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Abstract

The field of study of rare earth element (REE) adsorption by metal-organic frameworks (MOFs) has emerged relatively recently.
Recovering REEs from industrial, mining, and end-of-life electronics recycling effluents offers a sustainable approach to mitigating
their unrestricted release into the environment. MOFs, known for their exceptional porosity and modifiability, have demonstrated
significant potential as sustainable and efficient adsorbents for REE recovery from aqueous environments. To propel the advancement
of this promising technology, a review of the fragmented research conducted over the past decade on REE adsorption by MOFs has
been undertaken. Functionalization and combination of MOFs have proven effective in enhancing adsorbent capacity, stability,
adsorption rate, and reusability. Notably, the 3D-agaric-like core—shell UbN@ZIF-8-20 MOF, MOF-bonded silica amine and polymer,
and phosphonic acid—functionalized ZIF-67@SiO. MOF exhibited adsorption capacities of 341.0, 426.0, and 342.5 mg/g for Er3+, Y3+,
and Ce3*, respectively. Eluents such as HCl, HNOs3, and acetonitrile successfully achieved up to five adsorption—desorption cycles with
minimal loss in adsorption efficiency. While MOFs are highly effective for REE adsorption, further advancements are needed in
reducing equilibrium time, conducting fixed-bed column studies, and evaluating real-world wastewater to support their continued
development.
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1. Introduction

Rare earth elements (REEs) comprise a group of 17 metallic
elements, including the 15 lanthanides from lanthanum (La) to
lutetium (Lu) (Figure 1). Additionally, this group includes scan-
dium (Sc) and yttrium (Y), which exhibit similar physicochemical
characteristics [1]. According to Unsworth et al. [2], REEs can be
categorized into light rare earth elements (LREEs) and heavy
rare earth elements (HREESs), with HREEs being more economi-

cally valuable and less abundant. L & S

Despite their name, REEs are relatively abundant in the Earth’s
upper continental crust, occurring in ion-adsorption clays and
rare earth minerals in quantities comparable to common indus- s Elroruin i ’ —
trial metals such as nickel, chromium, copper, tin, and zinc [1]. bl :

However, Massari and Ruberti [3] highlighted a significant chal-
lenge with REEs: their uneven distribution in the environment.

Identifying economically viable deposits is complex, and the sim- Homion i i 2 Viertium Lt
ilar chemical properties of these elements make their extraction ' ' ' '
and separation particularly challenging. Figure 1 « Rare earth elements and their salient properties.

The global reserve of rare earth oxides is estimated at approxi-
mately 120 million tonnes, with major deposits found in China,
Brazil, Russia, India, and Australia [4]. The production of REEs
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is highly resource-intensive, requiring energy of about 2,430
GJ/tonne REE and generating approximately 230 tonnes of CO.-
equivalent per tonne of total rare earth oxide [5, 6]. To put it into
context, these energy demands and greenhouse gas emissions are
an order of magnitude higher than those for steel production [7].

Due to their unique chemical, electrical, magnetic, and optical
properties, REEs are utilized in various industries, including metal-
lurgy, nuclear technology, and luminescence [8, 9]. As shown in
Figure 2, they can also be combined with other elements or com-
pounds to form products such as magnets, alloys, catalysts, and ce-
ramics.

According to Wang et al. [10], REEs can enter the human body
through dermal contact, inhalation, ingestion, and injections.
These elements can cause dysfunctions in various organs and sys-
tems by affecting epigenetic, genetic, and signaling pathways.
Numerous studies have highlighted health concerns associated
with REE exposure. For instance, Cheng et al. [11] reported that
lanthanide exposure in mice led to disturbed liver function and
affected both cellular and humoral immunity. Liu et al. [12] found
that exposure to lanthanides, such as La3*, Gd3*, and Yb3*, cau-
sed changes in mitochondrial structure and membrane permea-
bility in both animal and human cells. Brouziotis et al. [13] noted
that REE mining can adversely affect human health, with these
elements accumulating in the hair, urine, and blood of mining
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workers and people in nearby residents. In light of these findings,
the authors cautioned that the eminent rise in REE demand could
also present an exposure risk to e-waste recyclers and commuters in
high-traffic environments. Figure 3 illustrates the potential routes
and dispersion of REEs in the environment.

Techniques such as precipitation and solvent extraction are well
established for REE recovery, particularly in high-concentration
and large-scale operations [14]. Van Nguyen et al. [15] explain
that despite its widespread use, solvent extraction often involves
co-extraction of other base metals, complicating the achievement
of desired REE purity. Additionally, precipitation generates sec-
ondary waste and faces challenges in attaining low treatment lev-
els. Other processes, such as electrocoagulation, show great
potential, yet they are hindered by electrode consumption and
secondary waste generation [16]. Membrane filtration can re-
cover REEs with high efficiency, but it is energy-intensive, costly,
and prone to membrane fouling [17]. In response to the growing
global demand for REEs and the need to remediate REE-contam-
inated environments, significant research has focused on identi-
fying and extracting REEs from new and recycled sources [5]. Re-
cent studies have explored various sources, including e-waste
[18], industrial waste [19], mine waste [20], fly ash [21, 22], phos-
phogypsum [23], red mud [24], mine tailings [25], acid mine
drainage [26], and geothermal brines [5].
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Figure 2 « Key applications of rare earth elements. MRI, magnetic resonance imaging.
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Figure 3 « Pathways for rare earth element contamination in the environment. REE, rare earth elements.

Adsorption technology offers numerous favorable characteris-
tics, such as performance at low pH levels, adsorbent regenera-
tion [14], low treatment levels, applicability to industries of
various sizes, minimal secondary waste, high efficiency, ease of
operation, and the ability to treat high volumes [27]. Various clas-
ses of adsorbents, based on their origin and characteristics, are
currently being studied for their ability to remove and recover
REEs from solutions. For instance, graphene oxide was used by
Ashour et al. [28] for the adsorption of La3*, Nd3*, Gd3*, and Y3*,
achieving adsorption capacities of 85.7, 188.6, 225.5, and 135.7 mg/g,
respectively. Pinheiro et al. [29] reported promising performance in
their report on the application of vine pruning waste-derived activated
carbon for the adsorption of Ce3* (48.5 mg/g) and La3* (53.7 mg/g).
Liu et al. [30] achieved the removal of 16.2 mg/g of Y3* using mont-
morillonite clay. Gallardo et al. [31] investigated biosorption using nat-
ural, unmodified walnut shells and achieved maximum monolayer
sorption capacities of 5.7, 6.0, 6.1, and 5.1 mg/g for Eu3*, La3*, Sm3*,
and Gd3*, respectively. While adsorption offers numerous advantages,
factors such as production cost, adsorbent reusability, and selectivity
toward REEs in the presence of other metals can be uncertain and can
vary depending on the adsorbent and treatment conditions [32, 33].

