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Abstract: Rare earth elements (REEs), comprising seventeen metallic elements, including lanthanides,

scandium, and yttrium, are indispensable for modern technological industries due to their unique

properties. However, their supply is critically risky for the European Union, with 95% of global

production concentrated in China, Brazil, Vietnam, Russia, India, and Australia. This mini-review

examines the adsorption of REEs onto pyrolytic carbon-based materials as a sustainable recovery

method from secondary raw materials. The review covers different types of carbon-based adsorbents

used in several research works, such as activated carbon, chars, and biochar, and discusses their

adsorption mechanisms and influencing factors. Comparative analyses of adsorption capacities high-

light the significance of surface area and functionalization in enhancing adsorption efficiency. Despite

promising results, the variability in adsorption performance due to experimental conditions and the

scarcity of real-world application studies are noticed. This review underscores the need for further

research using real e-waste leachates to validate the practical applicability of pyrolytic carbon-based

adsorbents for REEs’ recovery, aiming for an economically and environmentally sustainable solution.

Keywords: rare earth elements; adsorption; carbon materials; recovery; chars; activated carbons

1. Introduction

Rare earth elements (REEs) are a group of seventeen metallic elements with chemical
similarities, which include the lanthanide series (La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, and Lu), as well as Sc and Y. These elements are critical raw materials
(CRMs) for the technological industry in Europe and worldwide [1–3].

In its latest report on Critical Raw Materials for the European Union (EU), the European
Commission identified REEs as the most critical group (Figure 1), due to the highest supply
risk [1]. This was also recognized by the United States Department of Energy in their
Critical Materials Strategy [2,3]. The most critical REEs are dysprosium (Dy), europium
(Eu), neodymium (Nd), terbium (Tb), and yttrium (Y) [4].
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Figure 1. Economic importance and supply risk of CRM; REEs highlighted by red square markers;
Blue dots—Materials that lost CRM status; LREEs—light rare earth elements; HREEs—heavy rare
earth elements; adapted and sourced from [1,5].

REEs do not occur in nature as individual native metals due to their reactivity but in-
stead exist together in various ores and minerals, typically as minor constituents. Although
REEs can be found in a wide variety of minerals and ores, they are confined to specific
geological environments. This creates a problem for the supply risk level, as most REEs’
deposits are concentrated in a small group of countries, including China, Brazil, Vietnam,
Russia, India, and Australia [6]. Other reserves are scattered globally but account for less
than 1% of total world reserves. Currently, China produces nearly 80% of the global REE
demand, followed by Australia, with 15%, reinforcing the supply risk in Europe and the
USA, as 95% of production is met by just these two countries [4,6,7].

Table 1 highlights the importance of REEs due to their wide applicability in different
technologies and industrial sectors.

Table 1. Overview of major REE applications by industrial sector. Adapted and sourced from [1,6,8].

Industrial Sector Applications

Technology
Permanent magnets, lasers, optical glass, fiber optics, masers, radar detection

devices, nuclear fuel rods, mercury vapor lamps, highly reflective glass, computer
memory, nuclear batteries, and high-temperature superconductors

Electronics
TV screens, computers, cell phones, silicon chips, monitor displays, long-life
rechargeable batteries, camera lenses, light-emitting diodes (LEDs), compact

fluorescent lamps (CFLs), scanners, and propulsion systems

Medical sector
Portable X-ray machines, X-ray tubes, magnetic resonance imagery, contrast

agents, nuclear medicine imaging, cancer treatment applications, and genetic
screening tests

Renewable energy
Hybrid automobiles, wind turbines, rechargeable batteries, biofuel catalysts,

hydrogen storage, and fuel cells

Diverse manufacturing sectors
High-strength magnets, metal alloys, stress gauges, ceramic pigments, colorants,
chemical oxidizing agents, polishing powders, polymer production, metal alloy

strengthening-additive, and automotive catalytic converters
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REEs play an increasingly vital role in the transition to a sustainable, low-carbon,
and low-environmental-impact economy due to their unique magnetic, catalytic, and
phosphorescent properties. These properties make them critical resources for a wide
range of high-technology industries (Table 1), such as cell phones, televisions, and lamp
phosphors, as well as wind turbines and electric vehicles [6,7,9].

