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Electro-adsorption has recently gained significant attention as a sustainable and efficient method for the recovery
of rare earth elements (REEs) from low-concentration and chemically complex aqueous environments. Compared
with conventional adsorption and electrodeposition techniques, electro-adsorption offers distinct advantages in
environmental compatibility, energy efficiency, and ion selectivity. Recent research has focused on the devel-
opment of highly conductive carbon-based composites, defect-engineered MoS; electrodes, and heteroatom-
doped frameworks, which exhibit enhanced REE selectivity, rapid charge transfer, and superior cycling stabil-
ity. The formation and regulation of the electric double layer (EDL) have been identified as the fundamental
mechanisms governing adsorption capacity and selectivity. This review systematically summarizes recent de-
velopments in electrode material design, adsorption mechanisms (capacitive, redox, and hybrid modes), while
evaluating the influence of key operational parameters, such as pH, ionic strength, and applied potential.
Furthermore, emerging integration strategies (e.g., coupling with membrane filtration or photoelectrochemical
processes) and scale-up approaches using continuous-flow systems are discussed as promising routes toward
industrial application. Overall, the insights presented herein not only reveal the evolving design principles of
electro-adsorption systems but also outline future directions for achieving efficient, selective, and scalable REE

recovery.

1. Introduction

Rare earth elements (REEs), comprising the 15 lanthanides along
with scandium and yttrium, are indispensable to a wide range of
advanced technologies, such as aerospace systems, permanent magnets,
ferrite materials, lasers, and power generation devices [1,2]. Their
unique physicochemical properties, particularly strong magnetism and
luminescence, underpin their critical role in modern industrial appli-
cations. In 2011, global demand for REEs reached approximately
105,000 tonnes (+15%) and has since continued to grow at an annual
rate of 5-9% [3]. By 2022, global REE production rose to about 300,000
metric tons of rare earth oxides (REOs), as illustrated in Fig. 1a, which
presents country-specific production statistics [4]. China remains both
the largest producer and the largest consumer of REEs, with an apparent
consumption of approximately 150,000 tonnes of REOs in 2020, fol-
lowed by Japan, the United States, and the European Union (EU28).
Price trends among individual REEs exhibit significant variability
(Fig. 1b). Strong demand has driven price increases for elements such as
Pr, Nd, Tb, and Dy, whereas elements such as La and Ce have
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experienced relatively stable or declining prices due to their greater
availability and lower market pressure.

REE:s are typically hosted within various mineral matrices, including
silicates, carbonates, and phosphates, and are traditionally extracted via
mining and mineral processing. Hydrometallurgical processes are
commonly used to extract REEs from both primary ores and secondary
sources through a sequence of leaching, separation, and purification
steps, typically involving acidic or alkaline solutions. However, up to
30% may be lost during processing, often ending up in waste streams
such as tailings and slags [5]. In light of the increasing demand and the
uneven geographical distribution of REEs, increasing attention has been
directed toward alternative secondary sources, such as electronic waste,
red mud, and incineration ash [6]. Leachates derived from these re-
sources generally exhibit trace concentrations of REEs, typically ranging
from ppb to ppm levels [7]. Despite such extreme dilution, the efficient
recovery of REEs from these streams is strategically vital, as traditional
separation methods often lack the required sensitivity and selectivity for
these ultra-low concentration environments.

A range of methods have been developed for REE recovery,

Received 29 November 2025; Received in revised form 25 January 2026; Accepted 10 February 2026

Available online 11 February 2026

1385-8947/© 2026 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:wencaizhang@vt.edu
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2026.174048
https://doi.org/10.1016/j.cej.2026.174048
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2026.174048&domain=pdf

W. Zhan and W. Zhang

predominantly including chemical precipitation, membrane filtration,
solvent extraction, and adsorption [8]. Each of these techniques, how-
ever, presents inherent limitations. Chemical precipitation often leads to
the co-precipitation of impurities (e.g., Fe, Al) and generates large vol-
umes of secondary sludge, increasing operational costs and secondary
pollution concerns [9]. Membrane filtration offers effective separation
but is constrained by high energy consumption, membrane fouling, and
limited-service life. Solvent extraction, although capable of achieving
high purity, relies on toxic organic solvents, requires complex process
control, and imposes significant environmental burdens. Adsorption-
based approaches have attracted considerable attention for REE recov-
ery, and numerous adsorbents have been investigated (Fig. 1d),
including activated carbon [10], cellulose [11], silica [12], and titanium
dioxide [13]. While these materials demonstrate potential, most do not
yet meet the stringent demands for efficient REE recovery from complex,
low-concentration aqueous solutions derived from secondary sources.
Ideal adsorbents should exhibit high selectivity and adsorption capacity
for REEs, chemical stability under harsh conditions (e.g., acidic envi-
ronments and high salinity), cost-effectiveness, and long-term reus-
ability. In electro-based systems, the stability of the electrode refers to its
ability to maintain structural integrity, adsorption performance, and
electrochemical activity over repeated adsorption-desorption cycles and
prolonged exposure to harsh operating conditions. These material
property requirements become particularly critical when dealing with
complex leachates from sources such as electronic waste, red mud,
incineration ash, and coal-based materials, where REE concentrations
are extremely low.

To address these demands, electro-adsorption represents a green and
energy-efficient alternative for REE recovery, operating under mild
conditions without the use of chemical reagents. This approach enables
selective recovery of REEs from dilute and chemically complex matrices
while allowing electrode materials to be regenerated and reused [14].
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Moreover, electro-adsorption can be coupled with renewable energy
sources and integrated with other electrochemical processes, offering
promising pathways toward sustainable and circular resource recovery
systems. Under an applied electric field, cations and anions are selec-
tively driven toward oppositely charged electrodes, enabling efficient
ion separation and concentration. Previous studies have shown that
electro-adsorption can be highly effective for extracting trace REEs from
dilute aqueous solutions [15]. Beyond REEs, electro-adsorption has also
been widely explored for the recovery of other metal ions such as Cu®",
Ag', Pb%*, Hg?", Ni%*, where it has shown excellent selectivity and
cycling stability. As these metals often co-occur in natural and waste-
derived aqueous systems, growing interest has emerged in exploring
electro-adsorption as a multi-metal ion recovery technique. Electro-
adsorption has also been explored for the recovery of lithium, a crit-
ical element for energy storage technologies, with encouraging results
[16]. In parallel, toxic heavy metals such as mercury, lead, and arsenic,
which pose significant environmental and health risks, have also been
extensively studied in electro-adsorption systems [17]. While mercury
removal has traditionally relied on electrochemical alloy formation on
platinum electrodes, recent studies have explored the potential of using
electro-adsorption for its removal from contaminated water [18].
Collectively, these studies not only confirm the broad applicability of
electro-adsorption principles but also provide valuable insights into
electrode surface chemistry, redox-assisted adsorption mechanisms, and
structure-property relationships that can inspire the design of improved
REE-specific electro-adsorption systems. Despite its considerable
promise, to the best of our knowledge, no comprehensive review has yet
systematically examined the feasibility, underlying mechanisms, and
future prospects of electro-adsorption for REE recovery.

In this review, we begin by outlining the major sources of REEs, with
particular emphasis on those present in complex aqueous matrices
derived from both primary ores and secondary waste streams, to

—

Yan
10° <
“_\
W

REOs Price (CNY/t)
3,
V|

‘\\ N
Ny T—=i_ cCe

T T T T T T T T
2006 2008 2010 2012 2014 2016 2018 2020 2022
Year

Zeolite and

(g MOF i
ey i adsorbents .»“vﬂ'*} S clays
10 o Magnetic
5.9 5 . adsoments 8% 23%
“B-0 5 12%
i .
Q ? i
#°78-0_ Silica-based
9 |+ “adsorbents
1_0 9% .

Carbon based
adsorbents
17%

Fig. 1. (a) Global mine production of REO (1985-2022). The insert picture is the production percentage by country in 2022 [4]. (b) Shanghai Metals Market prices of
REOs: 2006-2022 (From Wind: https://www.wind.com.cn/); (c¢) demand for Nd-Fe-B magnets, US Department of Energy (2022) [19]; (d) examples of functional

materials developed for REE recovery [8].
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establish a foundation for evaluating their recovery potential. We then
introduce key theoretical concepts underpinning electro-adsorption,
particularly the electric double layer (EDL) theory, which governs ion
migration and selectivity at the electrode-solution interface. Next, we
comprehensively examine advances in electrode material design, inter-
facial interactions, and the optimization of key operational parameters
that influence electro-adsorption performance. Finally, we highlight the
key challenges and emerging opportunities associated with electro-
adsorption as a sustainable approach for selective REE recovery. Over-
all, this review aims to fill the existing knowledge gap by synthesizing
recent advances, identifying current challenges, and outlining future
research directions in this rapidly evolving field.

2. Characteristics of REEs in aqueous systems

Understanding the physicochemical characteristics of REEs in
aqueous systems is fundamental to the rational design of electro-
adsorption processes. Factors such as competing ion species, solution
pH, and ionic strength directly influence EDL formation and ion
migration at the electrode-solution interface.

2.1. Compositional complexity of primary and secondary leachates

REE are primarily mobilized into aqueous phases through hydro-
metallurgical leaching [20] of primary ores (e.g., monazite, bastnaesite)
[21] or secondary waste materials (e.g., spent magnets, fly ash). The
surging global demand for NbFeB-based permanent magnets, as illus-
trated in Fig. 1c, underscores the strategic importance of recovering
REEs from these spent magnetic materials [22]. These leachates are
typically characterized by a high degree of chemical heterogeneity,
which poses significant challenges for selective REE recovery.

In leachates derived from primary mineral resources, REEs
commonly coexist with high concentrations of impurity cations such as
AIR* Fe®t, Ca?", and Mg?*. For instance, in ion-adsorption clay leach-
ing, ammonium-based lixiviants result in solutions dominated by NHj.
The concentration ratios of these competing impurity ions to REEs can
range from 10:1 to greater than 100:1, necessitating electrode materials
with high selectivity to enable effective electro-adsorption [23].

The aqueous chemistry of REE leachates is also strongly influenced
by the choice of lixiviant, with S03~, C1~, or NO3 often constituting the
dominant background anions. Acid mine drainage (AMD) refers to the
highly acidic, metal-rich wastewater generated when sulfide-bearing
minerals in mines are exposed to oxygen and water. Recently, AMD
has been recognized as a significant secondary resource for REEs, where
REEs primarily exist as sulfate complexes (REE-SOZ) [24], whereas
chloride-dominated backgrounds are more common in leachates
generated from spent magnet processing [25]. Beyond these mineral
acid systems, organic acids (e.g., citric, malic, and succinic acids) have
also been explored as sustainable leaching reagents for REEs from coal
refuse and other secondary resources [91]. These organic ligands can
form stable chelation complexes with REEs, which significantly alter
their speciation and increase their effective hydrated ionic radii. Such
modifications in the ionic environment, either driven by mineral or
organic species, fundamentally dictate the electro-adsorption kinetics,
steric hindrance effects, and competitive selectivity at the electrode
interface.