Metal—organic frameworks (MOFs) are classified as crystalline, po-
rous organic—inorganic hybrid materials composed of metals or
metal clusters (nodes) and multifunctional building blocks (linkers)
[34]. These materials possess tunable pore sizes, ultrahigh surface
areas, and adjustable internal surface properties [35].

To date, various synthesis methods have been successfully employed
to develop MOFs, including hydrothermal [36], solvothermal [37],
sonochemical [38], microwave-assisted [39], electrochemical [40],
and mechanochemical [41]. Comprehensive insights into MOF syn-
thesis and progressive development can be gleaned from studies
conducted by Zhao et al. [42] and Huang et al. [43]. According to
Essalmi et al. [44], the synthesis of MOFs as novel adsorbents can
significantly reduce waste, minimize water usage, and involve fewer

hazardous chemicals, presenting a potentially greener and more sus-
tainable approach.

Since their first report by Yaghi et al. [45], MOFs have been suc-
cessfully applied in various fields, including gas storage [46],
drug delivery [47], catalysis [48], separation—adsorption [49],
sensing [50], proton conduction [51], and biomedical imaging
[52]. To date, MOFs have been widely studied for their applica-
tions in the adsorption of pesticides [53], antibiotics [54], and
dyes [55]. They have also shown great promise in the adsorption
of metal ions. For example, Bhadane et al. [56] recently devel-
oped a Cu-imidazolate MOF, which demonstrated exceptional re-
usability and performance for Pb2* (492 mg/g), Cd2* (327 mg/g),
and Ni2* (72.6 mg/g). Despite MOFs’ remarkable physical adsor-
bent properties, their application in REE adsorption has been
quite limited until recently. However, over the past decade, there
have been great strides and recent momentum toward MOF im-
provements, adsorption optimization, and selectivity for REEs.

This narrative review focuses on examining the adsorption of
REEs from aqueous solutions using MOFs. Studies published be-
tween 2014 and 2024 were sourced from international electronic
databases, including Google Scholar, Scopus, PubMed, Web of
Science, and ScienceDirect. The search employed keywords such
as adsorption, rare earth elements, metal-organic framework,
selectivity, and regeneration, using AND/OR operators in titles
and abstracts.

Only original research articles were considered if they met the
following criteria:

(1) the study involved laboratory research on REE adsorption
from aqueous solutions using MOFs;

(2) the article was written in English;
(3) the publication date ranged from 2014 to 2024; and

(4) the full text was accessible.
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Studies on MOF synthesis without adsorption experiments and
those solely discussing theoretical adsorption mechanisms without
experimental data were excluded. The reviewed studies showed that
there are some gaps in the current research emphasis. In most in-
stances, researchers focused on elucidating adsorption kinetics,
equilibrium, characterization, selectivity, mechanisms, and MOF re-
generation. However, little attention has been given to varying oper-
ational parameters, such as agitation, temperature, and adsorbent
doses, which are essential for full-scale batch applications. Further-
more, as REE removal by MOF is a recent study area, most investi-
gations are still at the laboratory batch scale, employing single con-
taminants in synthetic solutions.

Recently published reviews have focused on REE recovery using
various technologies and various classes of adsorbents. This
state-of-the-art review stands out as it specifically highlights the
latest performance data on REE removal by MOFs and identifies
key issues essential for process upscaling and development. To
this end, the study consolidates scattered research and examines
the preparation of MOFs, the influence of MOF properties, and
the effects of operational parameters. Additionally, it assesses
critical factors for process upscaling, such as the impact of solu-
tion pH on interactions and mechanisms between MOFs and
REEs, adsorption modeling, MOF regeneration, and REE selec-
tivity. The objective of this comparative approach is to highlight
effective methods and current gaps, thereby facilitating the de-
sign of future studies.

2. Metal-organic framework
preparation strategies and their
application in rare earth element
adsorption

Despite the advantageous attributes of MOFs, their structural
stability in aqueous solutions and their affinity for REEs remain
a challenge [32]. Huang et al. [43] explained that to address these
issues, researchers have delved into the development of MOF-
derived materials and MOF composites. Ligand modification in
MOFs is a key strategy to enhance their properties for specific
applications, including adsorption, catalysis, and gas storage
[57]. These modifications can be broadly categorized into pre-
synthetic (direct modification) and post-synthetic modifications.
Recent research advances indicate that post-synthetic modifica-
tion of MOFs with various functional groups has shown signifi-
cant potential in improving REE selectivity and adsorption
capacity.

De Decker et al. [58] emphasized that when designing a MOF, it
must be able to withstand acidic environments, resist leaching,
and avoid degradation during REE adsorption. Furthermore, in-
corporating functional groups that specifically target REEs—con-
sidering that lanthanides are hard Lewis acids—by using hard
Lewis bases or combining synergistic moieties, such as amides
and carbonyl groups, has been shown to enhance REE selectivity.

Another critical consideration in MOF selection for REE adsorp-
tion is the potential for metal exchange, where adsorbed metal
ions may replace the MOF’s own metal nodes or interact with
pre-adsorbed metals within the framework. This exchange could
compromise the structural stability of the MOF or lead to unin-
tended metal contamination.

2.1. Metal-organic framework composites

De Decker et al. [58] functionalized chromium-based MIL-101 for
the adsorption of Eus* from solution. The authors first synthesized
MIL-101(Cr) using the hydrothermal method, followed by a three-
step functionalization process. First, MIL-101(Cr) was chlorometh-
ylated. Next, a mixture of 1.0 g of the chloromethylated MOF, 2.2 g
of 1,4-diaminobutane, and dimethylformamide (DMF) was stirred at
80°C for 24 h. Finally, the carboxylic end groups of diethyl-
phosphonoacetic acid were coupled to the functionalized MOF using
carbonyldiimidazole, producing a carbamoylmethylphosphine oxide
(CMPO)—functionalized MIL-101(Cr).