The EU has identified CRMs as materials of high economic and strategic importance
for its economy, with significant supply risks. CRMs are not considered critical due to
scarcity but rather for their economic importance in key sectors, high supply risk due to the
EU’s reliance on foreign sources, and the absence of viable substitutes due to their unique
properties and applications. The EU’s list of 51 CRMs includes REEs, highlighting their
critical nature [1].

To secure a sustainable supply of REEs, the EU must ensure a steady flow of these
materials and support high-tech industries and research centers in finding solutions [9–11].
This can be achieved through several approaches: diversifying and globalizing supply
chains, establishing new bilateral trade agreements, planning strategic reserves, adopting
more sustainable and economical extraction methods, increasing resource efficiency, and
promoting research initiatives [12]. In this context, developing pathways to recycle and
reuse CRMs, such as extracting precious materials from Waste Electrical and Electronic
Equipment (WEEE), is of particular relevance [1,9–11,13].

Pyrolytic carbon-based materials have surfaced as highly promising adsorbents for
the recovery of REEs from secondary raw materials, attributed to their specific properties,
versatility, and cost-effectiveness [8,9]. These materials, in which activated carbon, chars,
and biochars are included, possess high surface areas, abundant pore structures, and a
wide array of functional groups that promote the adsorption of REEs [8,14]. The porous
structure of these materials allows for a higher contact area that can interact with REE ions,
increasing their adsorption capacity [15]. Moreover, these adsorbents can be derived from
a variety of low-cost and sustainable sources, for instance, wastes, biowastes, biomass,
and other industrial by-products, which promote these materials as environmentally and
economically sustainable options for large-scale applications [16–18].

Activated carbons are produced by the pyrolysis of carbonaceous matrices followed by
an activation step (either physical or chemical) in which the morphology of the structure is
further developed, resulting in increased surface areas [19]. They have been widely studied
for their excellent adsorption capacities [20]. Similarly, biochar and chars, which are
yielded through the pyrolysis of biomass under inert atmosphere conditions, offer potential
advantages due to their environmental benefits and lower production costs [18,21,22]. The
presence of functional groups on these adsorbents’ surface, such as carboxyl, hydroxyl,
and phenolic groups, as well as their mineral content, play a pivotal part in the adsorption
of REE ions [21,23–26]. These materials not only sequester carbon but also provide a
sustainable method for waste management through their economic added value.

Given the critical need for resource recovery and the practical challenges associated
with the production and application of advanced carbon materials, this review focuses on
the adsorption of REEs using chars, activated carbons, and other simpler carbon materials.
By “simpler carbon materials”, we refer to those that are more readily available and cost-
effective, typically derived from biomass or other inexpensive precursors, and require less
complex production processes compared to advanced materials like carbon nanotubes
(CNTs), fullerenes, and graphene. This focus aligns better with the objectives of sustainable
resource recovery, emphasizing practical and scalable solutions for REE recovery. By
excluding more complex and harder-to-produce materials, the review ensures broader
applicability and feasibility in industrial processes. Nevertheless, some of these advanced
materials will be analyzed for comparison purposes.

