievet, A. Szymczyk, J. Colloid Interf. Sci., 331 (2009) 148-155.

[171] Z. Zhao, S. Feng, C. Xiao, J. Luo, W. Song, Y. Wan, S. Li, Sep. Purif. Technol., 289
(2022) 120748.

[172] J. Lopez, M. Reig, O. Gibert, J.L. Cortina, J. Clean. Prod., 210 (2019) 1249-1260.
[173] B.K. Pramanik, L. Shu, J. Jegatheesan, K. Shah, N. Haque, M.A. Bhuiyan, Process Saf.
Environ. Prot., 126 (2019) 53-59.

[174] W. Ghamri, P. Loulergue, I. Petrini¢, C. Hélix-Nielsen, M. Pontié, N. Nasrallah, K.
Daoud, A. Szymczyk, J. Membr. Sci., 633 (2021) 119388.

[175] E. Idil Mouhoumed, A. Szymczyk, A. Schéfer, L. Paugam, Y.H. La, J. Membr. Sci., 461
(2014) 130-138.

[176] B. Kose Mutlu, B. Cantoni, A. Turolla, M. Antonelli, H. Hsu-Kim, M.R. Wiesner, Chem.
Eng. J., 349 (2018) 309-317.

[177] Z. Hammache, S. Bensaadi, Y. Berbar, N. Audebrand, A. Szymczyk, M. Amara, Sep.
Purif. Technol., 254 (2021).

[178] M. Ding, A. Szymczyk, A. Ghoufi, Desalination, 368 (2015) 76-80.

[179] A.E. Yaroshchuk, Adv. Colloid Interface Sci., 85 (2000) 193-230.

[180] A. Szymczyk, P. Fievet, J. Membr. Sci., 252 (2005) 77-88.

[181] Y. Lanteri, A. Szymczyk, P. Fievet, Langmuir, 24 (2008) 7955-7962.

[182] L. Chen, H. Li, J. Chen, D. Li, T. Liu, Miner. Eng., 149 (2020).

[183] Z.N. Galieva, A.A. Semenov, A.E. Kostanyan, A.V. Aldushkin, Theor. Found. Chem.
Eng., 55 (2021) 1097-1106.

[184] A.V. Valkov, E.A. Ananyeva, V.V. Sergievsky, Tsvetnye Met., 2022 (2022) 38-43.
[185] A.B. Botelho Junior, D.C.R. Espinosa, J. Vaughan, J.A.S. Tenoério, Metals, 12 (2022)
1133.

[186] F. Yang, S. Yang, L. Wu, C. Tong, M. Li, Fuzzy Extraction Separation Optimized
Process of Tm, Yb and Lu Enriched Oxides by Computer Simulation, in: CFD Modeling and
Simulation in Materials Processing, 2012, pp. 49-53.

[187] F. Nkinahamira, S. Guo, M. Cao, Y. Zhang, B. Asefi, S. Sun, M. Feng, Q. Sun, C.-P. Yu,
Resour. Conserv. Recycl., 180 (2022) 106152.

[188] D. Meng, Q. Zhao, X. Pan, T.-a. Zhang, Hydrometallurgy, 197 (2020) 105372.

[189] N. Couto, A.R. Ferreira, V. Lopes, S.C. Peters, E.P. Mateus, A.B. Ribeiro, S. Pamukcu,
Electrochim. Acta, 359 (2020) 136934.

[190] P. Venkatesan, T. Vander Hoogerstraete, T. Hennebel, K. Binnemans, J. Sietsma, Y.
Yang, Green Chem., 20 (2018) 1065-1073.

[191] R. Karan, T. Sreenivas, M.A. Kumar, D.K. Singh, Hydrometallurgy, 214 (2022) 105952.
[192] S. Wu, C. Bie, H. Su, Y. Gao, X. Sun, Miner. Eng., 178 (2022) 107396.

[193] E.A. Mowafy, A. Alshammari, D. Mohamed, Solvent Extr. lon Exch., 40 (2022) 387-
411.

[194] J. Constantine, J. Lie, J.-C. Liu, J. Environ. Chem. Eng., 10 (2022) 108000.

[195] S. Pavon, B. Lapo, A. Fortuny, A.M. Sastre, M. Bertau, Sep. Purif. Technol., 272 (2021)
118879.