The resulting adsorbent was successfully used to adsorb Eu3*,
achieving a maximum adsorption capacity of 12.5 mg/g at a pH
of 4.0, a temperature of 25°C, and an equilibrium time of 5 h. The
authors studied the effect of competing ions in synthetic solu-
tions in the presence of Y3* and Zn2*, demonstrating the prefer-
ential uptake of Eu3*. Such studies are particularly valuable for
real-world applications, where REEs often coexist with other
metal ions in industrial effluents. However, extending the selec-
tivity analysis to actual wastewater samples would provide a
more comprehensive understanding of its practical performance.

Another commendable aspect of the study is the stability assess-
ment, which is often overlooked in similar research. The authors
evaluated ligand leachability and the structural integrity of the
adsorbent under acidic conditions, providing valuable data on its
durability.

Liang and Zeng [59] also investigated MIL-101(Cr). Using MIL-
101(Cr) as a base, they developed a unique adsorbent through
post-synthetic modifications and radical polymerization to create
MIL-101(Cr)-SMA-ED-PMG. Adsorption studies for Nd3* and
Eu3* uptake demonstrated maximum sorption capacities of 102.7
and 110.4 mg/g, respectively, at a pH of 5.0 and an equilibrium time
of 6 h.

A key strength of this study lies in its attempt to simulate real-
world conditions. Unlike many laboratory-scale adsorption stud-
ies that rely solely on single-ion synthetic solutions, the authors
tested Eu3* removal from simulated zinc ore wastewater, achiev-
ing an impressive 92.2% recovery after three adsorption—desorp-
tion cycles. This highlights the reusability and robustness of MIL-
101(Cr)-SMA-ED-PMG in complex matrices, a crucial factor for
practical implementation.

2.2, Pristine metal-organic frameworks with defects

Zhang et al. [60] developed two MOFs with adjustable linker de-
fects using benzoic acid as a modulator. These defective MOFs,
designated as MIL-101(Cr)-D and MIL-101(Fe)-D, were em-
ployed for the adsorption of Yb3* from solution. The adsorption
mechanism was attributed to complexation. The sorbents MIL-
101(Cr)-D and MIL-101(Fe)-D exhibited maximum sorption ca-
pacities of 27.9 mg/g and 37.5 mg/g, respectively, at a pH of 6.0
and a temperature of 30°C. Characterization studies revealed in-
creased MOF porosity due to the introduction of defects and con-
firmed the coordination of Yb3+ with the oxygen sites of the Cr-O
clusters.

Sun et al. [61] also developed defective MOFs, MOF-808-DLX
and MOF-808-DSX, featuring abundant oxygen vacancies for the
adsorption of Yb3*. They reported adsorption capacities of
42.6 mg/g and 79.0 mg/g, respectively. Characterization studies

ACADEMIA ENVIRONMENTAL SCIENCES AND SUSTAINABILITY 2025, 2

4o0f14



https://www.academia.edu/journals/academia-environmental-sciences-and-sustainability/about

https://doi.org/10.20935/AcadEnvSci7629

confirmed the mechanism to be complexation between the oxy-
gen vacancies from Zrs clusters and the Yb3* ions.

2.3. Pristine metal-organic framework

Zhou et al. [62] reported the development of an HKUST-1 MOF
for the adsorption of Ce3+ from solution. The authors used a mod-
ified solvothermal technique to synthesize the adsorbent. A mix-
ture of trimesic acid, copper(I) nitrate trihydrate, and N,N-
dimethylformamide (DMF) was prepared and transferred to a
Teflon-lined autoclave, which was heated at 75°C for 24 h. The
specimen was then washed with DMF and dried in a vacuum oven
at 150°C for 12 h. The resulting adsorbent had a Brunauer—
Emmett—Teller (BET) specific surface area of 1,187 m2/g, a total
pore volume of 0.61 cm3/g, and a mean pore diameter of 2.1 nm.
A maximum adsorption capacity of 353.0 mg/g was achieved at
a pH of 6.0 and an equilibrium time of 8 h. The isothermal and
kinetic data were best represented by the Langmuir and pseudo-
second-order equations, respectively. The authors suggested that
Ce3* elution with HCI indicated the influence of electrostatic in-
teractions, while Raman spectroscopy revealed a secondary ad-
sorption mechanism involving covalent bonding activity. Despite
these strengths, the study had a few limitations. Experiments
were conducted only in synthetic solutions, omitting the compet-
itive ion effects common in real wastewater. While desorption
tests were performed, the long-term stability and reusability of
HKUST-1 remain unassessed. Future research should, therefore,
evaluate selectivity in complex matrices, optimize regeneration
strategies, and assess long-term stability.

Ammari Allahyari et al. [63] reported the development of a syn-
thesized MOF, [Zn(bim)2(bdc)]x, for the adsorption of La3* from
solution. The authors synthesized the adsorbent by mixing 1,4-
benzenedicarboxylic acid (H=bdc), benzimidazole (bim), zinc ac-
etate (Zn(OAc)2+3H20), sodium hydroxide, and distilled water.
This mixture was agitated in an autoclave at 140°C for 72 h. Sub-
sequently, the mixture was left to cool at room temperature for
seven days. Batch adsorption studies indicated that the isother-
mal and kinetic data were best represented by the Langmuir and
pseudo-first-order equations, respectively. Thermodynamic ana-
lysis showed that the process was feasible, spontaneous, and en-
dothermic in nature, highlighting the strong influence of covalent

bonding due to the high enthalpy. The maximum monolayer ca-
pacity was found to be 135.0 mg/g at a pH of 7.0 and an equilib-
rium time of 2.5 h. The rate-limiting step was evinced using the
shrinking core model, which concluded that interfacial resistance
was the major mechanism.

A notable strength of this study is its laboratory-scale column ad-
sorption experiments, a fundamental step toward real-world ap-
plication. The authors conducted laboratory-scale column ad-
sorption studies with a column diameter of 0.8 cm, a height of 30
cm, an adsorbent mass of 0.05 g, an initial concentration of 25
mg/l, and a flow rate of 0.26 ml/min. The dynamic capacity
(156.7 mg/g) exceeded batch adsorption results by 20%, demon-
strating enhanced performance under continuous flow. However,
the study lacked competitive ion assessments, which are essential
for evaluating selectivity in complex matrices. Future research
should focus on assessing adsorbent regeneration and testing the
performance of [Zn(bim)2(bdc)]n in real wastewater systems.