This mini-review aims to provide a comprehensive overview of the current state of
research on the adsorption of REEs onto pyrolytic carbon-based materials. Specifically, it
will (i) evaluate the types of carbon-based adsorbents used for REE recovery, including
activated carbon, chars, and biochar; (ii) analyze the adsorption mechanisms and factors
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influencing adsorption efficiency; (iii) compare adsorption capacities of different carbon-
based materials; (iv) highlight the challenges and limitations in current research, especially
the variability in experimental conditions and the scarcity of real-world application studies;
and (v) suggest future research directions to enhance the practical applicability of pyrolytic
carbon-based adsorbents for sustainable and efficient REE recovery. To ensure a represen-
tative review, a systematic search of the available literature was performed. The search
covered publications from 2000 to 2024, using key terms such as (i) rare earth elements,
(ii) carbon-based materials, (iii) REE adsorption, (iv) REE recovery, (v) chars, (vi) biochar,
and (vii) activated carbon. The consulted databases were (i) Scopus, (ii) Web of Science,
(iii) Google Scholar, and (iv) PubMed.

By addressing these objectives, this review seeks to underline the potential of pyrolytic
carbon-based materials in contributing to a sustainable solution for REE recovery and to
encourage further research in this field.

2. Adsorption of Rare Earth Elements

The adsorption of REEs is scarcely reported in the literature [8,15,26]. Specifically,
studies on the adsorption of these metals onto porous carbon materials are even rarer, with
only a few available papers addressing this topic. Reports on the competitive adsorption
and dynamic adsorption of these lanthanides are even fewer.

Although adsorption processes can be considered sustainable and green, the type and
nature of the used adsorbent play a crucial role in the economic and environmental feasibil-
ity of this process. This review focuses on the adsorption of REEs onto waste-derived chars,
activated carbons, and other simpler carbon materials to maintain a sustainable approach
to tackling the problem at hand. Beyond carbon-based materials, other types of adsorbents
have been studied in the context of REE recovery or adsorption. Examples of these materi-
als include metal-organic frameworks, zeolites, clays, ion-exchange resins, and composite
materials [8,15,27]. Research on these materials offers alternative insights into adsorption
processes, with each being investigated for REE recovery in specialized applications.

Table 2 presents a summary of the current progress made toward the adsorption
of REEs using these carbon-based materials. This review highlights the importance of
these materials in promoting sustainable resource recovery, providing insights into their
adsorption capacities and practical applications.

Table 2. Adsorption of REEs using carbon-based materials.

Adsorbent
Type of

Adsorption
Assay

Tested
REE

Max. Adsorption
Capacity
(mg·g−1)

Recovery
Capacity (%)

SBET

(m2
·g−1)

pH
Temperature

(K)
Ref.

Functionalized
lignin-activated carbon Batch

Nd 335.5 100 837
2, 4, 6 Room [28]Functionalized

lignin-activated carbon
Dy 344.6 100 837

Spent coffee
physical-activated carbon Batch Dy 33.52 100 2330

3–5 303, 318, 333 [29]Spent coffee
chemical-activated

carbon
31.26 100 982

Commercial activated
carbon

Batch Nd 36.65 73 980 - 293 [30]

Multi-wall carbon
nanotubes from

crystalline nanocellulose
Batch Dy 48.14 100 - 2–7 290, 298, 208 [31]

Sawdust biochar
Batch

Nd 8.0 40
4.7

3 Room [32]
Sc 7.5 38

Commercial activated
carbon (CAC)

Nd 8.8 44
912Sc 8.5 42
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Table 2. Cont.

Adsorbent
Type of

Adsorption
Assay

Tested
REE

Max. Adsorption
Capacity
(mg·g−1)

Recovery
Capacity (%)

SBET

(m2
·g−1)

pH
Temperature

(K)
Ref.