Leachates derived from secondary sources like spent NiMH batteries
or fluorescent phosphors are often strongly acidic (pH < 2.0) [26],
where competition from protons (H") represent a dominant inhibitory
factor for electro-adsorption. In contrast, certain industrial effluents
may reach near-neutral conditions, leading to the risk of premature REE
hydrolysis and precipitation, which can also complicate recovery pro-
cesses [27].
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2.2. Challenges in selective separation from complex solutions

As summarized in Table 1, REE concentrations in various aqueous
systems vary dramatically, from trace levels in natural waters to several
thousand mg/L in industrial leaching solutions. However, the core
challenge of electro-adsorption lies not only in the low concentration of
target ions but more importantly in the compositional complexity of the
solutions. In systems such as AMD or mineral leachates, REEs coexist
with high concentrations of competing cations (e.g., AI**, Fe**, Ca®")
and complex anionic backgrounds (e.g., SOF~, CI7). By leveraging dif-
ferences in ionic charge density and hydration energy, electro-
adsorption provides a tunable platform capable of discriminating REEs
from high-concentration background ions, offering a more sustainable
pathway for selective recovery from heterogeneous waste streams.

Understanding the physicochemical characteristics of REE aqueous
systems, such as competing ion species, variable pH, and organic/inor-
ganic contaminants, is fundamental to the rational design of efficient
electro-adsorption processes. These factors directly influence EDL for-
mation and ion migration behavior at the electrode-solution interface.
Therefore, before addressing practical implementation of electro-
adsorption for REE recovery, it is essential to establish a clear under-
standing of the underlying theoretical foundations and mechanistic
principles, which are discussed in the following section.

3. Fundamentals and mechanisms of electro-adsorption
3.1. Theoretical foundations of electro-adsorption

Building upon the understanding of REE-bearing aqueous systems
described in the previous section, electro-adsorption mechanism can be
interpreted through fundamental electrochemical principles. A classical
electrochemical system consists of a positive electrode, a negative
electrode, and an electrolyte medium [44]. The development of electro-
adsorption is deeply rooted in the interplay between porous electrode
materials and EDL theory. As early as 1893, Paul Leon Hulin [45] pio-
neered the integration of electrochemical techniques with porous elec-
trodes, coining the concept of “electrolytic filtration”. Subsequent
studies explored hydrogen adsorption on metallic electrodes via galva-
nostatic transient methods, potential-controlled adsorption of octanol,
and the electro-adsorption of neutral organic molecules [46], as depic-
ted in Fig. 2. Major theoretical milestones include Helmholtz's compact
double-layer model (1987) [47], the Gouy-Chapman diffuse layer theory
(1910-1913) [48,49], Stern's combined model (1924) [50], and Gra-
hame's division of the compact layer into inner and outer Helmholtz
planes (IHP/OHP) in 1974 [51]. Together, these contributions form the
basis of the widely used Gouy-Chapman-Stern (GSC) model, which de-
scribes EDL formation at the interface between a conductive solid and an
electrolyte. This framework is particularly applicable under conditions
of planar interfaces and non-overlapping EDLs, as typically encountered
in nonporous surfaces or large-pore systems.

Table 1

Summary of typical REE concentrations in various sources.
Sources Typical REE concentrations Unit Ref.
Hard coal fly ash 300-500 mg/L [28,29]
Bottom ash 50-1230 mg/L [30,31]
Seawater 10-30.6 ng/L [32]
Groundwater 1-100 ng/L [33]
Phosphate rock 50-600 mg/L [34,35]
Acid mine drainage 0.1-10 mg/L [36,37]
Seawater 10-40 ng/L [38,39]
Crustal abundance Averaging ~169.1 mg/kg [40]
Sm-Co magnets 250-350 g/kg [41]
NiMH batteries Averaging ~173 g/kg [42,43]

(Note: The concentrations of REEs are reported in different units based on the
sample type.)
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Fig. 2. Schematic illustration of the EDL structure, depicting the distribution of solvated anions and cations at the electrode/electrolyte interface within the Stern
layer and the diffuse layer: (a) Helmholtz model; (b) Gouy-Chapman model; and (c) GCS model [52].

Electro-adsorption is a non-Faradaic, heterogeneous interfacial pro-
cess, wherein species are accumulated on a conductive surface under an
externally applied potential or current without net electron transfer
[53]. The performance of electro-adsorption is often quantified by the
equilibrium electro-adsorption capacity (qa), reflecting the amount of
adsorbate retained per unit mass of electrode material, calculated as
[54]:
qA:(Co—Ce)OV (1)

m
where Cy and C, are the initial and equilibrium concentrations of the
adsorbate, mg/L; V is the solution volume, L; and m is the mass of the
working electrode material, g.

A higher g, reflects better electro-adsorption efficiency [55]. In this
context, the applied electric potential or current serves as an additional
driving force beyond mass transport and ionic interactions [56]. Mass
transport phenomena, namely diffusion, electromigration, and convec-
tion, are critical in electrochemical systems and can be generally
described using the Nernst-Planck equation [57]. Under low applied
potentials, where no redox reactions occur and only pseudocapacitive
currents are present, the adsorption equilibria of charged and neutral
species are modulated by the interfacial potential difference. At higher
potentials, Faradaic reactions are induced, resulting in redox trans-
formations of the adsorbed species, which may enhance or suppress their
adsorption behavior. Beyond mass transport, the interfacial behavior at
the electrode/electrolyte boundary significantly affects the electro-
adsorption process, primarily through modulation of the EDL structure
[58]. EDL properties are influenced by electrode material characteris-
tics, inter-electrode spacing, and electrolyte composition.

To further rationalize electro-adsorption, several mechanistic models
have been developed to describe the equilibrium and kinetics of ion
accumulation at charged interfaces. A common approach is to extend
classical adsorption isotherms by incorporating the effect of interfacial
potential difference (Ag@). For example, the Langmuir-type electro-
adsorption model can be expressed as:

qma.xK exp( - %) c

g— @

1+Kexp(—%)€

where q is the adsorption capacity at equilibrium, @yqy is the maximum
adsorption capacity, K is the intrinsic adsorption equilibrium constant, z
is the ionic charge number, F is Faraday's constant, R is the gas constant,
T is the temperature, and C is the bulk concentration of the adsorbate.

This formulation highlights how applied potential modifies adsorption
affinity beyond classical chemical driving forces.

In addition to the equilibrium models, kinetic descriptions of electro-
adsorption often couple surface coverage with ion transport via the
Nernst-Planck equation, allowing analysis of both diffusion-limited and
potential-controlled regimes. Together, these mechanistic frameworks
provide a quantitative foundation for understanding how electrode po-
tential, ionic charge, and electrolyte composition collectively govern
electro-adsorption efficiency.

3.2. Influence of electrode material properties on electro-adsorption

Although numerous studies have explored various factors influ-
encing electro-adsorption performance, including applied voltage, pH,
ionic strength, conductivity, residence time, and flow rate [59], this
section primarily focuses on the fundamental effects of electrode ma-
terial properties, which provide more generalizable and transferable
insights across systems. In contrast, operational parameters such as so-
lution pH are often system-specific and will be discussed later in the
context of REE recovery applications. The intrinsic characteristics of
electrode materials, particularly their surface structure and electrical
properties, govern the interfacial behavior and are therefore essential
for understanding electro-adsorption mechanisms at a fundamental
level.

3.2.1. Electrode material types and characteristics

The efficiency of electro-adsorption is partly determined by the
intrinsic properties of electrode materials, including specific surface
area, porosity, electrical conductivity, surface functional groups, and
wettability. Electrode materials used in electro-adsorption can be
broadly categorized as carbon-based (e.g., activated carbon, carbon
cloth, graphite, carbon fibers, carbon felts, graphene), metal-based, and
polymer/resin-based [60]. Among these, carbon-based electrode mate-
rials dominate the literature due to their widespread availability, rela-
tively low cost, and favorable properties for electro-adsorption, such as
high surface area, well-developed porosity, good conductivity, and
electrochemical stability (especially under cathodic operating condi-
tions). Graphene, characterized by its 2D honeycomb lattice of sp>-hy-
bridized carbon atoms, has gained increasing interest in environmental
electrochemistry owing to its unique structure and properties [61]. In
contrast, metal-based electrodes have been less extensively studied,
likely due to higher material costs and more limited tunability of surface
area and porosity. However, their crystallographic orientation and sur-
face electronic structure can significantly affect EDL formation and thus
electro-adsorption performance [62].
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3.2.2. Pore structure and its influence on EDL formation

High surface area and optimized pore-size distribution are crucial for
enhancing charge accumulation at the electrode/electrolyte interface
[63]. Chemical or thermal activation is commonly used to tailor these
textural properties in carbon materials. Pore size has a direct impact on
EDL characteristics: ~2 nm pores typically host standard EDL structures,
1-2 nm pores introduce confinement effects, and pores <1 nm involve
ion desolvation [64]. A hierarchical prediction model has been proposed
to describe EDL formation across various porous architectures (Fig. 3):
the sandwich model for micropores (< 2 nm), the double-cylinder model
for mesopores (2-50 nm), and the planar model for macropores (> 50
nm) [65-67].

3.2.3. Interfacial properties

The electrical conductivity of electrode materials influences the rate
of electron transfer at the material/electrolyte interface, while surface
functional groups mainly contribute to specific adsorption interactions
[68]. Wettability also plays a vital role, as poor wettability often hinders
the transport of hydrophilic ions into porous structures, negatively
impacting electro-adsorption efficiency; however, this factor is rarely
quantified in existing electro-adsorption studies. Applied current po-
larity influences both the rate and capacity of electro-adsorption on
porous surfaces. Reported polarity configurations in the literature are
distributed approximately as cathodic (23%), anodic (41%), and bipolar
(36%). Polarity must be carefully selected based on the charge charac-
teristics of the target species, as polarity-induced electromigration can
influence ion transport and overall adsorption performance.