3. Comparison of metal—organic
frameworks with conventional
adsorbents for rare earth element
adsorption

Over the past decade, the application of MOFs for REE adsorp-
tion has steadily increased. Table 1 presents key features of these
studies, showing that MOFs compare favorably with conven-
tional adsorbents in the literature. For example, Komnitsas et al.
[64] utilized commercial activated carbon to adsorb Sc3* and
Nds3+, achieving maximum sorption capacities of 8.8 and 8.5
mg/g, respectively. By contrast, Liang and Zeng [59] and Zhang
et al. [65] reported significantly higher capacities for Nd3* using
MOF adsorbents MIL-101(Cr)-SMA-ED-PMG (102.7 mg/g) and
U6N@ZIF-8-20 (249.9 mg/g), respectively. Similarly, Lou et al.
[66] achieved a Sc3* sorption capacity of 90.2 mg/g using the
0.075-AA-0.072@MIL-101 MOF. Comparatively, these MOF ad-
sorbents evinced at least a tenfold increase in capacity over the
referenced commercial activated carbon.

Table 1 ¢ Selection of metal—organic framework performances for the uptake of rare earth elements from synthetic solutions

Adsorbent Adsorbent Adsorbate pH Time Adsorption Ref.
abbreviation (min) capacity (mg/g)

Functionalized chromium-based CMPO@MIL-101(Cr) Eus+ 4.0 300 12.5 [58]

MIL-101 MOF

Copolymer-functionalized MIL- MIL-101(Cr)-SMA-ED-PMG Eus+ 5.0 360 110.4 [59]

101(Cr)-SMA-ED-PMG MOF

3D-agaric-like core—shell UbN@ZIF- U6N@ZIF-8-20 Eus+ 5.0 10 295.3 [65]

8-20 MOF

Organophosphorus-modified MIL-101-H50 Ers+ 5.5 1,440 57.5 [32]

MIL-101(Cr) MOF

3D-agaric-like core—shell U6N@ U6N@ZIF-8-20 Er3+ 5.0 10 341.0 [65]

ZIF-8-20 MOF

Post-synthetic MIL-101(Cr)-SMA-ED- MIL-101(Cr)-SMA-ED-PMG Nds+ 5.0 360 102.7 [59]

PMG MOF

3D-agaric-like core—shell UbBN@ZIF-8-  U6N@ZIF-8-20 Nds+ 5.0 10 249.9 [65]

20 MOF
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Linker-defective MIL-101(Cr)-D MOF MIL-101(Cr)-D Ybs+ 6.0 - 27.9 [60]
Linker-defective MIL-101(Fe)-D MOF MIL-101(Fe)-D Ybs+ 6.0 - 37.5 [60]
Linker-defective MOF-808-DLX MOF MOF-808-DLX Ybs+ - - 42.6 [61]
Linker-defective MOF-808-DSX MOF MOF-808-DSX Yb3+ - - 79.0 [61]
HKUST-1 MOF HKUST-1 MOF Ces+ 6.0 480 353.0 [62]
Phosphonic acid—functionalized P-MNPC@SiO- Ces+ 20 342.5 [67]
ZIF-67@Si02

Synthesized MOF [Zn(bim).(bdc)]a [Zn(bim)2(bdc)]n Las+ 7.0 150 135.0 [63]
Phosphonomethyl iminodiacetic PMIDA@FeBTC Las+ 6.0 - 232.5 [68]
acid—functionalized MOF

Acrylic acid—functionalized MOF 0.075- = 0.075-AA-0.072@ Sc3+ 4.5 300 90.2 [66]
AA-0.072@MIL-101 MIL-101

MOF-bonded silica amine and polymer ZnGA-Si-NH-PC Y3+ 7.0 30 426.0 [69]
3D-agaric-like core—shell U6N@ U6N@ZIF-8-20 Gds3+ 5.0 10 316.2 [65]
ZIF-8-20 MOF

Functionalized MOF MIL-101-PMIDA MIL-101-PMIDA Gds3+ 5.5 360 90.0 [70]
Lanthanum-based MOF LaBDC@50%PEI Gds+ 5.5 180 181.8 [71]
LaBDC@50%PEI

Zinc-trimesic acid (Zn-BTC) Zn-BTC MOF/NG Pr3+, Sms3+, Th3+, Dy3+, 2.0 160 29.6, 30.4, 12.2, 9.9, [72]
MOF/nanoporous graphene Ho3*, Tms3+, and Lu3+ 7.4, 5.5, and 5.3

MOF, metal—-organic framework.

Additionally, Iannicelli-Zubiani et al. [ 73] reported an adsorption
capacity of 94.5 mg/g for La3* using commercial activated carbon
at pH 6.0 with an equilibrium time of 30 min, whereas Ammari
Allahyari et al. [63] achieved a comparable 135.0 mg/g using the
MOF [Zn(bim)2(bdc)]n at pH 7.0 but with a longer equilibrium
time of 150 min. Hamed et al. [74] investigated Gd3+ adsorption
on Dowex HCR-S/S cation exchange resin, reporting a mono-
layer adsorption capacity of 66.0 mg/g within a pH range of 2.0—
7.0 and an equilibrium time of 40 min. Meanwhile, Lee et al. [70],
Li et al. [71], and Zhang et al. [65] reported significantly higher
adsorption capacities of 90.0, 181.8, and 316.2 mg/g for MIL-101-
PMIDA, LaBDC@50%PEI, and U6N@ZIF-8-20, respectively.

Remarkably, Zhang et al. [65] demonstrated that by combining
UiO-66-NH: and ZIF-8 MOFs to create UbN@ZIF-8-20, excep-
tional performance was achieved within just 10 min of contact.
This synergy is particularly significant given the inherent stabil-
ity and robustness of zeolitic imidazolate frameworks (ZIFs) [57].
Among them, ZIF-8 has been extensively studied for its remark-
able resistance to both acidic and basic environments, making it
a highly promising sorbent for REE removal from wastewater.
Likewise, UiO-66 is one of the most chemically stable MOFs [75],
possessing strong Zr—O coordination bonds and high thermal re-
sistance, which enhance its durability and reusability in adsorp-
tion applications.