90



[196] C. Tunsu, M. Petranikova, C. Ekberg, T. Retegan, Sep. Purif. Technol., 161 (2016) 172-
186.

[197] A. Ding, C. Liu, X. Zhang, L. Lei, C. Xiao, Environ. Sci. Technol., 56 (2022) 4404-4412.
[198] A.R. Weshahy, A.A. Gouda, B.M. Atia, A.K. Sakr, J.S. Al-Otaibi, A. Almugrin, M.Y.
Hanfi, M.l. Sayyed, R.E. Sheikh, H.A. Radwan, F.S. Hassen, M.A. Gado, Nanomaterials, 12
(2022).

[199] W.D. Bonificio, D.R. Clarke, Environ. Sci. Technol. Lett., 3 (2016) 180-184.

[200] X. Xie, X. Tan, Y. Yu, Y. Li, P. Wang, Y. Liang, Y. Yan, J. Hazard. Mater., 424 (2022)
127642.

[201] T. Viana, B. Henriques, N. Ferreira, C. Lopes, D. Tavares, E. Fabre, L. Carvalho, J.
Pinheiro-Torres, E. Pereira, Chemosphere, 280 (2021) 130600.

[202] D. Morillo Martin, L. Diaz Jalaff, M.A. Garcia, M. Faccini, Nanomaterials, 9 (2019).
[203] D. Comandella, W. Bonani, J.B. Ciscar, J. Ponti, M. Cologna, K. Popa, D. Gilliland, RSC
Adv., 11 (2021) 19351-19362.

[204] C. Li, H. Ma, S. Venkateswaran, B.S. Hsiao, Environ. Res., 188 (2020) 109685.

[205] C.A. Kozlowski, W. Walkowiak, Water Res., 36 (2002) 4870-4876.

[206] L.D. Nghiem, P. Mornane, 1.D. Potter, J.M. Perera, R.W. Cattrall, S.D. Kolev, J. Membr.
Sci., 281 (2006) 7-41.

[207] M.1.G.S. Almeida, R.W. Cattrall, S.D. Kolev, J. Membr. Sci., 415-416 (2012) 9-23.
[208] A. Bashiri, A. Nikzad, R. Maleki, M. Asadnia, A. Razmjou, Membranes, 12 (2022).
[209] P. Saxena, P. Shukla, Adv. Compos. Hybrid Mater., 4 (2021) 8-26.

[210] S. Huang, J. Chen, L. Chen, D. Zou, C. Liu, J. Membr. Sci., 593 (2020) 117458.

[211] S. Huang, J. Chen, D. Zou, J. Rare Earths, 39 (2021) 1256-1263.

[212] L. Chen, J. Chen, H. Li, M. Yang, D. Zou, Y. Deng, Y. Liu, Sep. Purif. Technol., 207
(2018) 179-186.

[213] L. Chen, J. Chen, ACS Sustainable Chem. Eng., 4 (2016) 2644-2650.

[214] L. Chen, H. Dong, W. Pan, J. Dai, X. Dai, J. Pan, Chem. Eng. J., 426 (2021) 131305.
[215] Y. Wang, L. Chen, Y. Yan, J. Chen, J. Dai, X. Dai, J. Membr. Sci., 610 (2020) 118263.
[216] A. Makowka, B. Pospiech, Autex Res. J., 19 (2019) 288-292.

[217] A. Makowka, B. Pospiech, Sep. Purif. Technol., 55 (2020) 2193-2203.

[218] M. Sharaf, W. Yoshida, F. Kubota, S.D. Kolev, M. Goto, RSC Advances, 8 (2018) 8631-
8637.

[219] W. Yoshida, F. Kubota, Y. Baba, S.D. Kolev, M. Goto, ACS Omega, 4 (2019) 21122-
21130.

[220] S.A. Ansari, P.K. Mohapatra, V.K. Manchanda, Desalination, 262 (2010) 196-201.
[221] P. Zaheri, H. Ghassabzadeh, Chem. Pap., 71 (2017) 1623-1631.

[222] J. Pan, Y. Yin, Y. Ma, F. Qiu, Y. Yan, X. Niu, T. Zhang, X. Bai, Chem. Eng. J., 301
(2016) 210-221.

[223] J. Fu, L. Chen, J. Li, Z. Zhang, J. Mater. Chem. A, 3 (2015) 13598-13627.