Carbon black from recycled
tires

Batch

Nd 0.54

- 57 - 298, 313, 333,
353

[33]
La 0.34
Ce 0.70
Sm 0.55
Y 0.46

Commercial activated carbon
(CAC)

Batch Nd

19.1
-

711

5 293 [34]Oxidized CAC 50.8 761
EDTA Functionalized

oxidized CAC
71.4 741

Oxidized carbon nanofibers Column

La 18.1

- - 1–7 - [35]
Eu 17.6
Gd 14.2
Yb 19.1

PAN-grafted carbon
nanotubes–silica

Batch
La 103.5

- 107 1–6 296, 318 [36]Sc 112.7
Y 84.1

Carbon xerogel–chitosan
composite

Batch 163.9 - 275 0.5–6 298 [37]

Carbon nanoparticles Batch
Nd 0.45 99

1800 3 293 [38]La 0.51 99

PAM-activated carbon
composite Batch

Nd 9.88
- - - 298 [39]Ce 9.61

Gd 9.26

Commercial activated carbon

Batch

La 0.048

- 381

2–8 298 [40]

Yb 0.053
Lu 0.052
Eu 0.038
Y 0.057
Sc 0.069

KMnO4-modified commercial
activated carbon

La 0.071

- 346

Yb 0.084
Lu 0.075
Eu 0.097
Y 0.089
Sc 0.121

Oligo-grafted synthetic
mesoporous carbon Batch

Lu 9.57
- - - - [41]Dy 38.27

La 52.15

Commercial activated carbon
Batch Eu

20.0 - -
2–11 298 [42]graphene oxide nanosheets 161.3 120

Commercial activated carbon
Batch Sc

2.1
-

405
1–6 Room [43]Carbon nanotubes 37.9 227

Graphite oxide 36.5 175

Apricot stone char
Batch Eu

17.8
-

100

2–8 293, 313, 333 [25]
Activated carbon (H3PO4

activation)
29.3 554

Activated carbon (KOH
activation)

28.4 98

Schiff’s base-modified
activated carbon

Batch La 144.8 - 1–7 Room [24]

CMK-8 (ordered mesoporous
carbon)

Batch Sm
3.31

-
914

2.6 - [23]Oxidized CMK-8 22.3 933
DGO-grafted CMK-8 9.83 439
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Table 2. Cont.

Adsorbent
Type of

Adsorption
Assay

Tested
REE

Max. Adsorption
Capacity
(mg·g−1)

Recovery
Capacity (%)

SBET

(m2
·g−1)

pH
Temperature

(K)
Ref.

Spent tire-rubber char (A450)

Batch

Nd 10.0

-

74

- Room [14]

Dy 11.7

Spent tire-rubber char (B450) Nd 12.5
73Dy 13.1

Spent tire-rubber char (A900) Nd 32.8
75Dy 34.3

Spent tire-rubber char (B900) Nd 28.2
73Dy 32.8

Commercial activated carbon
Nd 12.8

1030Dy 10.8

Mesoporous carbon

Batch

La 2.0

-

594

- - [44]

Dy 1.8
Lu 1.6

Carboxylated mesoporous
carbon

La 4.3
438Dy 6.0

Lu 6.5

Soybean pod-activated
carbon

Batch
Ce 107.7 - 614 1–6

298, 308, 318,
328

[45]La 127.2

Wood-waste biochar Batch Ce 327.9 - 8.8 1–7
298, 308, 318,

328
[46]

Saha et al. investigated the adsorption of Nd and Dy using functionalized lignin AC.
Their study demonstrated that the adsorption capacity for Nd was 335.5 mg·g−1, and for
Dy, it was 344.6 mg·g−1. The functionalization enhanced the binding sites available for the
REEs, resulting in superior adsorption performance. The material had a specific surface
area (SBET) of 837 m2

·g−1 [28].
Alcaraz et al. explored the use of physically and chemically activated carbon from

spent coffee grounds for the removal of Dy. Their study found that the physically activated
carbon had an adsorption capacity of 33.52 mg·g−1 with an SBET of 2330 m2

·g−1, while the
chemically activated carbon had an adsorption capacity of 31.26 mg·g−1 with an SBET of
982 m2

·g−1 [29].
Qadeer studied the adsorption of Nd by applying commercial activated carbon. The

study found that the maximum uptake capacity for Nd was 36.65 mg·g−1 in the tested
conditions, and the SBET of the material was 980 m2