Overall, MOFs have exhibited excellent performance in REE ad-
sorption compared to conventional adsorbents. To advance to-
ward full-scale applications, future research needs to focus on
real wastewaters containing multiple competing and coexisting
ions, a broader range of REEs, and moving beyond synthetic
single-contaminant scenarios.

4. The impact of contact time on metal—
organic framework adsorption of rare
earth element

The contact duration between the adsorbate and the adsorbent
does not directly affect adsorption capacity; however, it can be a
limiting factor, as prolonged contact allows the adsorbent to
achieve its maximum capacity [76]. Therefore, optimizing con-
tact time is crucial, as it directly impacts operational costs and
thereby influences the feasibility of using the adsorbent in full-
scale applications. The performance of MOFs in relation to con-
tact time is detailed in Table 1. Notably, Mahmoud et al. [69],
Xu et al. [67], and Zhang et al. [65] stand out with equilibrium
times of 30, 20, and 10 min, respectively. In each case, kinetic
curves showed rapid initial uptake, followed by a gradual approach
to equilibrium. While authors attributed this gradual approach to
varying theories, most postulated that the rapid uptake resulted
from the abundance of vacant sites during the initial adsorption
stages, with adsorption slowing as sites became occupied.

Zhang et al. [65] achieved equilibrium within 10 min of
U6N@ZIF-8-20 contact with Nd3+* ions in solution. The authors
attributed this profound performance to the concentration gradi-
ent created by the high initial concentration and the abundant,
highly accessible active sites of UGN@ZIF-8-20. Similarly, Lou et
al. [66] observed that 63% of Sc3+ adsorption capacity by 0.075-
AA-0.072@MIL-101 was attained within the first 5 min, with
equilibrium reached after 5 h. The authors explained that the
rapid uptake was due to the large number of carboxyl functional
groups on the adsorbent surface. Based on kinetic data analysis,
they further concluded that the slow approach to equilibrium was
limited by chemical sorption. However, Lee et al. [70] attributed
the slow equilibrium attainment of MIL-101-PMIDA to the slow
diffusion of Gd3* ions into the adsorbent matrix.
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From the reviewed studies presented in Table 1, the average
time to reach equilibrium was approximately 4.5 h, which does
not compare favorably with conventional adsorbents. Therefore,
future research should prioritize on reducing equilibrium times
to enhance competitiveness with established adsorbents.

5. Metal—organic framework selectivity
of rare earth element

In real-world scenarios, an adsorbent’s preferential selectivity for
specific REE species is crucial. In practical applications, was-
tewaters typically contain a mix of multivalent ions that compete
for available adsorption sites on the adsorbent surface, poten-
tially impacting REE uptake. Assessing selectivity in adsorption
systems involves evaluating an adsorbent’s preference for one
particular adsorbate over others in a mixture.

Table 2 presents the criteria used to assess selectivity, which
varied among researchers. Lee et al. [70] studied Gd3+ adsorption
by MIL-101-PMIDA, reporting a selectivity of 90% for Gd3* over
other transition ions. Among the transition ions studied, trivalent
cations Al3* and Fe3* were preferentially adsorbed compared to
lower-valency ions, such as Co2+, Ni2*, and Zn2*. Li et al. [71] also
demonstrated that LaBDC@50%PEI had a strong affinity for
Gds3* even in the presence of Na*, NH,*, Ca2*, Mg2*, and Al3*.
Mono- and divalent cations had negligible effects on Gd3* ad-
sorption, while the presence of trivalent ions like Al3* allowed
LaBDC@50%PEI to still retain 83% of its original adsorption ca-
pacity for Gds+.

Luo et al. [66] compared the selectivity of Sc3+ against 16 other
REEs on a one-on-one basis and found that above pH 2.0, the
adsorbent 0.075-AA-0.072@MIL-101 exhibited greater selectiv-
ity for Sc3+ over all other REEs. The authors assessed the selec-
tivity by calculating a selectivity coefficient, as shown in Table 2,
which exceeded 1.5 at pH > 2.0. This high affinity was attributed
to the small radius of Sc3* and its strong interaction with the —
OH and C = O groups of carboxyl on the adsorbent.

The selectivity of Eu3* in the presence of Y3+ and Zn2* was re-
ported by De Decker et al. [58] and assessed using a distribution
coefficient (Ka) and a separation factor (SF) as metrics (Table 2).
The Ka values for Eus+, Y3+, and Zn2* were 149, 48, and 17, re-
spectively. The SF revealed that the adsorbent exhibited a prefer-
ence for Eus+ over Y3+ with a factor of 3.2 and an even higher
preference for Eus* over Zn2* with a factor of 8.5.

Kavun et al. [32] studied the selectivity of Er3* over transition
ions (Cu2*, Co2*, Ni2*, and Zn2*) and light REEs (Nd3* and Gds+)
using the adsorbent MIL-101-H50. In the presence of transition
ions, MIL-101-H50 demonstrated over 90% selectivity for Er3+. A
selectivity coefficient was calculated, as shown in Table 2, and
revealed strong REE affinities with coefficients of 22.8 and 77.77 for
Ers+/Nds+ and Er3*/Gds*, respectively. These authors justified
MOF functionalization based on the applicability of the hard and
soft acid and bases (HSAB) theory in MOF adsorption of REEs.
They demonstrated that hard base groups on adsorbents, such as
carboxyl, phosphonic, and carbonyl groups, exhibit high selectiv-
ity toward hard acids like REE3* ions. Additionally, the presence
of -NH- groups on the adsorbent was reported to synergize with
these other groups, further enhancing the attraction of REE ions.