[224] C. Branger, W. Meouche, A. Margaillan, React. Funct. Polym., 73 (2013) 859-875.
[225] Y. Zhang, J. Hua, H. Wu, Y. Shao, P. Gu, Z. Li, New J. Chem., 46 (2022) 15628-15634.
[226] K. Cui, B. Gao, M. Tai, B. Su, J. Taiwan Inst. Chem. Eng., 95 (2019) 652-659.

[227] X. Zheng, Y. Zhang, T. Bian, Y. Zhang, F. Zhang, Y. Yan, Cellulose, 26 (2019) 1209-
1219.

[228] J. Lu, Y. Wu, X. Lin, J. Gao, H. Dong, L. Chen, Y. Qin, L. Wang, Y. Yan, J. Hazard.
Mater., 353 (2018) 244-253.

[229] A. Rajhans, P.M. Gore, S.K. Siddique, B. Kandasubramanian, J. Environ. Chem. Eng.,
7 (2019) 103068.

[230] M. Moussa, M.M. Ndiaye, T. Pinta, V. Pichon, T. Vercouter, N. Delaunay, Anal. Chim.
Acta, 963 (2017) 44-52.

91



[231] E. Liu, X. Xu, X. Zheng, F. Zhang, E. Liu, C. Li, Sep. Purif. Technol., 189 (2017) 288-
295.

[232] X. Zheng, Y. Zhang, F. Zhang, Z. Li, Y. Yan, J. Hazard. Mater., 353 (2018) 496-504.
[233] Z. Chen, Z. Li, J. Chen, P. Kallem, F. Banat, H. Qiu, J. Environ. Chem. Eng., 10 (2022)
107104.

[234] D. Mei, L. Liu, B. Yan, Coord. Chem. Rev., 475 (2023) 214917.

[235] R. Paz, N.K. Gupta, H. Viltres, C. Leyva, A. Romero-Galarza, S. Srinivasan, A.R.
Rajabzadeh, Sep. Purif. Technol., 298 (2022) 121606.

[236] S. Ammari Allahyari, R. Saberi, K. Sepanloo, A. Lashkari, J. Rare Earths, 39 (2021) 742-
748.

[237] M. Khalil, M.M. Shehata, O. Ghazy, S.A. Waly, Z.1. Ali, Radiat. Phys. Chem., 190
(2022) 109811.

[238] M. Zhang, K. Yang, J. Cui, H. Yu, Y. Wang, W. Shan, Z. Lou, Y. Xiong, Chem. Eng. J.,
386 (2020) 124023.

[239] Y. Pei, Y. Zhang, J. Ma, Y. Zhao, Z. Li, H. Wang, J. Wang, R. Du, Sep. Purif. Technol.,
299 (2022) 121790.

[240] I. Ahmed, K.K. Adhikary, Y.-R. Lee, K. Ho Row, K.-K. Kang, W.-S. Ahn, Chem. Eng.
J., 370 (2019) 792-799.

[241] W. Li, L. Huang, B. Xiao, X. Duan, H. Li, L. Li, W. Huang, J. Rare Earths, (2022).
[242] G. Zhang, H. Fan, R.-y. Zhou, W. Yin, R. Wang, M. Yang, Z. Xue, Y. Yang, J.-x. Yu, J.
Hazard. Mater., 424 (2022) 127273.

[243] W. Hua, T. Zhang, M. Wang, Y. Zhu, X. Wang, Chem. Eng. J., 370 (2019) 729-741.
[244] Z. Yu, D. Ye, J. Zhao, X. Wu, Y. Wu, Chem. Eng. J., 420 (2021) 129691.

[245] M.E. Mahmoud, A.K. Mohamed, M.F. Amira, S.M. Seleim, Mater. Chem. Phys., 251
(2020) 123107.

[246] L. Yao, S. Zhang, R. Wang, L. Zhang, Y. Wang, W. Yin, Desalination, 544 (2022)
116141.

[247] J. Liang, T. Liu, Y. Li, W. Liang, X. Zhang, L. Qian, Z. Li, X. Chen, Cell Rep. Physic.
Sci., 3 (2022) 100769.

[248] A. Sadeghi Chevinli, M. Najafi, M. Sillanpé&, Environ. Nanotechnol. Monit. Manag., 12
(2019) 100216.

[249] X. Wenjuan, Y. Caixia, L. Leilei, Z. Yali, X. Ruixue, H. Hongwei, Colloids Surf. A:
Physicochem. Eng. Asp., 607 (2020) 125464.