4. Performance, mechanisms, and operational factors of REE
electro-adsorption

Building upon the theoretical foundations discussed above, the
following section focuses on the practical application of electro-
adsorption, highlighting how these mechanistic principles translate
into selective separation under complex aqueous environments. Unlike
conventional methods, electro-adsorption has emerged as a promising
green technology for REE recovery, especially under low-concentration
and chemically complex conditions. Its non-Faradaic nature, environ-
mental friendliness, and compatibility with various electrode materials
make it an attractive alternative to conventional recovery methods.
While the application of electro-adsorption in REE recovery is still in its
early stages, most reported studies have focused on utilizing materials
with high surface area, tunable porosity, and excellent electrical con-
ductivity. Ultimately, the performance of this technology is governed by
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Fig. 3. Multi-scale model illustrating the influence of pore structure on EDL
formation [65].
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the interplay between electrode surface chemistry and factors such as
solution pH, applied voltage, and ionic background.

4.1. Carbon-based electrodes and their functional modifications

Carbon materials such as activated carbon and graphene are widely
employed due to their hierarchical porous structures and high electrical
conductivity. The remarkable versatility of carbon materials has been
widely investigated to recover metals such as Li*, Cu®", and heavy
metals, which are frequently encountered in environmental remediation
and industrial recovery processes. For example, in capacitive deioniza-
tion technologies, carbon-based electrodes have been widely studied for
salt removal, where hierarchical pore structures and surface functional
groups play a crucial role in ion adsorption [69]. These structural fea-
tures enhance electrochemical performance by shortening diffusion
pathways and increasing the electroactive surface area.

4.1.1. Pristine carbon-based electrodes and EDL dominance

In pristine carbon-based electrodes, REE recovery is governed by the
EDL theory. For a mechanistic perspective, the adsorption of REEs on
carbon surfaces can be described by the Modified Gouy-Chapman
model, where the local concentration of ions at the electrode interface
is exponentially related to their ionic charge. Owing to their trivalent
nature, REEs experience significantly stronger electrostatic attraction
toward the cathode compared to monovalent or divalent impurity ions.
This results in a much higher packing density within the Stern layer,
explaining the high selectivity of electro-adsorption for REEs, particu-
larly in low-concentration and compositionally complex environments.

For instance, Engmann et al. [70] demonstrated the electro-
adsorption of Nd3* using carbon electrodes under a current density of
89.1 mA/g. Selectivity in electro-adsorption is commonly quantified
using the selectivity factor (S), defined as the ratio of the distribution
coefficients (Kq) of a target ion (A) relative to a competing ion (B):

Kia _ (Co/Ce)s
S48 = Kas ~ (Co/Co ©

High selectivity factors were achieved for Nd3* over LiT(8.6),
Na*(1.1), and Mg?*(10.9), indicating strong preferential adsorption of
trivalent REEs over background ions. The ion storage was found to rely
more on pore structure than interlayer spacing. Zhang et al. [71]
demonstrated nearly complete removal of REEs (<10 mg/L) using
activated carbon electrodes, further confirming the key role of porous
architecture and EDL capacitance in achieving high selectivity under
dilute conditions.

The performance of carbon-based electrodes is also critically
dependent on operational parameters. Within an applied voltage win-
dow of 0-1.0 V (Fig. 4a), a higher applied potential generally correlates
with increased adsorption capacity, as the strengthened electric field
enhances EDL formation and ion accumulation [72,73]. The specific
charge of ion adsorption (SQ in C/g) can be calculated by the following
equation:

sq = fl0% “@

Myon

where i(t) is the current at time t, and mjo, is the mass of adsorbed ions.
At applied potentials above 1.0 V, adsorption capacity often plateaus,
and potentials exceeding 1.2 V may induce side reactions like water
electrolysis, which can reduce process efficiency.

Solution pH is another critical factor, as it influences both ionization
and protonation of the electrode surface. Under strongly acidic condi-
tions (pH < 3.0), protons (H") compete with REEs for active adsorption
sites, thereby reducing efficiency [72]. As pH increases, proton
competition diminishes, resulting in a sharp increase in adsorption ca-
pacity until a plateau is reached. Moreover, at a fixed number of active
sites, increasing REE concentration leads to gradual saturation of the
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electro-adsorption capacities of Yb>" at various initial concentrations using three different electrodes, highlighting material-specific uptake performance [73]; (d)
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adsorption surface (Fig. 4b), consistent with classical adsorption
isotherm behavior. Flow rate (Fig. 4c), for instance, was found to have a
relatively minor impact on REE uptake [74], likely due to the dominance
of surface-controlled processes over mass-transfer limitations.

4.1.2. Heteroatom doped and chemical-electrochemical synergy

Heteroatom doping (e.g., nitrogen, oxygen, or sulfur) can further
improve the hydrophilicity, conductivity, and redox activity of carbon
materials [75]. Such modifications shift the dominant electro-
adsorption mechanism from purely physical electrostatic attraction to-
ward a chemical-electrochemical synergistic process. Based on hard-soft
acid-base (HSAB) theory, REE ions are classified as “hard acids” with
strong affinity for “hard bases” like oxygen-containing phosphate groups
[76]. Surface complexation reaction can be described as:

S —PO4H, + REE*" + ¢~ —[S — PO, — REE)® ™" 4 xH* (5)

This coordination bonding provides substantially higher binding
energy than simple electrostatic attraction, enabling effective REE cap-
ture even in the presence of high-concentration background ions. For
example, Zhao et al. [74] developed pyrrolic nitrogen-doped activated
carbon that achieved a La®" adsorption capacity of 23.66 mg/g within
25 min (Fig. 5a). Similarly, Zhang et al. [73] modified polydopamine-
derived carbon spheres with Ni—Fe oxides, nitrides (Fig. 5b), or phos-
phides, achieving a Yb®" adsorption capacity of 105.24 mg/g under low-
voltage conditions. Despite a slight decrease in surface area, the intro-
duction of redox-active sites significantly enhanced the electrochemical
performance. Xiong et al. [77] synthesized phosphorus-doped carbon
materials showing an 86% improvement in La®* adsorption capacity
relative to undoped carbon, attributed to selective La-O-P and Py-O-La>*

bonding (Fig. 5c). The practical significance of this chemistry was
further explored by Lin et al. [78], who investigated the selectivity of
Mn304@PC electrodes, as shown in Fig. 5d. Because trivalent REEs show
stronger interactions and more favorable hydration energies compared
to divalent or monovalent impurities, they demonstrate stronger
adsorption competitiveness on functionalized electrodes, which is
essential for recovering REEs from complex aqueous streams. Moreover,
Ji et al. [79] synthesized Fe-doped CoS>@NC using polydopamine as a
precursor, achieving a Yb3* adsorption capacity of 129.4 mg/g within
60 min.

4.2. Pseudocapacitive materials for REE recovery

Pseudocapacitive materials like MoS, and metal oxides provide
higher ion storage densities via Faradaic processes, such as intercalation
and surface redox coupling [80]. In electro-adsorption systems where
REE precipitation is observed, the dominant mechanism involves elec-
trochemical reduction of water or dissolved oxygen, which generates
localized alkalinity near the cathode surface. This regional supersatu-
ration leads to the formation of REE hydroxides.

Wang et al. [81] used sodium diphenylamine sulfonate-modified
carbon fibers to recover Nd>* and Ce3", achieving adsorption capac-
ities of 275 and 366 mg/g, respectively, after 180 min. The process led to
the formation of distinct REE precipitates (Fig. 5e), including La(OH)3
(white flocculent solids), Nd(OH)3 (purple flakes), and CeO, (yellow
spheres). In a subsequent study [82], graphene-based film electrodes
enabled even higher adsorption capacities of La> (2510.5 mg/g), Nd>*
(2346.25 mg/g), and Ce>" (2150.75 mg/g), as shown in Fig. 5f. These
results highlight the significant contribution of Faradaic processes in



W. Zhan and W. Zhang

\Outlet
]

174

apoue Hy

N-doped carbon

' Pyrrole 1 In situ polymerization

PPYN-AC ( ! ) ; U

Mixture
solution

« [Pseudo-
capacitance

EDL

Chemical Engineering Journal 531 (2026) 174048

142N =t

°
o N

S

a

@ OH
[]

+
L _

2H* ZCH

(‘ NO; S4H"+3¢'=NO +2H;0

3NO,+H,0=2HNO;+NO 2NO+0,=2NO;

PPy-AC

=)
S
8

Lc-p-o-(@)

o
‘on
on

\E, 80
2z
Q

S 60
-P\O>® 8

_p~ § 4op
g

o 20f
1]
2

R S0)4 0
P La* La*/Ca®* La*"/Na’
Kinds of solution
3000 -
wd= 0.02mol L La(NO,), solution
f 0.02mol L Nd(NO,), solution "
~3— 0.02mol L" Ce(NO,), solution .

2000

1000

Adsorptive capacity (mg 9'1)

0 100 200 300 400 500
Time(min)

Fig. 5. (a) Schematic diagrams of a CDI module (left) and the synthesis of modified AC (right); (b) schematic representation of the adsorption-desorption cycle using
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electrodes; (e) proposed electro-adsorption mechanisms for three types of electrodes including bimetallic oxide, nitride, and phosphide on N-doped carbon spheres;
(f) adsorption capacities for La®", Nd®>*, and Ce®" using laser-induced graphene film electrodes.

pseudocapacitive carbon systems.

Beyond carbon-based materials, metal-based electrodes have also
been extensively investigated due to their inherent redox activity and
superior ion-sieving capabilities. For instance, a redox-active copolymer
containing carboxylic acid and ferrocene units exhibited reversible Y>*
adsorption with a capacity of 69.4 mg/g [83]. Su et al. [84] utilized a 3D
network of nickel foam to recover La, Nd, Ce, and Pr, benefiting from its
excellent conductivity, porosity, and reusability. Their results confirmed
that applied electric fields significantly enhance REE migration and
precipitation. Furthermore, Zhan et al. [72] demonstrated that engi-
neering specific binding sites on oxygen-doped MoS, electrodes can
induce differential affinities among REEs with close physicochemical
properties, thereby enhancing selectivity (Fig. 6a).

4.3. Membrane-coupled electrochemical systems for REE separation

Besides electrode-based recovery, membrane-assisted electro-
chemical systems are also emerging as effective platforms for REE re-
covery. In rare earth mining effluents, coexisting contaminants such as
ammonium nitrogen (NHJ) pose additional challenges [85]. Conven-
tional biological processes are often ineffective due to high salinity, REE
toxicity, and limited availability of biodegradable carbon sources.