Table 2 « Selectivity of rare earth elements by various metal—organic frameworks

Adsorbent Adsorbate = Selectivity criteria
q *100
MIL-101-PMIDA Gds+ Sel % =M
qe,Total
q *100
LaBDC@50%PEI Gds+ Sel % =( ‘*Ta'get)
qe,Total
c -C
CMPO@MIL-101(Cr) K, = MK :
Ce m
Eus+ %
d,a
SE,p =%
db
|: qe,a :|
C
0.075-AA-0.072@MIL-101  Sc3* Sela/b =log—2¢
qe,b
Ce,b
q *100
MIL-101-H50 Ers+ Sel % :%
qe,Total
qE a
MIL-101-Hs50 Ers+ S =
a/b
qe,b

Initial pH Competingions/ Ref.

conc. (mg/L) (selectivity)

50 5.5 Co?*, Ni2+, Zn2*, A3+, Fe3+/(10%) [70]

100 5.5 Na*, NHg4*, CaZ*, Mg2+, Al3*/(17%) [71]
Y3+/(SF = 3.2) Zn2*/(SF = 8.5) [58]

50 5.0

20 1-4 All REE/(Sel = 1.5 for pH = 2.0)  [66]

50 5.5 Cuz+, Co?+, Niz+, Zn2+/(<10%) [32]

100 5.5 Nds3+/(S = 22.8), Gd3*/(S = 7.7) [32]
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6. Mechanisms of metal—organic
framework adsorption of rare earth
elements

This section discusses the various approaches researchers have
used to elucidate adsorption mechanisms, including thermody-
namics, kinetics and equilibrium modeling, characterization
studies, and pH variations. Thermodynamic analysis is a valuable
tool in adsorption studies, offering insights into the feasibility,
efficiency, mechanism, and optimization of adsorption pro-
cesses. However, only a limited number (25%) of the reviewed
studies have delved into thermodynamic analysis. For instance,
Lou et al. [66] examined the impact of temperature on the ad-
sorption of Sc3* by 0.075-AA-0.072@MIL-101, concluding that
the process is spontaneous and exothermic. Similarly, Zhang et
al. [65] found the adsorption of Nd3+ by U6N@ZIF-8-20 to be
spontaneous, with the degree of spontaneity increasing with tem-
perature, indicating a chemical rather than physical process. Am-
mari Allahyari et al. [63] reported comparable findings for La3*
adsorption by [Zn(bim)2(bdc)]n, noting that positive entropy val-
ues suggest the reaction’s irreversibility. It is noteworthy that
Saha and Chowdhury [77] emphasized that while adsorption ki-
netics and isotherms have a robust theoretical foundation, the
thermodynamic analysis of adsorption processes lacks compre-
hensive theoretical underpinnings. Therefore, thermodynamic
analysis can serve as a useful guide for researchers; however, it is
insufficient on its own for drawing definitive mechanistic conclu-
sions.

Solution pH is another fundamental parameter in the adsorption
process design, as it influences both the adsorbent’s surface
charge and the ionization of the adsorbate [78]. Lee et al. [70]
found that the point of zero charge (pHpzc) for MIL-101-PMIDA
occurs at pH 3.0. Below this pH, the surface becomes positively
charged, repelling Gd3+ ions. Above pH 3.0, the adsorption ca-
pacity increases up to pH 5.5 (Table 1). The deprotonation of ad-
sorption sites on the adsorbent surface was responsible for the
high performance at pH 5.5. Li et al. [71] also studied Gds+ ad-
sorption, maintaining a pH between 1.5 and 6.5. They reported
maximum adsorption at pH 5.5, attributing this to the negatively
charged functional groups on the adsorbent, which increased
electrostatic attraction and complexation mechanisms. Similarly,
Zhao et al. [62] demonstrated that pH profoundly affects the sta-
bility and adsorption capacity of HKUST-1. Between pH 2 and 4,
HKUST-1 experienced increased decomposition, whereas at pH
6.0, its optimal pH for Ce3* adsorption remained highly stable,
partly due to electrostatic attraction. In all reviewed instances,
the authors maintained the solution pH below 7.0 to prevent REE
precipitation. The optimal pH for REE adsorption by MOFs was
generally observed in slightly acidic conditions. This favorable
pH range suggests that MOF technology could potentially reduce
the costs associated with wastewater pH conditioning, enhancing
its practical applicability.

To further elucidate the mechanisms of MIL-101-PMIDA adsorp-
tion of Gds+, Lee et al. [70] examined the FTIR spectra of the ad-
sorbent before and after Gds+ adsorption. The authors confirmed
the participation of amine, phosphonic, and carboxyl functional
groups. Based on zeta-potential analysis, Fourier transform in-
frared spectroscopy (FTIR), and pH analysis, they concluded that
at a pH of 5.5, the mechanism was controlled by the complexation
of deprotonated functional groups and electrostatic attraction

between Gd3* and —-NH-OH-. A detailed examination of the re-
viewed literature revealed that MOF/REE isothermal and kinetic
data were best represented by the pseudo-second-order and
Langmuir equations. Both equations were developed on the
premise that the reaction is limited by chemisorption [76, 79].
Lou et al. [66] analyzed equilibrium and kinetic modeling, which
alluded to chemical interactions, then followed up with FTIR, X-
ray photoelectron spectroscopy (XPS), and pH variations, and fi-
nally concluded that the adsorption of Sc3* onto 0.075-AA-
0.072@MIL-101 was mediated by cation exchange and coordina-
tion reactions. Similarly, Kavun et al. [32] deduced that the ad-
sorption of Er3+ions onto MIL-101-H50 was mediated by coordi-
native complexes. Using a similar analytical approach, Zhang et
al. [65] found that the adsorption of Nd3* by agaric-like U6N@
ZIF-8-20 was controlled by cation exchange and chelation reac-
tion involving -NH. with REEs. It was generally observed that
researchers reported electrostatic interactions and chemical
sorption as the primary attachment mechanisms involved in the
adsorption of REE by MOFs.

7. Regeneration of metal—organic
framework

The ability to recover adsorbed ions and regenerate the adsor-
bent is decisive for the economic and environmental sustainabil-
ity of an adsorption process [80]. Additionally, regeneration
studies can provide valuable insights into adsorption mecha-
nisms [27]. According to Omorogie et al. [81], adsorbent regen-
eration methods are typically classified into thermal techniques
(e.g., inert gas, steam, and microwave) and nonthermal tech-
niques (e.g., solvent extraction, ultrasound, and complexation).

Nonthermal methods, particularly those utilizing solvents, have
been shown to alter the interactions between the sorbate and
sorbent, such as electrostatic forces, hydrophobic effects, m—n
interactions, and hydrogen bonding, thereby enhancing the de-
sorption process [82]. An ideal eluent must be cost-effective, en-
vironmentally friendly, highly efficient, and nondestructive to the
adsorbent’s properties [76].