[250] V. Kavun, M.A. van der Veen, E. Repo, Microporous Mesoporous Mater., 312 (2021)
110747.

[251] S. Feng, X. Du, M. Bat-Amgalan, H. Zhang, N. Miyamoto, N. Kano, Int. J. Mol. Sci., 22
(2021) 3447.

[252] R.-H. Xu, W.-R. Cui, C.-R. Zhang, X.-R. Chen, W. Jiang, R.-P. Liang, J.-D. Qiu, Chem.
Eng. J., 419 (2021) 129550.

[253] J. Xiao, B. Li, R. Qiang, H. Qiu, J. Chen, Environ. Pollut., 214 (2022) 113977.

[254] Y. Zhang, D. Liu, W. Guo, Y. Ding, J. Mol. Liq., 372 (2023) 121229.

[255] W. Lai, L. Shan, J. Bai, L. Xiao, L. Liu, S. Wang, L. Gong, Y. Jiao, W. Xie, H. Liu, S.
Luo, S. Zhang, Chem. Eng. J., 450 (2022) 137965.

[256] X.H. Xiong, Y. Tao, ZW. Yu, L.X. Yang, L.J. Sun, Y.L. Fan, F. Luo, Chem. Egn. J.,
384 (2020) 123240.

[257] Y. Zhang, D. Liu, W. Guo, Y. Ding, Sep. Purif. Technol., 303 (2022) 122210.

[258] S. Ravi, P. Puthiaraj, K. Yu, W.-S. Ahn, ACS Appl. Mater. Interfaces, 11 (2019) 11488-
11497.

[259] B. Yu, G. Ye, J. Chen, S. Ma, Environ. Pollut., 253 (2019) 39-48.

[260] G. Wu, Y. Liu, Q. Zheng, Z. Yu, F. Luo, J. Solid State Chem., 288 (2020) 121364.

92



[261] Z. Chen, Z. Li, J. Chen, H. Tan, J. Wu, H. Qiu, Ind. Eng. Chem. Res., 61 (2022) 1841-
1849.

[262] A.W. Adamson, A.P. Gast, Physical Chemistry of Surfaces, 6th Edition, Wiley, 1997.
[263] J.J. Kipling, CHAPTER 1 - Introduction, in: J.J. Kipling (Ed.) Adsorption from Solutions
of Non-Electrolytes, Academic Press, 1965, pp. 1-4.

[264] L.R. Radovic, Chemistry & Physics of Carbon, CRC Press, 2001.

[265] H. Marsh, F. Rodriguez-Reinoso, Activated Carbon, 1 st ed., Elsevier: Amsterdam, 2006.
[266] P. Gismondi, A. Kuzmin, C. Unsworth, S. Rangan, S. Khalid, D. Saha, Langmuir, 38
(2022) 203-210.

[267] A. Santana-Mayor, R. Rodriguez-Ramos, B. Socas-Rodriguez, M. Asensio-Ramos, M.A.
Rodriguez-Delgado, 4 - Carbon-based adsorbents, in: C.F. Poole (Ed.) Solid-Phase Extraction,
Elsevier, 2020, pp. 83-127.

[268] Y. Xiong, X. Yang, Y. Liu, X. Chen, G. Wang, B. Lu, G. Lin, B. Huang, Electrochim.
Acta, 404 (2022) 139735.

[269] L. Wang, Y. Gao, Y. Chai, X. Sun, Sep. Purif. Technol., 292 (2022) 121005.

[270] L. Wang, Y. Gao, X. Wang, Y. Chali, X. Sun, Sep. Purif. Technol., 300 (2022) 121853.
[271] J.-Y. Kang, W. Ha, Y.-P. Shi, Talanta, 225 (2021) 122086.

[272] M. Shi, T. Lu, X. Li, Y. Yang, J. Rare Earths, 40 (2022) 135-142.

[273] X. Yang, D.K. Debeli, G. Shan, P. Pan, Chem. Eng. J., 379 (2020) 122335.

[274] C. Liao, Y.-P. Liu, X.-W. Lan, X.-Y. Jiang, G.-C. Liu, J.-G. Yu, J. Env. Chem. Eng., 9
(2021) 104952.

[275] R.R. Sheha, Z.A. Mekawy, H.H. Someda, M.K.K. Shehata, W.H. Mahmoud, Clean —
Soil, Air, Water, 48 (2020) 2000348.