Electrochemical oxidation provides a reagent-free solution for ammonia
degradation and is particularly compatible with highly mineralized
wastewater, as it does not require the addition of supporting electrolytes
[86]. However, standalone electrochemical processes are generally
insufficient for REE recovery, often requiring integration with electro-
coagulation and membrane separation [87]. Lin et al. [88] developed a
hybrid ceramic membrane system that integrates electrocoagulation,
electrooxidation, and membrane separation for deep REE recovery
(Fig. 6d). Under optimized operating conditions, this integrated system
achieved removal efficiencies of 99.84-99.98% for both REEs and
ammonium nitrogen, providing a scalable approach for mine waste-
water treatment.

To facilitate comparison across different electrode materials, repre-
sentative performance data from the literature are summarized in
Table 2. This table highlights targeted REEs, adsorption capacities, and
corresponding recovery efficiencies for each electrode. As shown,
carbon-based electrodes remain the most extensively studied due to
their low cost and wide availability. However, their limited selectivity
toward specific REE ions has prompted the development of alternative
materials, such as sulfide-, nickel-, and titanium-based electrodes, which
have demonstrated enhanced selectivity and recovery performance.
Nevertheless, challenges related to long-term stability, cycling
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durability, and cost-effectiveness remain and must be addressed to
enable practical deployment.

4.4. Environmental and techno-economic considerations

Compared with conventional separation methods such as precipita-
tion, solvent extraction, and membrane filtration, electro-adsorption
offers distinct advantages in terms of sustainability and cost-efficiency.
From an environmental perspective, electro-adsorption is essentially a
“reagent-free” technology that eliminates the need for corrosive organic
extractants, excessive chemical precipitants, and disposable polymeric
membranes. Consequently, this approach significantly reduces second-
ary waste generation and mitigates the environmental hazards associ-
ated with traditional hydrometallurgical reagents.

Economically, electro-adsorption operates under mild conditions,

which reduces the requirement for specialized, corrosion-resistant
infrastructure. Furthermore, the ability to regenerate and reuse elec-
trode materials contributes to lower operational expenses. Preliminary
assessments suggest that electro-adsorption may offer lower long-term
costs than conventional technologies, particularly when treating dilute
and compositionally complex waste streams where solvent loss or re-
agent consumption would otherwise be economically prohibitive.
However, it is important to emphasize that detailed techno-economic
analysis (TEA) and life cycle assessment (LCA) specifically for REE
electro-adsorption are currently not available in the existing literature.

Despite these advantages, several challenges hinder the broader
application of electro-adsorption for REE recovery. Long-term electrode
durability remains a critical issue, as repeated electrochemical cycling
may cause surface fouling, gas evolution, or structural degradation that
compromises performance. Energy consumption, while generally lower
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Table 2
Summary of reported electrodes used for REE recovery, including adsorption
capacity and recovery.

Electrodes REEs  Adsorption Recovery Ref.
capacity (mg/g) (%)
Carbon Nd*" 125 / [70]
Pyrrolic-N doped activated La®* 23.66 / [74]
carbon electrodes
NiFeN@NC Yb**  90.31 / [73]
Phosphorus doping porous La®* 140 94.08 [771
carbon
Mn304-loaded phosphorus- La%* 93.02 89.27 [78]
doped porous carbon
Sodium diphenylamine La®* 600 / [81]
sulfonate modified activated Na3* 275 /
carbon electrode Ce®* 366 /
Graphene film La®* 25105 / [82]
Nd*"  2349.5 /
ce*t  2150.75 /
Fe-CoS,@N-doped carbon Yb3t  129.4 98 [79]
Nickel foam La®" 13477 / [84]
Nd** 8419 /
ce*t 8107 /
pr3t 1082 /
Phosphorus-modified TiO Dy*t  / 99.95 [90]
E®t / 99.94
™/ 99.93
Lt/ 99.96
Oxygen-doped molybdenum La%t 65.82 100 [72]
disulfide
Defect-engineered Ga*t  / 100 [89]
molybdenum disulfide
Activated carbon La®"  61.63 100 [711

than that of conventional thermal processes, still requires optimization,
especially for large-scale or continuous-flow systems. Moreover, main-
taining high selectivity in complex aqueous matrices containing
competing ions remains a key technical challenge, as such species
commonly coexist with REEs in industrial effluents.

5. Separation of REEs from coexisting impurities

The separation performance of electro-adsorption exhibits distinct
trends both among different REEs and between REEs and impurity ions
(Fig. 4d) [90]. This highlights the importance of optimizing electrode
surface chemistry and electrochemical conditions to enhance REE
selectivity in complex solution systems. In REE electro-adsorption pro-
cesses, separation performance is strongly influenced by ion valency and
electrostatic interactions between ions and electrode surfaces. As
mentioned in previous sections, trivalent REEs, such as La®", show
stronger electrostatic interactions and more favorable hydration en-
ergies compared to divalent or monovalent impurities (e.g., Li", Na™,
Mg?*t, Ca®™) [72]. These stronger interactions lead to higher adsorption
affinity for trivalent REEs on functionalized or doped electrodes, thereby
enabling more efficiency separation from background ions. For example,
Lin et al. [78] investigated the selectivity of Mn3O4@PC electrodes for
La>" in the presence of Nat and Ca®" and found that La>" exhibited a
significantly higher adsorption capacity than the competing ions. This
result demonstrates that La" has a stronger adsorption competition
ability under electro-adsorption conditions, a crucial attribute for
practical applications in separating REEs from waste streams containing
multiple metal ions.

Despite this advantage, separating individual REEs with similar
charge and ionic radius remains highly challenging due to the lantha-
nide contraction, which results in overlapping hydration energies and
coordination behaviors. Recent studies (Fig. 6b) suggest that tailoring
electrode surface chemistry (e.g., oxygen/phosphorus doping or defect
engineering) can tune the chemisorption affinity to recognize subtle
differences and create differential binding sites, thereby enhancing
selectivity among REEs with close physicochemical properties [89].
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These findings indicate that future optimization of electro-adsorption
systems should not only focus on improving overall uptake capacity,
but also on rational design of electrode architectures capable of
discriminating structurally similar REEs while mitigating the competi-
tive effects of coexisting impurity ions.

6. Desorption and reusability of electro-adsorption systems

For practical industrial applications, the ability to efficiently desorb
captured REEs and maintain long-term electrode reusability is as critical
as achieving high initial adsorption capacity. Desorption is typically
achieved through electrochemical or chemical means. The most com-
mon approach is potential reversal, which utilizes electrostatic repulsion
to drive REE ions away from the electrode surface. For instance, Zhang
et al. [73] and Ji et al. [79] demonstrated that reversing the applied
potential enables rapid ion release into a concentrated eluent stream.
Interestingly, the high charge density of trivalent REEs can induce inter-
ionic repulsion under a reversed electric field, further accelerating the
desorption rate [79].

For materials involving strong chemisorption or surface complexa-
tion, electrochemical desorption alone may be insufficient. In such
cases, chemical regenerants like HCl, NH4Cl, or EDTA are commonly
employed. Zhang et al. [71] compared HCl and NH,Cl for La®"
desorption from carbon-based electrodes, finding that HCl achieved
>90% desorption efficiency within 20 min, whereas NH4Cl offered
better electrode stability over repeated cycles. Chemical desorption
typically proceeds via ion exchange or proton displacement mecha-
nisms, as shown in the following equations [71]:

C—0---REE** +3H"—>C — O---H" + REE** @

C— O---REE*" + 3NH; —»C — O---NH, + REE>" (€)

The structural integrity of electrodes during multiple adsorption-
desorption cycles is a key determinant of the process economics.
While several carbon-based electrodes like PPyN-AC and Fe-CoS;@NC
exhibit high capacity retention over multiple cycles, some composite
materials show a “first-cycle drop”. For example, Mn3O04@PC [78] and
Ni—Fe [73] bimetallic electrodes experienced a capacity decrease in
early cycles due to irreversible binding at strongly active sites where
REE ions were immobilized. Structural characterization using tech-
niques such as X-ray diffraction (XRD) and Raman has confirmed that
materials like MoS, [72] and activated carbon [71] maintain stable
crystal structures after repeated cycling. Furthermore, ICP analysis is
essential to monitor potential leaching of electrode components and
ensure compliance with environmental discharge standards. Notably,
Mao et al. [90] reported that TiOy/P/C electrodes (Fig. 6¢) maintained
>99% REE recovery efficiency even after 100 cycles, achieving
approximately 90-fold enrichment, underscoring the potential for large-
scale continuous operation.

7. Challenges and future perspectives

The development of electro-adsorption technologies for REE recov-
ery shows considerable promise, particularly for low-concentration and
compositional complex aqueous systems. However, several challenges
must be addressed before this approach can be broadly deployed in in-
dustrial settings. Electro-adsorption performance is fundamentally
governed by EDL formation and ion transport, both of which are
collectively dictated by the structural and surface chemistry of electrode
materials, as well as the operating conditions (e.g., applied voltage, pH,
and electrolyte concentration).

7.1. Sustainability and techno-economic viability

The industrial transition of electro-adsorption for REE recovery is
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contingent upon its ability to achieve favorable economic performance
while maintaining a reduced environmental footprint. Compared with
conventional solvent extraction, which relies on large on volumes of
organic solvents and chemical saponification, electro-adsorption is
inherently a “reagent-free” technology that primarily utilizes electrons
as the primary driving force. This feature substantially reduces sec-
ondary waste generation and associated environmental risks. From a
cost perspective, the operational expenditures of electro-adsorption are
predominantly governed by energy consumption and electrode lifespan.
The capital costs remain high due to the use of advanced electrode
materials like graphene or specialized metal-organic frameworks.
Future research should prioritize LCA and TEA to quantify carbon in-
tensity, material durability, and long-term cost competitiveness,
ensuring that the environmental advantages of electro-adsorption
translate into viable commercial alternatives.

7.2. Electrode material design

Electric conductivity, surface wettability, and pore structure are key
factors influencing electro-adsorption efficiency as shown in Fig. 7. High
conductivity allows for rapid charge transfer, while hydrophilic surfaces
improve electrolyte penetration and promote effective contact between
active sites and target ions. Pore size distribution plays a critical role in
EDL, especially mesopores, which facilitate ion diffusion, reduce inter-
nal resistance, and improve adsorption kinetics. Developing composite
electrodes that balance these properties will be essential for enhancing
system performance. Compared with electro-adsorption systems opti-
mized for other ions such as Li* and Au®", the recovery of REEs faces
unique challenges stemming from their multivalent nature and higher
charge density. Although certain materials exhibit excellent selectivity
and capacity in other applications, their implementation in REE systems
is often hindered by insufficient cycling stability and high operational
costs. Therefore, lessons learned from these advanced materials, such as
the integration of redox-active functional groups, hierarchical pore ar-
chitectures, and defect engineering, could inspire next-generation elec-
trode designs for efficient and selective REE recovery. At present,
quantitative understanding of the correlation between electrode
microstructure and charge-transfer dynamics remains limited. Future
research should focus on combining in situ spectroscopy analyses and
computational modeling to unreal these structure-property relationships
and guide rational materials design.