Zhou et al. [62] conducted desorption studies using methanol as
an eluent, successfully releasing 75% of adsorbed Ce3* ions after
the first cycle. However, a significant loss in efficiency was ob-
served after three cycles, with adsorption efficiency dropping by
90% (Table 3). By contrast, Lee et al. [70] used 0.1 M HCI to
desorb Gd3* ions from MIL-101-PMIDA. After five adsorption—
desorption cycles, the adsorbent retained most of its functional
groups and structural stability, with less than a 10% loss in effi-
ciency (Table 3).

Lou et al. [66] reported on the desorption of Sc3* from 0.075-AA-
0.072@MIL-101 using various eluents, including acetic acid,
HCI, HNOs, and H2SO,. Elution with 0.3 M HCI at 30°C for 3 h
showed excellent performance in releasing Sc3*. After five ad-
sorption—desorption cycles, more than 80% of the adsorption
potential remained intact. X-ray diffraction (XRD) analysis con-
firmed the structural integrity of 0.075-AA-0.072@MIL-101,
demonstrating the adsorbent’s excellent reusability.

Among the reviewed literature, the optimal eluents were HCI, HNOs,
and acetonitrile, with an average of five attainable adsorption—de-
sorption cycles. While significant loss in adsorption efficiency was
reported after five cycles, most MOFs performed exceptionally well
within the first three cycles, with minimal losses observed. Zhang et
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al. [60] successfully desorbed Y3* from linker-defective MIL-
101(Cr)-D MOF using 0.5 M EDTA. Their study uniquely investi-
gated the structural changes of the MOF following multiple adsorp-
tion—desorption cycles. XRD analysis revealed that the crystalline

structure of the adsorbent underwent complete disintegration after
12 successive cycles, highlighting the limitations of its structural sta-
bility under prolonged use.

Table 3 ¢« Metal—organic framework regeneration following rare earth element adsorption

Adsorbent Adsorbate  Eluent Adsorption—desorption Loss in adsorption Ref.
cycles efficiency
MIL-101-PMIDA Gds+ 0.1 M HCI 5 ~10% [70]
LaBDC@50%PEI Gds+ 0.1 M HCl 5 ~50% [71]
0.075-AA-0.072@MIL-101 Sc3+ 0.3 M HCl 5 ~20% [66]
MIL-101-H50 Ers+ 1.0 M HNO;4 3 ~55% [32]
U6N@ZIF-8-20 Nds3+ Acetonitrile 5 0% for the first 3 cycles; ~38% after [65]
5 cycles
HKUST-1 MOF Ces+ Methanol 3 ~90% [62]
P-MNPC@SiO- Ces* EDTA 5 19% [67]
MIL-101(Cr)-SMA-ED-PMG Eus+ 0.3MHCloro.3z 5 13% [59]
M HNO,
Ui0-66-COOH-DETA Th3+ 0.2 M HCI 3 9% [83]
MIL-101(Cr)-NH-DTPA La3+ 0.1 M HCI 5 7% [84]
PMIDA@FeBTC Las+ 0.1 M HNO;3 5 =15% [68]
MIL-101(Cr)-D Ybs+ 0.05 M EDTA 12 50% [60]

Many MOFs lack chemical stability, especially in harsh environ-
ments, such as acidic or aqueous conditions, which limits their
large-scale application. However, ZIF-8 (a Zn-based imidazolate
framework) and UiO-66 (a Zr-based MOF) stand out for their ex-
ceptional chemical and thermal stability. Recently published
studies have demonstrated promising alternatives, such as MIL-
101(Cr)-SMA-ED-PMG [59], MIL-101-PMIDA [70], and MIL-
101(Cr)-D [60], which maintained structural integrity and exhibited
minimal efficiency loss even after multiple desorption cycles in
acidic solutions.

These findings bode well for the continued development of MOFs
in REE recovery. While these studies primarily focused on adsor-
bent stability through multiple adsorption—desorption cycles,
research on the long-term recovery and reuse of REEs remains
limited. Additionally, none of the reviewed studies addressed the
safe disposal of spent adsorbents. Tackling these challenges will
be crucial in enhancing the viability of MOFs for REE adsorption
systems.

8. The application of metal-organic
frameworks for rare earth element
adsorption in real-world scenarios

As MOFs have only recently been explored for REE adsorption and
recovery, research has primarily concentrated on batch-scale exper-
iments using single-ion synthetic solutions. However, several efforts
have been made to better simulate real-world conditions. De Decker
etal. [58] investigated the adsorption of Eu3* in the presence of com-
peting REE ions, specifically Y3* and Zn2*, to assess selectivity under
mixed REE—ion conditions. Liang and Zeng [58] extended this ap-
proach by studying Eu3* removal from simulated zinc ore waste-
water, thereby incorporating a more complex matrix. Gao et al. [84]

further advanced this research by simulating ammonium-rich
wastewater and evaluating the removal efficiency of heavy, medium,
and light REEs, viz. Er3*, Eu3*, and La3", respectively. Their study
aimed to replicate effluent conditions characteristic of rare earth
metallurgical processes, where ammonium salts are extensively used
for rare earth oxide precipitation, leading to high concentrations of
NH4*-N in wastewater. The adsorbent MIL-101(Cr)-NH-DTPA
achieved a 70% REE recovery rate, highlighting its potential for
practical application.

In contrast to synthetic wastewater studies, Zhang et al. [85] con-
ducted a notable investigation using real REE mining wastewater.
They examined the adsorption performance of a ZIF-8 @ALG com-
posite hydrogel for recovering REEs from wastewater containing 13
REEs, including La, cerium (Ce), praseodymium (Pr), neodymium
(Nd), europium (Eu), terbium (Tb), dysprosium (Dy), holmium
(Ho), erbium (Er), ytterbium (Yb), Lu, and Y. The study reported no
significant reduction in adsorption efficiency for most REEs, except
forY, even after four adsorption—desorption cycles. Additionally, the
adsorbent maintained its structural integrity, demonstrating excel-
lent stability and reusability.