[276] W. Hua, T. Zhang, S. Ding, X. Wang, Sep. Purif. Technol., 259 (2021) 118216.

[277] M. Li, Z. Ji, G. Sheng, S. Zhou, K. Chang, E. Jin, X. Guo, J. Mol. Lig., 322 (2021)
114940.

[278] I. Ali, E.A. Zakharchenko, G.V. Myasoedova, N.P. Molochnikova, A.A. Rodionova,
V.E. Baulin, A.E. Burakov, I.V. Burakova, A.V. Babkin, E.A. Neskoromnaya, A.V. Melezhik,
A.G. Tkachev, M.A. Habila, A. EI-Marghany, M. Sheikh, A. Ghfar, J. Mol. Lig., 335 (2021)
116260.

[279] Y. Hao, J. Qu, Z. Liu, H. Yang, H. Sai, H. Yang, J. Peng, L. Zhao, M. Zhai, BioResources,
17 (2022) 4905-4920.

[280] X. Zheng, W. Sun, A. Li, B. Wang, R. Jiang, Z. Song, Y. Zhang, Z. Li, Cellulose, 29
(2022) 469-481.

[281] X. Zheng, Y. Zhang, T. Bian, Y. Zhang, Z. Li, J. Pan, Chem. Eng. J., 381 (2020) 122669.
[282] A.l. Abd-Elhamid, E.M. Abu Elgoud, H.F. Aly, Cellulose, 29 (2022) 9831-9846.

[283] C. Manfredi, R. Mozzillo, S. Volino, M. Trifuoggi, A. Giarra, V. Gargiulo, M. Alfé,
Appl. Surf. Sci., 505 (2020) 144264.

[284] I. Ahmed, S. Bhattacharjee, C.-S. Lee, K.-K. Kang, J.-W. Ahn, W.-S. Ahn, J. Colloid
Interf. Sci., 594 (2021) 702-712.

[285] J. Wu, Z. Li, H. Tan, S. Du, T. Liu, Y. Yuan, X. Liu, H. Qiu, Anal. Chem., 93 (2021)
1732-1739.

[286] A.B. Botelho Junior, D.C.R. Espinosa, J. Vaughan, J.A.S. Tenorio, Miner. Eng., 172
(2021) 107148.

[287] H. Abdollahi, S. Maleki, H. Sayahi, M. Gharabaghi, M.H.K. Darvanjooghi, S. Magdouli,
S.K. Brar, J. Hazard. Mater., 416 (2021) 125655.

[288] M.A. Youssef, N.M. Sami, H.S. Hassan, Environ. Sci. Pollut. Res., 29 (2022) 79649-
79666.

[289] L. Molina-Calderdn, C. Basualto-Flores, V. Paredes-Garcia, D. Venegas-Yazigi, Sep.
Purif. Technol., 299 (2022) 121708.

93



[290] H. Tan, X. Zhang, Z. Li, Q. Liang, J. Wu, Y. Yuan, S. Cao, J. Chen, J. Liu, H. Qiu,
iScience, 24 (2021).

[291] W. Wang, J. Yuan, J. Y., W. Liu, Desalin. Water Treat., 230 (2021) 310-317.

[292] B. Wang, Y. Zhang, W. Sun, X. Zheng, Z. Li, New J. Chem., 45 (2021) 15629-15636.
[293] B. Yu, Y. Liu, Z. Li, Y. Liu, P. Rao, G. Li, Chem. Eng. J., 455 (2023) 140840.

[294] A. Tursi, T.F. Mastropietro, R. Bruno, M. Baratta, J. Ferrando-Soria, A.l. Mashin, F.P.
Nicoletta, E. Pardo, G. De Filpo, D. Armentano, Adv. Mater. Interfaces, 8 (2021) 2100730.
[295] M. Baratta, T.F. Mastropietro, R. Bruno, A. Tursi, C. Negro, J. Ferrando-Soria, A.l.
Mashin, A. Nezhdanov, F.P. Nicoletta, G. De Filpo, E. Pardo, D. Armentano, ACS Appl. Nano
Mater., 5 (2022) 5223-5233.

[296] J. Cheng, J. Liang, L. Dong, J. Chai, N. Zhao, S. Ullah, H. Wang, D. Zhang, S. Imtiaz,
G. Shan, G. Zheng, RSC Adv., 8 (2018) 40813-40822.