7.3. Integration with other processes

Combining electro-adsorption with other treatment methods pre-
sents a promising route to improve selectivity and overall system
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performance. For instance, integrating photoelectrochemical oxidation
or membrane filtration can help remove coexisting impurities cations
like ammonium or organic contaminants, which can otherwise influence
the ionic strength and coordination chemistry of the solution, thereby
enhancing REE separation. Membrane-assisted systems may also
improve energy efficiency and reduce the need for chemical additives.
Future studies are needed to assess synergistic effects and energy effi-
ciency under real wastewater conditions, as most current demonstra-
tions are limited to model systems.

7.4. Material sustainability & anode utilization

Developing low-cost, scalable, and environmentally friendly elec-
trode materials remains foundational to industrial adoption. Promising
candidates include biomass-derived carbons, heteroatom-doped porous
frameworks, and hybrid metal oxide-carbon composites, with synthesis
routes guided by green-chemistry principles to ensure long-term eco-
nomic and environmental feasibility. Additionally, although most cur-
rent REE-focused electro-adsorption studies have mainly emphasized
cathode design, the role of the anode is often overlooked. Drawing on
insights from electro-adsorption systems developed for other metal ions,
anodes may be strategically engineered to simultaneously degrade
nitrogen-containing contaminants commonly present in REE-bearing
leachates, thereby improving overall system efficiency and
sustainability.

7.5. Current efficiency & product recovery

Optimizing current efficiency is essential. Minimizing side reactions,
particularly water electrolysis at higher voltages, can reduce energy
losses and enhance sustainability. Careful tuning of applied voltage and
current density can maintain high adsorption performance without
sacrificing energy efficiency. In terms of recovery, capturing REEs as
solid phases instead of re-dissolving them into eluates offers a more
direct and sustainable pathway. However, this requires precise control
over nucleation and precipitation conditions to achieve high-purity
products.

7.6. System scaling & reactor engineering

Finally, most research relies on small-scale batch laboratory setups
using simple parallel-plate or three-electrode configurations, which fail
to reflect the complexities of real-world industrial environments. Future
development must prioritize the transition from batch circulation to
modular stack designs to significantly increase treatment capacity.
Furthermore, replacing batch systems with single-pass flow-through
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> design s adsorption
Porous structure design
\ REE
) . selectivity Oxidative removal
\’ of impurities
Wettability improvement ’ﬁ\ 5ot -
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Interfacial group modification integration

Fig. 7. Future development directions for electro-adsorption of REEs.
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reactors or continuous flow-electrode CDI is essential for enabling high-
throughput REE recovery. Beyond standard rectangular modules,
exploring alternative reactor geometries, such as cylindrical or tubular
electrochemical cells, may offer superior control over fluid dynamics
and ensure more uniform current distribution. Moving toward these
semi-continuous or continuous configurations will be critical for
assessing scalability, operational reliability, and long-term cost-effec-
tiveness while addressing practical engineering challenges such as
electrode fouling and current leakage.

8. Conclusions

This review highlights the potential of electro-adsorption as a sus-
tainable and selective technology for the recovery of REEs from dilute
and compositional complex aqueous systems. Unlike traditional
methods, electro-adsorption offers the combined benefits of non-
Faradaic and Faradaic processes, tunable selectivity, and minimal
chemical input. The efficiency of this method is largely governed by the
interplay between EDL formation and mass transfer, both of which are
influenced by electrode material design and solution chemistry.

Recent advances have shown that porous carbon-based materials
with appropriate surface functionalities and hierarchical pore structures
can achieve high adsorption capacities. Heteroatom doping and surface
modification further enhance adsorption performance through
improved conductivity, wettability, and the introduction of redox-active
sites. Specifically, this review concludes that while electro-adsorption is
highly efficient for separating REEs from non-REE impurities based on
valency differences, the selective discrimination between individual
REEs remains the primary bottleneck. Additionally, combining electro-
adsorption with other treatment technologies has shown promise in
extending its applicability to multi-contaminant systems.

Despite these advances, significant challenges remain for practical
deployment. Scale-up limitations, suboptimal current efficiency, elec-
trode degradation under repeated cycling, and diminished selectivity in
the presence of competing ions continue to hinder industrial adoption.
In addition, robust strategies for regenerating electrodes and trans-
forming adsorbed REEs into market-ready products are still underde-
veloped. Finally, pilot-scale demonstrations using realistic leachates are
urgently needed to assess energy efficiency, operational costs, and
scalability.

Looking forward, future research should prioritize the development
of multifunctional electrode materials and integrated system designs
that simultaneously address selectivity, durability, and sustainability.
Transitioning from laboratory-scale studies to scalable, continuous-flow
electrochemical systems will be critical for translating electro-
adsorption into viable industrial solutions for REE recovery. Moreover,
synergistic advances in materials innovation and process integration
will be essential to overcoming current limitations and achieving the full
potential of electro-adsorption for REE recovery.

CRediT authorship contribution statement

Weiquan Zhan: Writing — review & editing, Writing — original draft.
Wencai Zhang: Writing - review & editing, Supervision.

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.

Data availability

No data was used for the research described in the article.

11

Chemical Engineering Journal 531 (2026) 174048

References

[1]

[2]

[3]

[4]

[5]

[6]

[71

[81

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

G. Wang, J. Xu, L. Ran, R. Zhu, B. Ling, X. Liang, S. Kang, Y. Wang, J. Wei, L. Ma,
Y. Zhuang, J. Zhu, H. He, A green and efficient technology to recover rare earth
elements from weathering crusts, Nat. Sustainability 6 (2022) 81-92, https://doi.
org/10.1038/541893-022-00989-3.

K. Liu, Y. Liu, Y. Wy, J. Liu, Q. Shuai, L. Huang, Z. Hu, Y. Yamauchi, Advances in
reticular materials for sustainable rare earth element recovery, Coord. Chem. Rev.
522 (2025) 216199, https://doi.org/10.1016/J.CCR.2024.216199.

L. Zhang, H. Chen, J. Pan, F. Yang, X. Long, Y. Yang, C. Zhou, Rare earth elements
recovery and mechanisms from coal fly ash by column leaching using citric acid,
Sep. Purif. Technol. 353 (2025) 128471, https://doi.org/10.1016/J.
SEPPUR.2024.128471.

S.L. Liu, H.R. Fan, X. Liu, J. Meng, A.R. Butcher, L. Yann, K.F. Yang, X.C. Li, Global
rare earth elements projects: new developments and supply chains, Ore Geol. Rev.
157 (2023) 105428, https://doi.org/10.1016/J.OREGEOREV.2023.105428.

D.S. Udawattha, S. Alam, Predicting the distribution coefficient in the solvent
extraction of rare earth elements, Sep. Purif. Technol. 377 (2025) 134382, https://
doi.org/10.1016/J.SEPPUR.2025.134382.

T.Y. Zhao, W.L. Li, S. Kelebek, Y. Choi, C.Q. Wu, W.J. Zhang, C.Y. Wang, Z.

W. Zhao, F. Sadri, A comprehensive review on rare earth elements: resources,
technologies, applications, and prospects, Rare Metals 44 (2025) 7011-7040,
https://doi.org/10.1007/512598-025-03459-9/FIGURES/9.

R.K. Dev, S.N. Yadav, N. Magar, S. Ghimire, M. Koirala, R. Giri, A.K. Das, S.K. Shah,
R.L. Gardas, A. Bhattarai, Recovery of rare earth elements (REEs) from different
sources of E-waste and their potential applications: a focused review, Geol. J. 60
(2025) 1775-1798, https://doi.org/10.1002/GJ.5207.

O. Artiushenko, R.F. da Silva, V. Zaitsev, Recent advances in functional materials
for rare earth recovery: a review, Sustain. Mater. Technol. 37 (2023) e00681,
https://doi.org/10.1016/J.SUSMAT.2023.E00681.

Y. Zhu, Y. Zheng, A. Wang, A simple approach to fabricate granular adsorbent for
adsorption of rare elements, Int. J. Biol. Macromol. 72 (2015) 410-420, https://
doi.org/10.1016/J.1JBIOMAC.2014.08.039.

D.S.R. Murty, G. Chakrapani, Preconcentration of rare earth elements on activated
carbon and its application to groundwater and sea-water analysis, J. Anal. At.
Spectrom. 11 (1996) 815-820, https://doi.org/10.1039/JA9961100815.

C. Han, L. Zhang, H. Li, Highly selective and sensitive colorimetric probes for Yb3+
ions based on supramolecular aggregates assembled from B-cyclodextrin-4,4'-
dipyridine inclusion complex modified silver nanoparticles, Chem. Commun.
(2009) 3545-3547. https://doi.org/10.1039/B904787E.

B.K. Esser, A. Volpe, J.M. Kenneally, D.K. Smith, Preconcentration and purification
of rare earth elements in natural waters using silica-immobilized 8-hydroxyqui-
noline and a supported organophosphorus extractant, Anal. Chem. 66 (1994)
1736-1742, https://doi.org/10.1021/AC00082A022.

P. Liang, Y. Qin, B. Hu, T. Peng, Z. Jiang, Nanometer-size titanium dioxide
microcolumn on-line preconcentration of trace metals and their determination by
inductively coupled plasma atomic emission spectrometry in water, Anal. Chim.
Acta 440 (2001) 207-213, https://doi.org/10.1016/50003-2670(01)01010-8.

H. Setiyanto, F.M. Sari, M.Y. Azis, R.S. Rahayu, A. Sulaeman, M.A. Zulfikar,

D. Ratnaningrum, V. Saraswaty, Electrochemical degradation of methylene blue
using Ce(IV) ionic mediator in the presence of Ag(I) ion catalyst for environmental
remediation. https://arxiv.org/pdf/2105.07680, 2021.

D.Y. Wu, J.F. Li, B. Ren, Z.Q. Tian, Electrochemical surface-enhanced Raman
spectroscopy of nanostructures, Chem. Soc. Rev. 37 (2008) 1025-1041, https://
doi.org/10.1039/B707872M.

A. Battistel, M.S. Palagonia, D. Brogioli, F. La Mantia, R. Trécoli, Electrochemical
methods for lithium recovery: a comprehensive and critical review, Adv. Mater. 32
(2020) 1905440, https://doi.org/10.1002/ADMA.201905440.