·g−1 [30].
Zheng et al. investigated the adsorption of Dy using multi-wall CNTs derived from

crystalline nano cellulose, which achieved an adsorption capacity of 48.14 mg·g−1 [31].
Komnitsas et al. studied the adsorption of Nd and Sc using sawdust biochar with

an SBET of 4.7 m2
·g−1. The adsorption capacities were found to be 8.0 mg·g−1 for Nd and

7.5 mg·g−1 for Sc [32].
Smith et al. explored the adsorption of various REEs using carbon black derived from

recycled tires with a surface area of 57 m2
·g−1. The adsorption capacities were 0.54 mg·g−1

for Nd, 0.34 mg·g−1 for La, 0.70 mg·g−1 for Ce, 0.55 mg·g−1 for Sm, and 0.46 mg·g−1

for Y [33].
Babu et al. studied the adsorption of Nd using various forms of commercial activated

carbons (CACs). The unmodified CAC showed an adsorption capacity of 19.1 mg·g−1, with
an SBET of 711 m2

·g−1. When oxidized, the adsorption capacity increased to 50.8 mg·g−1,
with an SBET of 761 m2

·g−1. The highest adsorption capacity was observed with EDTA-
functionalized oxidized CAC (EDTA—ethylenediaminetetraacetic acid), which achieved
71.4 mg·g−1 and an SBET of 741 m2

·g−1. This progression indicates the significant impact
of surface modification and functionalization on adsorption performance [34].

Chen et al. used oxidized carbon nanofibers for the adsorption of La, Eu, Gd, and Yb.
The adsorption capacities were 18.1 mg·g−1 for La, 17.6 mg·g−1 for Eu, 14.2 mg·g−1 for Gd,
and 19.1 mg·g−1 for Yb [35].
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Ramasamy et al. investigated the adsorption of La, Sc, and Y using PAN (1-(2-pyridylazo)-
2-naphthol)-grafted CNT–silica composites. The adsorption capacities were 103.5 mg·g−1 for
La, 112.7 mg·g−1 for Sc, and 84.1 mg·g−1 for Y, with an SBET of 107 m2

·g−1 [36].
Haggag et al. developed a carbon xerogel–chitosan composite for the adsorption of

REEs. The adsorption capacity was 163.9 mg·g−1, with an SBET of 275 m2
·g−1 [37].

Younis et al. investigated the adsorption of Nd and La using carbon nanoparticles
with an SBET of 1800 m2

·g−1. The adsorption capacities were 0.45 mg·g−1 for Nd and
0.51 mg·g−1 for La [38].

El-Masry et al. studied the adsorption of Nd, Ce, and Gd using a PAM-activated
carbon composite (PAM—polyacrylamide). The adsorption capacities were 9.88 mg·g−1

for Nd, 9.61 mg·g−1 for Ce, and 9.26 mg·g−1 for Gd [39].
Kano et al. investigated the adsorption of various REEs onto CAC modified with potas-

sium permanganate (KMnO4). The study showed that the KMnO4 modification enhanced
the adsorption capacities compared to unmodified CAC. For instance, the adsorption ca-
pacity for Sc increased from 0.069 mg·g−1 to 0.121 mg·g−1. Similarly, enhancements were
observed for other REEs, such as La, Yb, Lu, Eu, and Y, demonstrating the effectiveness of
KMnO4 modification in improving adsorption performance [40].

Gismondi et al. explored the adsorption of La, Dy, and Lu using oligo-grafted synthetic
mesoporous carbon. The adsorption capacities were 52.15 mg·g−1 for La, 38.27 mg·g−1 for
Dy, and 9.57 mg·g−1 for Lu [41].

Sun et al. investigated the adsorption of REEs using graphene oxide (GO) nanosheets.
The adsorption capacity was 161.3 mg·g−1 [42].