[297] N. WEei, X. Zheng, Q. Li, C. Gong, H. Ou, Z. Li, J. Colloid Interf. Sci., 565 (2020) 337-
344,

[298] S. Bashir, A. Jamil, R. Amin, I. Ul-hasan, A. Alazmi, M. Shahid, J. Solid State Chem.,
312 (2022) 123217.

[299] R. Bai, F. Yang, L. Meng, Z. Zhao, W. Guo, C. Cai, Y. Zhang, Mater. Des., 197 (2021)
109195.

[300] E.S. Aziman, A.F. Ismail, N.A. Muttalib, M.S. Hanifah, Nucl. Eng. Technol., 53 (2021)
2926-2936.

[301] Y. Gao, L. Xu, M. Zhang, Q. Zhang, Z. Yang, J. Yang, Z. Xu, Y. Lv, Y. Wang, J. Hazard.
Mater., 417 (2021) 126115.

[302] Y. Huang, H. Zheng, H. Li, Z. Zhang, C. zhao, Q. Gou, Y. Liu, Chem. Eng. J., 410 (2021)
128321.

[303] A.M. Shahr EI-Din, T. Monir, E.H. Borai, J. Polym. Environ., 29 (2021) 3721-3731.
[304] Y. Gao, Q. Zhang, Y. Lv, S. Wang, M. Men, H. Kobayashi, Z. Xu, Y. Wang, J. Mater.
Chem. A, 9 (2021) 14422-14431.

[305] Z. Hu, J. Liu, T. Gan, D. Lu, Y. Wang, X. Zheng, Sep. Purif. Technol., 297 (2022)
121486.

[306] H.A. Abu- Khoziem, S. Abdel Wahab, A. Rezik, E. Khalid, W.M. Abdellah, Int. J.
Environ. Anal. Chem., 102 (2022) 8314-8330.

[307] T. Yuan, S. Xiong, X. Shen, Angew. Chem. Int. Ed., 59 (2020) 17719-17725.

[308] T.K.L. Rezende, H.P. Barbosa, L.F. dos Santos, K. de O. Lima, P. Alves de Matos, T.M.
Tsubone, R.R. Gongalves, J.L. Ferrari, Front. Chem., 10 (2022).

[309] M. Raab, A. Skripka, J. Bulmahn, A. Pliss, A. Kuzmin, F. Vetrone, P. Prasad, ACS Appl.
Bio Mater., 5 (2022) 4948-4954.

[310] M. Jain, P. Singh, 14 - Rare-earth-activated phosphors for drug delivery, in: V. Dubey,
N. Dubey, M.M. Domanska, M. Jayasimhadri, S.J. Dhoble (Eds.) Rare-Earth-Activated
Phosphors, Elsevier, 2022, pp. 365-388.

[311] W. Xu, K. Wei, Z. Lin, T. Wu, G. Li, L. Wang, Sci. Rep., 12 (2022) 6383.

[312] Z. Wei, Y. Liu, B. Li, J. Li, S. Lu, X. Xing, K. Liu, F. Wang, H. Zhang, Light Sci. Appl.,
11 (2022) 175.

[313] K. Lehtinen, M.S. Nokia, H. Takala, Front. Cell. Neurosci., 15 (2022).

[314] N. Malhotra, H.-S. Hsu, S.-T. Liang, M.J.M. Roldan, J.-S. Lee, T.-R. Ger, C.-D. Hsiao,
Animals, 10 (2020) 1663.

[315] A. Kotelnikova, I. Fastovets, O. Rogova, D.S. Volkov, V. Stolbova, Ecotoxicol. Environ.
Saf., 167 (2019) 20-28.

[316] G. Pagano, P.J. Thomas, A. Di Nunzio, M. Trifuoggi, Environ. Res., 171 (2019) 493-
500.

[317] S.-H. Shin, H.-O. Kim, K.-T. Rim, Saf. Health Work, 10 (2019) 409-419.

94



[318] S.A. Abdelnour, M.E. Abd El-Hack, A.F. Khafaga, A.E. Noreldin, M. Arif, M.T.
Chaudhry, C. Losacco, A. Abdeen, M.M. Abdel-Daim, Sci Total Environ, 672 (2019) 1021-
1032.