W. Zhan, Y. Yuan, X. Zhang, Y. Liang, S. Song, M. de Jesiis Martinez-L6pez, J.

L. Arauz-Lara, F. Jia, Efficient and selective Lead(II) removal within a wide
concentration range through chemisorption and electrosorption coupling process
via defective MoS2 electrode, Sep. Purif. Technol. 329 (2024) 125183, https://doi.
org/10.1016/J.SEPPUR.2023.125183.

R. Chen, T. Sheehan, J.L. Ng, M. Brucks, X. Su, Capacitive deionization and
electrosorption for heavy metal removal, Environ. Sci. 6 (2020) 258-282, https://
doi.org/10.1039/C9EW00945K.

L. Depraiter, S. Goutte, T. Porcher, Geopolitical risk and the global supply of rare
earth permanent magnets: insights from China’s export trends, Energy Econ. 146
(2025) 108496, https://doi.org/10.1016/J.ENECO.2025.108496.

F. Habashi, Handbook of extractive metallurgy, in: Handbook of Extractive
Metallurgy vol. 1, 1997, pp. 737-752. https://archive.org/details/handbook-of-e
xtractive-metallurgy-volumes-1-to-4-pdfdrive-copy.

L.M. Suli, W. Hanisah, W. Ibrahim, B.A. Aziz, M.R. Deraman, N.A. Ismail, A review
of rare earth mineral processing technology, Chem. Eng. Res. Bull. 19 (2017)
20-35, https://doi.org/10.3329/CERB.V1910.33773.

D. Kim, L.E. Powell, L.H. Delmau, E.S. Peterson, J. Herchenroeder, R.R. Bhave,
Selective extraction of rare earth elements from permanent magnet scraps with
membrane solvent extraction, Environ. Sci. Technol. 49 (2015) 9452-9459,
https://doi.org/10.1021/ACS.EST.5B01306.

M.K. Jha, A. Kumari, R. Panda, J. Rajesh Kumar, K. Yoo, J.Y. Lee, Review on
hydrometallurgical recovery of rare earth metals, Hydrometallurgy 165 (2016)
2-26, https://doi.org/10.1016/J.HYDROMET.2016.01.035.

H. Sun, F. Zhao, M. Zhang, J. Li, Behavior of rare earth elements in acid coal mine
drainage in Shanxi Province, China, Environ. Earth Sci. 67 (2012) 205-213,
https://doi.org/10.1007/S12665-011-1497-7 /FIGURES/6.


https://doi.org/10.1038/s41893-022-00989-3
https://doi.org/10.1038/s41893-022-00989-3
https://doi.org/10.1016/J.CCR.2024.216199
https://doi.org/10.1016/J.SEPPUR.2024.128471
https://doi.org/10.1016/J.SEPPUR.2024.128471
https://doi.org/10.1016/J.OREGEOREV.2023.105428
https://doi.org/10.1016/J.SEPPUR.2025.134382
https://doi.org/10.1016/J.SEPPUR.2025.134382
https://doi.org/10.1007/S12598-025-03459-9/FIGURES/9
https://doi.org/10.1002/GJ.5207
https://doi.org/10.1016/J.SUSMAT.2023.E00681
https://doi.org/10.1016/J.IJBIOMAC.2014.08.039
https://doi.org/10.1016/J.IJBIOMAC.2014.08.039
https://doi.org/10.1039/JA9961100815
https://doi.org/10.1039/B904787E
https://doi.org/10.1021/AC00082A022
https://doi.org/10.1016/S0003-2670(01)01010-8
https://arxiv.org/pdf/2105.07680
https://doi.org/10.1039/B707872M
https://doi.org/10.1039/B707872M
https://doi.org/10.1002/ADMA.201905440
https://doi.org/10.1016/J.SEPPUR.2023.125183
https://doi.org/10.1016/J.SEPPUR.2023.125183
https://doi.org/10.1039/C9EW00945K
https://doi.org/10.1039/C9EW00945K
https://doi.org/10.1016/J.ENECO.2025.108496
https://archive.org/details/handbook-of-extractive-metallurgy-volumes-1-to-4-pdfdrive-copy
https://archive.org/details/handbook-of-extractive-metallurgy-volumes-1-to-4-pdfdrive-copy
https://doi.org/10.3329/CERB.V19I0.33773
https://doi.org/10.1021/ACS.EST.5B01306
https://doi.org/10.1016/J.HYDROMET.2016.01.035
https://doi.org/10.1007/S12665-011-1497-7/FIGURES/6

W. Zhan and W. Zhang

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]
[47]

[48]

[49]

[50]

[51]

Y. Mochizuki, N. Tsubouchi, K. Sugawara, Selective recovery of rare earth elements
from Dy containing NdFeB magnets by chlorination, ACS Sustain. Chem. Eng. 1
(2013) 655-662, https://doi.org/10.1021/5C4000187.

F. Yang, F. Kubota, Y. Baba, N. Kamiya, M. Goto, Selective extraction and recovery
of rare earth metals from phosphor powders in waste fluorescent lamps using an
ionic liquid system, J. Hazard. Mater. 254-255 (2013) 79-88, https://doi.org/
10.1016/J.JHAZMAT.2013.03.026.

M.S. Gasser, M.I. Aly, Separation and recovery of rare earth elements from spent
nickel-metal-hydride batteries using synthetic adsorbent, Int. J. Miner. Process.
121 (2013) 31-38, https://doi.org/10.1016/J.MINPRO.2013.02.012.

A.K.S. Choudhary, S. Kumar, S. Maity, A review on mineralogical speciation, global
occurrence and distribution of rare earths and yttrium (REY) in coal ash, J. Earth
Syst. Sci. 131 (3) (2022) 188, https://doi.org/10.1007/512040-022-01913-1.

Z. Adamczyk, J. Komorek, B. Biatecka, J. Nowak, A. Klupa, Assessment of the
potential of polish fly ashes as a source of rare earth elements, Ore Geol. Rev. 124
(2020) 103638, https://doi.org/10.1016/J.0REGEOREV.2020.103638.

Z. Adamczyk, J. Komorek, B. Biatecka, J. Nowak, Assessing the potential of rare
earth elements in bottom ash from coal combustion in Poland, Materials 17 (2024)
4323, https://doi.org/10.3390/MA17174323.

S. Dai, I.T. Graham, C.R. Ward, A review of anomalous rare earth elements and
yttrium in coal, Int. J. Coal Geol. 159 (2016) 82-95, https://doi.org/10.1016/J.
COAL.2016.04.005.

N. Takematsu, Mechanisms of Incorporation of Rare Earth Elements Into
Ferromanganese Concretions, 1989.

J.J. Braun, J. Viers, B. Dupré, M. Polve, J. Ndam, J.P. Muller, Solid/liquid REE
fractionation in the lateritic system of Goyoum, East Cameroon: the implication for
the present dynamics of the soil covers of the humid tropical regions, Geochim.
Cosmochim. Acta 62 (1998) 273-299, https://doi.org/10.1016/50016-7037(97)
00344-X.

M.S. Hagag, A.M.A. Morsy, A.H. Ali, A.S. El-Shiekh, Adsorption of rare earth
elements onto the phosphogypsum a waste byproduct, Water Air Soil Pollut. 230
(2019) 1-14, https://doi.org/10.1007/511270-019-4362-Z/FIGURES/16.

G. Xie, Q. Guan, F. Zhou, W. Yu, Z. Yin, H. Tang, Z. Zhang, R. Chi, A critical review
of the enhanced recovery of rare earth elements from phosphogypsum, Molecules
28 (2023) 6284, https://doi.org/10.3390/MOLECULES28176284.

R.K. Jyothi, T. Thenepalli, J.W. Ahn, P.K. Parhi, K.W. Chung, J.Y. Lee, Review of
rare earth elements recovery from secondary resources for clean energy
technologies: grand opportunities to create wealth from waste, J. Clean. Prod. 267
(2020) 122048, https://doi.org/10.1016/J.JCLEPRO.2020.122048.

W. Zhang, R.Q. Honaker, Rare earth elements recovery using staged precipitation
from a leachate generated from coarse coal refuse, Int. J. Coal Geol. 195 (2018)
189-199, https://doi.org/10.1016/J.COAL.2018.06.008.

C.W. Noack, D.A. Dzombak, A.K. Karamalidis, Rare earth element distributions and
trends in natural waters with a focus on groundwater, Environ. Sci. Technol. 48
(2014) 4317-4326, https://doi.org/10.1021/ES4053895.

M. Sager, O. Wiche, Rare earth elements (REE): origins, dispersion, and
environmental implications—a comprehensive review, Environments 11 (2024)
24, https://doi.org/10.3390/ENVIRONMENTS11020024.

N. Dushyantha, G.N. Kuruppu, C.J. Nanayakkara, A.S. Ratnayake, The role of
permanent magnets, lighting phosphors, and nickel-metal hydride (NiMH)
batteries as a future source of rare earth elements (REEs): urban mining through
circular economy, Mining, Metall. Explor. 41 (2023) 321-334, https://doi.org/
10.1007/542461-023-00904-0.

S. Liu, Sm-Co high-temperature permanent magnet materials, Chin. Phys. B 28
(2019) 017501, https://doi.org/10.1088/1674-1056/28/1/017501.

L. Pietrelli, B. Bellomo, D. Fontana, M.R. Montereali, Rare earths recovery from
NiMH spent batteries, Hydrometallurgy 66 (2002) 135-139, https://doi.org/
10.1016/S0304-386X(02)00107-X.

S.L. Lin, K.L. Huang, I.C. Wang, 1.C. Chou, Y.M. Kuo, C.H. Hung, C. Lin,
Characterization of spent nickel-metal hydride batteries and a preliminary
economic evaluation of the recovery processes, J. Air Waste Manage. Assoc. 66
(2016) 296-306, https://doi.org/10.1080/10962247.2015.1131206;CTYPE:
STRING:JOURNAL.

N. Saeidi, F. Harnisch, V. Presser, F.D. Kopinke, A. Georgi, Electrosorption of
organic compounds: state of the art, challenges, performance, and perspectives,
Chem. Eng. J. 471 (2023) 144354, https://doi.org/10.1016/J.CEJ.2023.144354.
L. (1873-1946). A. du texte Guillet, Précis d'électrochimie et d'électrométallurgie /
par Léon Guillet. https://gallica.bnf.fr/ark:/12148/bpt6k5531418, 1903.

F. Ceeuret, Alain Storck, Eléments de génie électrochimique, 1984, p. 401.

VII. Polarization of metallic surfaces in aqueous solutions. On a new method of
obtaining electricity from mechanical force, and certain relations between
electrostatic induction and the decomposition of water, Philos. Trans. R. Soc. Lond.
161 (1871) 129-136, https://doi.org/10.1098/RSTL.1871.0008.