Kilian et al. conducted a comparative study on the sorption of Sc onto various carbon-
based materials. The adsorption capacity of CAC for Sc was found to be 2.1 mg·g−1, with an
SBET of 405 m2

·g−1. Additionally, the study included CNTs and GOs, which showed signifi-
cantly higher adsorption capacities of 37.9 mg·g−1 and 36.5 mg·g−1, respectively; however,
these materials were not the primary focus due to their production complexities [43].

Gad and Awwad explored the factors affecting the sorption/desorption of Eu using
various ACs. The apricot stone char exhibited an adsorption capacity of 17.8 mg·g−1, while
activated carbons with H3PO4 and KOH activation showed capacities of 29.3 mg·g−1 and
28.4 mg·g−1, respectively. These findings underscore the importance of activation methods
in enhancing the adsorption performance of carbon materials [25].

Marwani et al. studied the adsorption of La using Schiff’s base-modified AC. The
adsorption capacity was 144.8 mg·g−1 [24].

Perreault et al. investigated the adsorption of Sm using CMK-8, an ordered meso-
porous carbon. The adsorption capacity was 3.31 mg·g−1, with an SBET of 914 m2

·g−1.
Oxidized CMK-8 had an adsorption capacity of 22.3 mg·g−1, with an SBET of 933 m2

·g−1,
and DGO (diglycolylester)-grafted CMK-8 had an adsorption capacity of 9.83 mg·g−1, with
an SBET of 439 m2

·g−1 [23].
Nogueira et al. explored the use of pyrolytic carbon-based adsorbents derived from

spent-tire rubber for the recovery of Nd and Dy. Their study investigated different char
types produced at various temperatures. The spent tire-rubber char (A450) exhibited
adsorption capacities of 10.0 mg·g−1 for Nd and 11.7 mg·g−1 for Dy, while char (B450)
showed slightly higher capacities of 12.5 mg·g−1 for Nd and 13.1 mg·g−1 for Dy. Chars
produced at higher temperatures, such as A900 and B900, demonstrated significantly
enhanced adsorption capacities, with A900 adsorbing 32.8 mg·g−1 of Nd and 34.3 mg·g−1

of Dy, and B900 adsorbing 28.2 mg·g−1 of Nd and 32.8 mg·g−1 of Dy. These findings
highlight the influence of pyrolysis temperature on the adsorption performance of carbon
materials derived from waste rubber [14].

Saha et al. studied the adsorption performance of mesoporous carbon and a carboxy-
lated version of the same material and observed that the carboxylated material adsorbed
2-to-4 times the quantities of REEs when compared with its pristine version. This investi-
gation emphasized that although the carboxylated material had lower surface areas and
pore volumes than the pristine mesoporous carbon, the enhancement of REE uptake was
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undoubtedly caused by the carboxylate functionalization. They further evaluated the
recovery of REEs from coal fly-ash leachates [44].

Pinheiro et al. studied the adsorption of Ce and La onto soybean pod AC. The
material they produced was able to achieve maximum uptake capacities of 107.7 and
127.2 mg·g−1 for Ce and La, respectively. They also evaluated the recovery of these REEs
from phosphogypsum leachate [45].

A wood-waste biochar produced via the hydrothermal carbonization of Prunus serru-
lata bark was studied for the adsorption of Ce by Reis et al. [46]. Although the material has
a very low surface area (8.8 m2

·g−1), it was able to reach uptake capacities of 327.9 mg·g−1

due to surface precipitation resulting from the REE interaction with OH and COOH func-
tional groups, as well as surface complexation with hydroxyl groups on the biochar’s
surface. The material was also assayed for the recovery of Ce from phosphogypsum
leachate [46].