[319] A. Naccarato, A. Tassone, F. Cavaliere, R. Elliani, N. Pirrone, F. Sprovieri, A. Tagarelli,
A. Giglio, Sci Total Environ, 749 (2020) 141438.

[320] M. Zhuang, J. Zhao, S. Li, D. Liu, K. Wang, P. Xiao, L. Yu, Y. Jiang, J. Song, J. Zhou,
L. Wang, Z. Chu, Chemosphere, 168 (2017) 578-582.

[321] V.M. Lu, F. Crawshay-Williams, B. White, A. Elliot, M.A. Hill, H.E. Townley, Artif.
Cells Nanomed. Biotechnol., 47 (2019) 132-143.

[322] B. Friebe, F. Godenschweger, M. Fatahi, O. Speck, D. Roggenbuck, D. Reinhold, A.
Reddig, Eur. Radiol. Exp., 2 (2018) 40.

[323] J.S. McDonald, R.J. McDonald, J.B. Ekins, A.S. Tin, S. Costes, T.M. Hudson, D.J.
Schroeder, K. Kallmes, S.H. Kaufmann, P.M. Young, A. Lu, R. Kadirvel, D.F. Kallmes, PLoS
ONE, 13 (2018) 0190890.

[324] J.M. Han, H.L. Kim, H.J. Jung, Int. J. Mol. Sci., 22 (2021) 4265.

[325] M. Kawagoe, K. Ishikawa, S.C. Wang, K. Yoshikawa, S. Arany, X.P. Zhou, J.S. Wang,
Y. Ueno, Y. Koizumi, T. Kameda, S. Koyota, T. Sugiyama, J. Trace Elem. Med. Biol., 22
(2008) 59-65.

[326] A. Nemmar, S. Al-Salam, S. Beegam, P. Yuvaraju, B.H. Ali, Int. J. Nanomed., 12 (2017)
2913-2922.

[327] A. Benedetto, C. Bocca, P. Brizio, S. Cannito, M.C. Abete, S. Squadrone, Toxicol. Vitro,
46 (2018) 9-18.

[328] L. Préaubert, V. Tassistro, M. Auffan, I. Sari-Minodier, J. Rose, B. Courbiere, J. Perrin,
Toxicol. Vitro, 50 (2018) 236-241.

[329] M. Gravina, G. Pagano, R. Oral, M. Guida, M. Toscanesi, A. Siciliano, A. Di Nunzio, P.
Buri¢, D.M. Lyons, P.J. Thomas, M. Trifuoggi, Bull. Environ. Contam. Toxicol., 100 (2018)
641-646.

[330] B. Wang, L. Yan, W. Huo, Q. Lu, Z. Cheng, J. Zhang, Z. Li, Environ. Pollut., 220 (2017)
837-842.

[331] B. Wang, Y. Zhu, Y. Pang, J. Xie, Y. Hao, H. Yan, Z. Li, R. Ye, Environ. Pollut., 240
(2018) 267-272.

[332] G. Sun, Z. Li, T. Liu, J. Chen, T. Wu, X. Feng, Environ. Geochem. Health, 39 (2017)
1469-1486.

[333] Y. Li, H. Yu, S. Zheng, Y. Miao, S. Yin, P. Li, Y. Bian, Int. J. Environ. Res. Public
Health, 13 (2016) 350.

[334] H. Liu, J. Wang, Z. Yang, K. Wang, Biol. Trace Elem., 167 (2015) 200-208.

[335] L.A. Henrigquez-Hernandez, L.D. Boada, C. Carranza, J.L. Pérez-Arellano, A. Gonzalez-
Antufia, M. Camacho, M. Almeida-Gonzalez, M. Zumbado, O.P. Luzardo, Environ. Int., 109
(2017) 20-28.

[336] W. Huo, Y. Zhu, Z. Li, Y. Pang, B. Wang, Z. Li, Environ. Pollut., 226 (2017) 89-93.
[337] J. Gomez-Aracena, R.A. Riemersma, M. Gutiérrez-Bedmar, P. Bode, J.D. Kark, A.
Garcia-Rodriguez, L. Gorgojo, P.v.t. Veer, J. Fernandez-Crehuet, F.J. Kok, J.M. Martin-
Moreno, Chemosphere, 64 (2006) 112-120.