M. Gouy, Sur la constitution de la charge électrique a la surface d’un électrolyte,
J. Phys. Theor. Appl. 9 (1910) 457-468, https://doi.org/10.1051/JPHYSTAP:
019100090045700.

D.L. Chapman, Li, A contribution to the theory of electrocapillarity, the London,
Edinburgh, and Dublin philosophical magazine and journal of science 25 (1913)
475-481, https://doi.org/10.1080/14786440408634187.

O. Stern, ZUR THEORIE DER ELEKTROLYTISCHEN DOPPELSCHICHT, Zeitschrift
Fiir Elektrochemie Und Angewandte Physikalische, Chemie 30 (1924) 508-516,
https://doi.org/10.1002/BBPC.192400182.

D.C. Grahame, The electrical double layer and the theory of electrocapillarity,
Chem. Rev. 41 (1947) 441-501, https://doi.org/10.1021/CR60130A002.

12

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

Chemical Engineering Journal 531 (2026) 174048

H. Wang, L. Pilon, Accurate simulations of electric double layer capacitance of
ultramicroelectrodes, J. Phys. Chem. C 115 (2011) 16711-16719, https://doi.org/
10.1021/JP204498E.

Q. Weng, S. Song, W. Zhan, X. Zhang, Z. Xiang, J. Gao, F. Jia, Novel recovery of a
low-concentration gold thiosulfate complex through electroreduction via a walnut
shell charcoal electrode, Green Smart Min. Eng. 1 (2024) 58-66, https://doi.org/
10.1016/j.gsme.2024.03.004.

Y. Li, C. Zhang, Y. Jiang, T.J. Wang, H. Wang, Effects of the hydration ratio on the
electrosorption selectivity of ions during capacitive deionization, Desalination 399
(2016) 171-177, https://doi.org/10.1016/J.DESAL.2016.09.011.

T. Alencherry, N. A.R., S. Ghosh, J. Daniel, R. Venkataraghavan, Effect of
increasing electrical conductivity and hydrophilicity on the electrosorption
capacity of activated carbon electrodes for capacitive deionization, Desalination
415 (2017) 14-19, https://doi.org/10.1016/J.DESAL.2017.04.001.

C.-H. Jung, W.-Z. Oh, Y.-R. Lee, S.-J. Park, Electrosorption of U(IV) by
electochemically modified activated carbon fibers, Carbon Lett. 6 (2005) 25-30.
A.J. Bard, L.R. Faulkner, J. Wiley, Electrochemical methods, fundamentals and
applications, J. Chem. Educ. 60 (1983) A25, https://doi.org/10.1021/
EDO60PA25.1.

E. Gileadi, L. Dui¢, J.O.M. Bockris, A comparison of radiotracer and
electrochemical methods for the measurement of the electrosorption of organic
molecules, Electrochim. Acta 13 (1968) 1915-1935, https://doi.org/10.1016/
0013-4686(68)80103-3.

X. Su, T.A. Hatton, Electrosorption at functional interfaces: from molecular-level
interactions to electrochemical cell design, Phys. Chem. Chem. Phys. 19 (2017)
23570-23584, https://doi.org/10.1039/C7CP0O2822A.

A. Lissaneddine, M.N. Pons, F. Aziz, N. Ouazzani, L. Mandi, E. Mousset, A critical
review on the electrosorption of organic compounds in aqueous effluent —
influencing factors and engineering considerations, Environ. Res. 204 (2022)
112128, https://doi.org/10.1016/J.ENVRES.2021.112128.

X. Du, M.A. Oturan, M. Zhou, N. Belkessa, P. Su, J. Cai, C. Trellu, E. Mousset,
Nanostructured electrodes for electrocatalytic advanced oxidation processes: from
materials preparation to mechanisms understanding and wastewater treatment
applications, Appl. Catal. B 296 (2021) 120332, https://doi.org/10.1016/J.
APCATB.2021.120332.

B.E. Conway, Theoretical treatment and modeling of the double layer at electrode
interfaces, in: Electrochemical Supercapacitors, 1999, pp. 125-168, https://doi.
org/10.1007/978-1-4757-3058-6_7.

Z.S. Tro, C. Subramani, S.S. Dash, A brief review on electrode materials for
supercapacitor, Int. J. Electrochem. Sci. 11 (2016) 10628-10643, https://doi.org/
10.20964/2016.12.50.

C. Prehal, D. Weingarth, E. Perre, R.T. Lechner, H. Amenitsch, O. Paris, V. Presser,
Tracking the structural arrangement of ions in carbon supercapacitor nanopores
using in situ small-angle X-ray scattering, Energy Environ. Sci. 8 (2015)
1725-1735, https://doi.org/10.1039/C5EE00488H.

G. Dai, L. Zhang, Y. Liao, Y. Shi, J. Xie, F. Lei, L. Fan, Multi-scale model for
describing the effect of pore structure on carbon-based electric double layer,

J. Phys. Chem. C 124 (2020) 3952-3961, https://doi.org/10.1021/ACS.
JPCC.9B10587.

G. Feng, R. Qiao, J. Huang, B.G. Sumpter, V. Meunier, Ion distribution in electrified
micropores and its role in the anomalous enhancement of capacitance, ACS Nano 4
(2010) 2382-2390, https://doi.org/10.1021/NN100126W.

J. Huang, B.G. Sumpter, V. Meunier, Theoretical model for nanoporous carbon
supercapacitors, Angew. Chem. Int. Ed. 47 (2008) 520-524, https://doi.org/
10.1002/ANIE.200703864.

Q. Li, Y. Ding, D. Yuan, Electrosorption-enhanced solid-phase microextraction of
trace anions using a platinum plate coated with single-walled carbon nanotubes,
Talanta 85 (2011) 1148-1153, https://doi.org/10.1016/J.TALANTA.2011.05.042.
A. Thamilselvan, A.S. Nesaraj, M. Noel, Review on carbon-based electrode
materials for application in capacitive deionization process, Int. J. Environ. Sci.
Technol. 13 (2016) 2961-2976, https://doi.org/10.1007/513762-016-1061-9.

E. Engmann, L.A. Diaz, T.E. Lister, A. Atifi, O. Palasyuk, H. Zhao, Selective
pseudocapacitive immobilization of REE elements on carbon based electrodes,
Electrochim. Acta 478 (2024) 143860, https://doi.org/10.1016/J.
ELECTACTA.2024.143860.

X. Zhang, W. Zhan, Q. Weng, S. Song, J. Luis Arauz-Lara, F. Jia, Electro-assisted
sorption behavior and mechanism of low-concentration rare earth elements on
carbon based materials, Appl. Surf. Sci. 664 (2024) 160224, https://doi.org/
10.1016/J.APSUSC.2024.160224.

W. Zhan, X. Zhang, Y. Yuan, Q. Weng, S. Song, M. de J. Martinez-Lopez, J.L. Arauz-
Lara, F. Jia, Regulating chemisorption and electrosorption activity for efficient
uptake of rare earth elements in low concentration on oxygen-doped molybdenum
disulfide, ACS Nano 18 (2024) 7298-7310, https://doi.org/10.1021/
ACSNANO.4C00691.

Y. Zhang, Y. Ji, C. Sun, K. Bi, H. Wang, Y. Ding, Selective electro-capacitive
deionization of Yb(III) by nanospherical N-doped carbon supported nickel-iron
bimetallic oxide, nitride and phosphide, Desalination 592 (2024) 118104, https://
doi.org/10.1016/J.DESAL.2024.118104.

F. Zhao, S. Chen, H. Xiang, T. Gao, D. Wang, D. Wei, M. Sillanpaa, Y. Ke, C.J. Tang,
Selectively capacitive recovery of rare earth elements from aqueous solution onto
Lewis base sites of pyrrolic-N doped activated carbon electrodes, Carbon N. Y. 197
(2022) 282-291, https://doi.org/10.1016/J.CARBON.2022.06.033.

S. Tian, J. Wu, X. Zhang, K. Ostrikov, Z. Zhang, Capacitive deionization with
nitrogen-doped highly ordered mesoporous carbon electrodes, Chem. Eng. J. 380
(2020) 122514, https://doi.org/10.1016/J.CEJ.2019.122514.


https://doi.org/10.1021/SC4000187
https://doi.org/10.1016/J.JHAZMAT.2013.03.026
https://doi.org/10.1016/J.JHAZMAT.2013.03.026
https://doi.org/10.1016/J.MINPRO.2013.02.012
https://doi.org/10.1007/S12040-022-01913-1
https://doi.org/10.1016/J.OREGEOREV.2020.103638
https://doi.org/10.3390/MA17174323
https://doi.org/10.1016/J.COAL.2016.04.005
https://doi.org/10.1016/J.COAL.2016.04.005
http://refhub.elsevier.com/S1385-8947(26)01507-X/rf0160
http://refhub.elsevier.com/S1385-8947(26)01507-X/rf0160
https://doi.org/10.1016/S0016-7037(97)00344-X
https://doi.org/10.1016/S0016-7037(97)00344-X
https://doi.org/10.1007/S11270-019-4362-Z/FIGURES/16
https://doi.org/10.3390/MOLECULES28176284
https://doi.org/10.1016/J.JCLEPRO.2020.122048
https://doi.org/10.1016/J.COAL.2018.06.008
https://doi.org/10.1021/ES4053895
https://doi.org/10.3390/ENVIRONMENTS11020024
https://doi.org/10.1007/S42461-023-00904-0
https://doi.org/10.1007/S42461-023-00904-0
https://doi.org/10.1088/1674-1056/28/1/017501
https://doi.org/10.1016/S0304-386X(02)00107-X
https://doi.org/10.1016/S0304-386X(02)00107-X
https://doi.org/10.1080/10962247.2015.1131206;CTYPE:STRING:JOURNAL
https://doi.org/10.1080/10962247.2015.1131206;CTYPE:STRING:JOURNAL
https://doi.org/10.1016/J.CEJ.2023.144354
https://gallica.bnf.fr/ark:/12148/bpt6k5531418
http://refhub.elsevier.com/S1385-8947(26)01507-X/rf0230
https://doi.org/10.1098/RSTL.1871.0008
https://doi.org/10.1051/JPHYSTAP:019100090045700
https://doi.org/10.1051/JPHYSTAP:019100090045700
https://doi.org/10.1080/14786440408634187
https://doi.org/10.1002/BBPC.192400182
https://doi.org/10.1021/CR60130A002
https://doi.org/10.1021/JP204498E
https://doi.org/10.1021/JP204498E
https://doi.org/10.1016/j.gsme.2024.03.004
https://doi.org/10.1016/j.gsme.2024.03.004
https://doi.org/10.1016/J.DESAL.2016.09.011
https://doi.org/10.1016/J.DESAL.2017.04.001
http://refhub.elsevier.com/S1385-8947(26)01507-X/rf0280
http://refhub.elsevier.com/S1385-8947(26)01507-X/rf0280
https://doi.org/10.1021/ED060PA25.1
https://doi.org/10.1021/ED060PA25.1
https://doi.org/10.1016/0013-4686(68)80103-3
https://doi.org/10.1016/0013-4686(68)80103-3
https://doi.org/10.1039/C7CP02822A
https://doi.org/10.1016/J.ENVRES.2021.112128
https://doi.org/10.1016/J.APCATB.2021.120332
https://doi.org/10.1016/J.APCATB.2021.120332
https://doi.org/10.1007/978-1-4757-3058-6_7
https://doi.org/10.1007/978-1-4757-3058-6_7
https://doi.org/10.20964/2016.12.50
https://doi.org/10.20964/2016.12.50
https://doi.org/10.1039/C5EE00488H
https://doi.org/10.1021/ACS.JPCC.9B10587
https://doi.org/10.1021/ACS.JPCC.9B10587
https://doi.org/10.1021/NN100126W
https://doi.org/10.1002/ANIE.200703864
https://doi.org/10.1002/ANIE.200703864
https://doi.org/10.1016/J.TALANTA.2011.05.042
https://doi.org/10.1007/S13762-016-1061-9
https://doi.org/10.1016/J.ELECTACTA.2024.143860
https://doi.org/10.1016/J.ELECTACTA.2024.143860
https://doi.org/10.1016/J.APSUSC.2024.160224
https://doi.org/10.1016/J.APSUSC.2024.160224
https://doi.org/10.1021/ACSNANO.4C00691
https://doi.org/10.1021/ACSNANO.4C00691
https://doi.org/10.1016/J.DESAL.2024.118104
https://doi.org/10.1016/J.DESAL.2024.118104
https://doi.org/10.1016/J.CARBON.2022.06.033
https://doi.org/10.1016/J.CEJ.2019.122514