The maximum adsorption capacities (Figure 2 and Table 2) of REEs on various carbon-
based adsorbents fluctuate greatly depending on the surface area of the material, their
mineral composition, the surface chemistry, and the presence of grafted or added com-
pounds [27,47]. Functionalized lignin-activated carbon exhibits the highest adsorption
capacities for Nd and Dy, with values of 335.5 mg·g−1 and 344.6 mg·g−1, respectively,
and an SBET of 837 m2

·g−1. This high performance can be attributed to phosphorus func-
tionalization, which enhances the binding sites available for REEs, leading to a superior
adsorption performance [28,41].

In comparison, spent-coffee AC also shows high adsorption capacities, particularly
when physically activated, with an adsorption capacity of 33.52 mg·g−1 for Dy and an
exceptionally high SBET of 2330 m2

·g−1. However, the chemically activated version, while
still effective with a capacity of 31.26 mg·g−1 for Dy, has a significantly lower SBET of
982 m2

·g−1. This demonstrates that a higher surface area alone does not necessarily corre-
late with a higher adsorption capacity, as the type of activation and presence of functional
groups play crucial roles [29].

Carbon materials with specific modifications or grafting often show enhanced adsorption
capacities. For instance, PAN-grafted CNT–silica composites show high capacities (103.5 mg·g−1

for La and 112.7 mg·g−1 for Sc), with an SBET of 107 m2
·g−1, illustrating the significant impact

of grafting on adsorption performance despite a relatively lower surface area [36].
Carbon xerogel–chitosan composites and GO nanosheets also highlight the importance

of functionalization [37,42]. The xerogel–chitosan composite has an adsorption capacity
of 163.9 mg·g−1, with an SBET of 275 m2

·g−1, while GO nanosheets, with an SBET of
120 m2

·g−1, achieve an adsorption capacity of 161.3 mg·g−1. These examples underscore
that specific functional groups, such as hydroxyl, and oxygen-containing groups, as well
as composite structures such as the ones found in chitosan composites, can dramatically
enhance adsorption capacities, sometimes even more than materials with larger surface
areas but without such chemical modifications.

Conversely, materials like carbon black from recycled tires, with an SBET of 57 m2
·g−1,

show much lower adsorption capacities (0.54 mg·g−1 for Nd). This indicates that without
functionalization, grafting, or intrinsic mineral content, materials with lower surface areas
tend to have reduced adsorption capabilities [33]. Comparatively, chars from spent-tire
rubber with similar low surface areas (74 m2

·g−1) exhibit higher adsorption capacities
(32.8 mg·g−1 for Nd) due to the presence of metals in their matrix [14] that can participate
in an ion-exchange mechanism. Similarly, the ordered mesoporous carbon (CMK-8) shows
a significant increase in adsorption capacity when oxidized (22.3 mg·g−1) compared to its
non-oxidized form (3.31 mg·g−1), despite a minor increase in surface area (from 914 m2

·g−1

to 933 m2
·g−1) [23].

In summary, while surface area is a critical factor in determining the adsorption capac-
ity of carbon-based materials for the adsorption of REEs, the presence of functional groups,
grafted compounds, or mineral content often plays a more pivotal role in the adsorption
mechanisms. Materials with lower surface areas but significant functionalization or grafting
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can outperform those materials with higher surface areas but no modifications, highlighting
the importance of chemical modifications in enhancing adsorption performance.

Figure 2. Maximum adsorption capacity of all the reviewed adsorbents; References: (a)—[14];
(b)—[23]; (c)—[24]; (d)—[25]; (e)—[28]; (f)—[29]; (g)—[30]; (h)—[31]; (i)—[32]; (j)—[33]; (k)—[34];
(l)—[36]; (m)—[38]; (n)—[39]: (o)—[40]; (p)—[41]; (q)—[42]; r—[43]; (s)—[44]; (t)—[45]; (u)—[46].
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3. Adsorption Mechanisms and Influencing Factors