Progress toward real-world application has been achieved
through investigations involving competing ion effects, synthetic
wastewater systems, and real mining wastewater. However, to
facilitate the transition from laboratory research to industrial ap-
plication, further studies utilizing laboratory-scale column ex-
periments are necessary. Such investigations will provide a more
accurate assessment of MOF performance under continuous-
flow conditions, bringing REE adsorption technology closer to
large-scale deployment.

A significant challenge in advancing MOF technology stems from
their synthesis as nanoparticles. While these nanoparticles offer
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advantages such as increased surface area and enhanced adsorp-
tion capacity, they present practical limitations in industrial
applications. Nanoparticles can be difficult to handle and chal-
lenging to recover after use. Fine powders are prone to aggrega-
tion and can lead to pressure drops in packed columns, making
them unsuitable for continuous-flow systems. In the field of ad-
sorption, researchers have had some success in addressing these
MOF challenges through techniques such as granulation [86],
pelletization [87], microspheres [88], beads [85], and MOF-
based composites [59]. Other approaches that have been gaining
momentum include the development of MOF monoliths [89] and
gels [90], which effectively tackle the scalability and durability
challenges associated with nanosized MOFs. These advance-
ments not only enhance mechanical stability and improve han-
dling but also enable the integration of MOFs into column-based
adsorption systems, making them more viable for industrial ap-
plications.

Another significant barrier to the widespread application of
MOF-based adsorption for REE recovery is the lack of compre-
hensive cost—benefit analyses encompassing the synthesis, reuse,
recovery, and disposal of spent adsorbents. In a promising study,
Fonseka et al. [91] conducted a cost—benefit analysis for amine-
grafted SBA-15 (SBA-15-NH-PMIDA) as an adsorbent for Eu3*
removal from acid mine drainage wastewater. Their findings in-
dicated that the adsorbent could recover 193.2 g of EuCls per
1,000 m3 of treated wastewater. Additionally, the estimated cost
of treatment was 3.32 A$/m3, while the potential revenue from
the recovered REE was calculated at 13.89 A$/m3. These results
underscore the economic viability of MOF-based adsorption sys-
tems for REE removal and recovery, highlighting their potential
for practical implementation.

9. Future prospects and current gaps

The adsorption of REEs using MOFs presents several advantages,
including potentially low capital and operational costs, no sludge
production, and the possibility of adsorbent regeneration. Most re-
ported studies focus on laboratory-scale batch investigations using
single contaminants in synthetic solutions. Despite the optimiza-
tion knowledge gathered so far, several areas still require deeper
investigation to facilitate the transition to full-scale application.
At the laboratory batch scale, more extensive investigations into
various operational parameters such as agitation, initial REE
concentrations, and MOF dosages are crucial for the efficient de-
sign of full-scale batch adsorption systems. Other key areas of fo-
cus should include minimizing contact time and applying real
wastewater conditions.

An important aspect that warrants further investigation is the po-
tential change in the oxidation state of REE cations during ad-
sorption by MOFs. Occasionally, adsorption may not only involve
physical or chemical interactions but could also be accompanied
by redox transformations. However, this phenomenon has not
been widely reported in the literature reviewed for this study. Fu-
ture research should explore whether specific MOF structures or
functional groups facilitate oxidation or reduction of REEs, as
well as the implications of such changes on adsorption efficiency,
selectivity, and material stability. Understanding this aspect
could provide deeper insights into the adsorption mechanisms
and help optimize MOF design for REE recovery.

Additionally, very few studies have explored the application of
MOFs in fixed-bed column studies, which are pertinent for un-
derstanding the impact of fine MOFs on pressure drop, channel-
ing, and scalability. While desorption studies of REEs from MOFs
are well documented, systematic evaluations of REE recovery re-
main limited. Future research should focus on categorizing
recovery methods based on MOF structure, REE type, and exper-
imental conditions. Establishing standardized protocols and op-
timizing recovery techniques will be essential for advancing
MOF-based REE recovery toward industrial applications.

Currently, adsorption research has thoroughly investigated only
a fraction of the 17 known REEs. To ensure the broad acceptance
and applicability of MOF technology, the scope of REE types
studied needs to be expanded. Future research should also focus
on the environmental impact of spent MOFs, including their
stability, potential leaching, and safe disposal or regeneration
strategies. Additionally, comprehensive economic analyses are
needed to assess the cost-effectiveness of MOF-based REE recov-
ery, considering synthesis, reuse, and scalability. Evaluating REE
recovery methods under real-world conditions will be essential
to optimize efficiency and support the transition of MOF technol-
ogy from laboratory studies to industrial applications.

10. Conclusions

The research conducted thus far on the adsorption of REEs by
MOFs has significantly advanced our understanding and laid a
solid foundation for broader applications. Functionalization and
combination of MOFs have proven effective in enhancing adsor-
bent capacity, stability, adsorption rate, and reusability. While
the average time to reach equilibrium was approximately 4.5 h,
some adsorbents achieved equilibrium in under 30 min. In most
instances, isothermal and kinetic data followed the Langmuir
and pseudo-second-order models. Compared to other adsor-
bents, MOFs demonstrated favorable adsorption capacities for
REEs. Notably, the 3D-agaric-like core—shell U6N@ZIF-8-20
MOF, MOF-bonded silica amine and polymer, and phosphonic
acid—functionalized ZIF-67@SiO- exhibited adsorption capaci-
ties of 341.0, 426.0, and 342.5 mg/g for Ers+, Y3+, and Ce3*, re-
spectively.

Only a fraction of the reviewed studies explored thermodynamic
analysis. Among those, the reactions were generally spontaneous
and varied between endothermic and exothermic. The primary
reported mechanisms for REE attachment were electrostatic at-
traction and chemical sorption. The selectivity of MOFs for target
REEs was extensively studied, with mono- and divalent compet-
ing ions having negligible effects, while trivalent ions were only
slightly competitive. The reusability of MOFs was also well inves-
tigated, identifying efficient eluents such as HCl, HNO3, and ace-
tonitrile and demonstrating that some MOFs could achieve five
adsorption—desorption cycles with negligible decreases in ad-
sorption efficiency.

Most studies focused on single-contaminant systems at the labor-
atory batch scale. To advance this technology, future research
should emphasize reducing equilibrium time, exploring a broader
range of REEs, conducting fixed-bed column studies, performing
MOF-REE cost analysis, evaluating real-world wastewater, and in-
vestigating the safe disposal of spent MOFs.
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