W. Zhan and W. Zhang

[76]

[771

[78]

791

[80]

[81]

[82]

[83]

[84]

X. Yang, Y. Wan, Y. Zheng, F. He, Z. Yu, J. Huang, H. Wang, Y.S. Ok, Y. Jiang,
B. Gao, Surface functional groups of carbon-based adsorbents and their roles in the
removal of heavy metals from aqueous solutions: a critical review, Chem. Eng. J.
366 (2019) 608-621, https://doi.org/10.1016/J.CEJ.2019.02.119.

Y.Z. Xiong, X. Yang, Y.Y. Liu, X.H. Chen, G.L. Wang, B.L. Lu, G.F. Lin, B. Huang,
Fabrication of phosphorus doping porous carbon derived from bagasse for highly-
efficient removal of La®* ions via capacitive deionization, Electrochim. Acta 404
(2022) 139735, https://doi.org/10.1016/J. ELECTACTA.2021.139735.

G. Lin, G. Wang, Y. Xiong, S. Li, R. Jiang, B. Lu, B. Huang, H. Xie, High-
performance electrosorption of lanthanum ion by Mn304-loaded phosphorus-
doped porous carbon electrodes via capacitive deionization, J. Environ. Manag.
358 (2024) 120856, https://doi.org/10.1016/J.JENVMAN.2024.120856.

Y. Ji, C. Sun, K. Bi, H. Tian, Y. Zhang, Fabrication of Fe-CoS,@N-doped C electrode
for highly efficient and durable electrosorption of Yb(III) from aqueous solutions,
Sep. Purif. Technol. 341 (2024) 126912, https://doi.org/10.1016/J.
SEPPUR.2024.126912.

Y. Jiang, J. Liu, Definitions of pseudocapacitive materials: a brief review, Energy
Environ. Mater. 2 (2019) 30-37, https://doi.org/10.1002/EEM2.12028.

L. Wang, Y. Gao, Y. Chai, X. Sun, Recovery of rare earth by electro-sorption with
sodium diphenylamine sulfonate modified activated carbon electrode, Sep. Purif.
Technol. 292 (2022) 121005, https://doi.org/10.1016/J.SEPPUR.2022.121005.
L. Wang, Y. Gao, X. Wang, Y. Chai, X. Sun, Efficient and sustainable electro-
sorption of rare earth by laser-induced graphene film, Sep. Purif. Technol. 300
(2022) 121853, https://doi.org/10.1016/J.SEPPUR.2022.121853.

H. Vapnik, J. Elbert, X. Su, Redox-copolymers for the recovery of rare earth
elements by electrochemically regenerated ion-exchange, J. Mater. Chem. A Mater.
9 (2021) 20068-20077, https://doi.org/10.1039/D1TA03334D.

T. Su, X. Fu, A. Wang, Y. Chai, X. Sun, An environment-friendly capacitive
deionization recovery strategy for rare-earth (La/Nd/Ce/Pr) ions based on nickel

13

[85]

[86]

[87]

[88]

[89]

[90]

[91]

Chemical Engineering Journal 531 (2026) 174048

foam, J. Environ. Chem. Eng. 12 (2024) 112287, https://doi.org/10.1016/J.
JECE.2024.112287.

K. Kim, A. Zagalskaya, J.L. Ng, J. Hong, V. Alexandrov, T.A. Pham, X. Su, Coupling
nitrate capture with ammonia production through bifunctional redox-electrodes,
Nat. Commun. 14 (1) (2023) 1-13, https://doi.org/10.1038/541467-023-36318-1.
K. Yang, I.M. Abu-Reesh, Z. He, Degradation of 4-chlorophenol through
cooperative reductive and oxidative processes in an electrochemical system,

J. Hazard. Mater. 442 (2023) 130126, https://doi.org/10.1016/J.
JHAZMAT.2022.130126.

W. Lai, Z. Li, J. Bai, L. Xiao, P. Zheng, L. Bai, Y. Yang, C. Liao, L. Shan, S. Luo, Acid-
resistant nanofiltration facilitated nonsaponified extraction of rare-earth elements,
Ind. Eng. Chem. Res. 62 (2023) 11930-11938, https://doi.org/10.1021/ACS.
IECR.3C01130.

Z. Lin, C. Zhang, P. Su, P. Qiao, J. Guo, Electrochemical membranes for rare earth
mine water treatment: sequential removal of rare earth ions and ammonia
nitrogen, J. Hazard. Mater. 489 (2025) 137668, https://doi.org/10.1016/J.
JHAZMAT.2025.137668.

W. Zhan, Y. Yuan, Q. Weng, Y. Pan, S. Song, J.L. Arauz-Lara, F. Jia, W. Zhang,
Enhanced trace gadolinium(III) extraction via tailored chemisorption on defect-
engineered molybdenum disulfide electrodes, Chem. Eng. J. 512 (2025) 162632,
https://doi.org/10.1016/J.CEJ.2025.162632.

M. Mao, Y. Qi, K. Lu, Q. Chen, X. Xie, X. Li, Z. Lin, L. Chai, W. Liu, Selective
capacitive recovery of rare-earth ions from wastewater over phosphorus-modified
TiO4 cathodes via an electro-adsorption process, Environ. Sci. Technol. 58 (2024)
14013-14021, https://doi.org/10.1021/ACS.EST.4C03241.

B. Ji, Q. Li, W. Zhang, Leaching recovery of rare earth elements from the
calcination product of a coal coarse refuse using organic acids, J. Rare Earths 40 (2)
(2022) 318-327.


https://doi.org/10.1016/J.CEJ.2019.02.119
https://doi.org/10.1016/J.ELECTACTA.2021.139735
https://doi.org/10.1016/J.JENVMAN.2024.120856
https://doi.org/10.1016/J.SEPPUR.2024.126912
https://doi.org/10.1016/J.SEPPUR.2024.126912
https://doi.org/10.1002/EEM2.12028
https://doi.org/10.1016/J.SEPPUR.2022.121005
https://doi.org/10.1016/J.SEPPUR.2022.121853
https://doi.org/10.1039/D1TA03334D
https://doi.org/10.1016/J.JECE.2024.112287
https://doi.org/10.1016/J.JECE.2024.112287
https://doi.org/10.1038/s41467-023-36318-1
https://doi.org/10.1016/J.JHAZMAT.2022.130126
https://doi.org/10.1016/J.JHAZMAT.2022.130126
https://doi.org/10.1021/ACS.IECR.3C01130
https://doi.org/10.1021/ACS.IECR.3C01130
https://doi.org/10.1016/J.JHAZMAT.2025.137668
https://doi.org/10.1016/J.JHAZMAT.2025.137668
https://doi.org/10.1016/J.CEJ.2025.162632
https://doi.org/10.1021/ACS.EST.4C03241
http://refhub.elsevier.com/S1385-8947(26)01507-X/rf9455
http://refhub.elsevier.com/S1385-8947(26)01507-X/rf9455
http://refhub.elsevier.com/S1385-8947(26)01507-X/rf9455

	Trends in electro-adsorption technologies for rare earth elements recovery: Materials, mechanisms, and future prospects
	1 Introduction
	2 Characteristics of REEs in aqueous systems
	2.1 Compositional complexity of primary and secondary leachates
	2.2 Challenges in selective separation from complex solutions

	3 Fundamentals and mechanisms of electro-adsorption
	3.1 Theoretical foundations of electro-adsorption
	3.2 Influence of electrode material properties on electro-adsorption
	3.2.1 Electrode material types and characteristics
	3.2.2 Pore structure and its influence on EDL formation
	3.2.3 Interfacial properties


	4 Performance, mechanisms, and operational factors of REE electro-adsorption
	4.1 Carbon-based electrodes and their functional modifications
	4.1.1 Pristine carbon-based electrodes and EDL dominance
	4.1.2 Heteroatom doped and chemical-electrochemical synergy

	4.2 Pseudocapacitive materials for REE recovery
	4.3 Membrane-coupled electrochemical systems for REE separation
	4.4 Environmental and techno-economic considerations

	5 Separation of REEs from coexisting impurities
	6 Desorption and reusability of electro-adsorption systems
	7 Challenges and future perspectives
	7.1 Sustainability and techno-economic viability
	7.2 Electrode material design
	7.3 Integration with other processes
	7.4 Material sustainability & anode utilization
	7.5 Current efficiency & product recovery
	7.6 System scaling & reactor engineering

	8 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	References