[338] F. Medina-Estévez, M. Zumbado, O.P. Luzardo, A. Rodriguez-Hernandez, L.D. Boada,
F. Fernandez-Fuertes, M.E. Santandreu-Jimenez, L.A. Henriquez-Hernandez, Toxics, 8 (2020)
66.

[339] B. Wei, Y. Li, H. Li, J. Yu, B. Ye, T. Liang, Ecotoxicol. Environ. Saf. , 96 (2013) 118-
123.

[340] F. Martino, G. Amici, M. Rosner, C. Ronco, G. Novara, J. Clin. Med., 10 (2021).

95



[341] L. Liu, L. Wang, W. Ni, Y. Pan, Y. Chen, Q. Xie, Y. Liu, A. Ren, Ecotoxicol. Environ.
Saf., 207 (2021) 111284,

[342] Y. Liu, M. Wu, L. Zhang, J. Bi, L. Song, L. Wang, B. Liu, A. Zhou, Z. Cao, C. Xiong,
S. Yang, S. Xu, W. Xia, Y. Li, Y. Wang, Environ. Int., 133 (2019) 105222.

[343] G. Zhuang, Y. Zhou, H. Lu, W. Lu, M. Zhou, Y. Wang, M. Tan, Biol. Trace Elem. Res.
, 53 (1996) 45-49.

[344] A.V. Mattioli, F. Coppi, A. Manenti, A. Farinetti, Vasc. Health Risk Manag., 17 (2021)
729-738.

[345] W. Zhu, S. Xu, P. Shao, H. Zhang, D. Wu, W. Yang, J. Feng, L. Feng, Biol. Trace Elem.
Res., 104 (2005) 1-7.

[346] W.D. Judge, G. Azimi, Hydrometallurgy, 196 (2020) 105435.

[347] Z. Dong, J.A. Mattocks, G.J. Deblonde, D. Hu, Y. Jiao, J.A. Cotruvo, Jr., D.M. Park,
ACS Cent. Sci., 7 (2021) 1798-1808.

[348] R.G. da Silva, C.A. de Morais, L.V. Teixeira, E.D. de Oliveira, Miner. Eng., 127 (2018)
238-246.

[349] D. Kim, L.E. Powell, L.H. Delmau, E.S. Peterson, J. Herchenroeder, R.R. Bhave,
Environ. Sci. Technol., 49 (2015) 9452-9459.

[350] H.B. Trinh, J.C. Lee, J. Lee, Task-specific ionic liquids for the separation and recovery
of rare earth elements, in: lonic Liquid-Based Technologies for Environmental Sustainability,
Elsevier, 2021, pp. 101-121.

[351] A.C. Garcia, M. Latifi, A. Amini, J. Chaouki, Metals, 10 (2020) 1-22.

[352] A. Yuksekdag, B. Kose-Mutlu, M.R. Wiesner, 1. Koyuncu, Process Saf. Environ. Prot.,
161 (2022) 210-220.

[353] A. Gaikwad, C. Kr, G. Surender, A. Damodaran, Chem. Biochem. Eng. Q., 17 (2003).
[354] F. Li, Z. Yang, H. Weng, G. Chen, M. Lin, C. Zhao, Chem. Eng. J., 332 (2018) 340-350.
[355] W. Song, X. Wang, Q. Wang, D. Shao, X. Wang, Phys. Chem. Chem. Phys., 17 (2015)
398-406.

[356] H. Xu, G. Li, J. Li, C. Chen, X. Ren, J. Mol. Lig., 213 (2016) 58-68.

[357] N. Pan, L. Li, J. Ding, S. Li, R. Wang, Y. Jin, X. Wang, C. Xia, J. Hazard. Mater., 309
(2016) 107-115.

96



Declaration of Interest Statement

Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

CThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




Author Statement

Credit Author Statement

Joanna Kujawa - Conceptualization, Writing - Original Draft, Writing - Review & Editing, Supervision
Samer Al Gharabli - Writing - Original Draft, Writing - Review & Editing

Anthony Szymczyk - Writing - Original Draft, Writing - Review & Editing

Artur P. Terzyk - Writing - Original Draft, Writing - Review & Editing

Stawomir Boncel - Writing - Original Draft, Writing - Review & Editing

Katarzyna Knozowska - Writing - Original Draft, Writing - Review & Editing

Guogiang Li - Writing - Original Draft, Writing - Review & Editing

Wojciech Kujawski - Writing - Original Draft, Writing - Review & Editing