The adsorption of REEs onto carbon-based materials involves several mechanisms
(Figure 3), each contributing to the overall adsorption capacity and efficiency [8,26,47].
Understanding these mechanisms is crucial for optimizing the design and application of
adsorbents. The primary adsorption mechanisms include the following:

i. Physical adsorption: Physical adsorption, also known as physisorption, is driven by
van der Waals forces and other weak bonds. It occurs when REE ions are attracted to
the surface of the carbon-based adsorbent without any chemical bonding. This type
of adsorption is usually reversible and depends on the surface area and pore structure
of the adsorbent [6,8].

ii. Electrostatic interactions: Electrostatic interactions involve the formation of strong
chemical bonds between REE ions and the functional groups on the surface of the
carbon material. This process is usually irreversible and results in a stronger attach-
ment of the REEs to the adsorbent. Functional groups such as carboxyl, hydroxyl,
and phenolic groups play a crucial role in electrostatic interactions, enhancing the
adsorption capacity by providing specific binding sites for REEs [28,29,41].

iii. Ion exchange: Ion exchange is a process where REE ions in solution replace other ions
on the surface of the adsorbent. This mechanism is highly dependent on the pH of
the solution and the presence of ionizable functional groups on the adsorbent. Ion
exchange is particularly effective in materials such as modified activated carbons,
chars, and biochars that have been functionalized to enhance their ion-exchange
capacities or are rich in mineral content that can perform ionic exchange [14,34,35].

iv. Complexation: Complexation involves the formation of coordination complexes
between REE ions and functional groups on the adsorbent surface. This mecha-
nism is influenced by the type and availability of functional groups, such as amino,
carboxyl, and phosphonic groups. Complexation often leads to the formation of
stable REE–ligand complexes, significantly enhancing the adsorption capacity of the
material [28,29,34].

v. Precipitation: Precipitation occurs when REE ions react with functional groups or
counter-ions present on the adsorbent surface, leading to the formation of insoluble
REE compounds that deposit onto the adsorbent. This mechanism is typically influ-
enced by factors such as pH, ion concentration, and the presence of specific anions,
which can form insoluble REE salts. Precipitation can enhance the overall adsorption
efficiency by reducing the concentration of REE ions in solution, particularly under
conditions that favor the formation of stable precipitates [48,49].

Several factors affect the efficiency of REE adsorption onto carbon-based materials.
These factors include the following:

i. Surface area: The surface area of the adsorbent is a critical factor influencing adsorp-
tion capacity. Materials with higher surface areas usually provide more adsorption
sites, leading to greater adsorption capacities [38,42].

ii. Pore size distribution: The pore size distribution of the adsorbent affects the accessibil-
ity of REE ions to the adsorption sites. Micropores (pores < 2 nm) contribute to high
adsorption capacities by providing a large surface area, while mesopores (2–50 nm)
and macropores (>50 nm) facilitate the diffusion of REE ions into the interior of the ad-
sorbent. Optimal pore size distribution ensures efficient utilization of the adsorbent’s
surface area [32,33].
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Figure 3. Schematic of the main adsorption mechanisms of REEs onto pyrolytic carbon-based adsor-
bents; Arrows represent the interactions between the adsorbent and REE ions; adapted from [48,50].

iii. Functional groups: The presence and type of functional groups on the surface of the
adsorbent materials characterize the chemical nature of the surface and are crucial
for their adsorption capacity. Functional groups such as carboxyl, hydroxyl, and
amino groups enhance adsorption capacity through chemisorption, ion exchange,
and complexation mechanisms. Recent studies have demonstrated that surface
functionalization of carbon materials can significantly improve adsorption perfor-
mance by introducing or increasing these functional groups [48,49,51]. Modifications
such as the addition of oxygen-containing groups (e.g., carboxyl and hydroxyl),
nitrogen-containing groups (e.g., amine and imine), and phosphorus-containing
groups (e.g., phosphonate) have been shown to enhance adsorption by providing
more active and selective binding sites for REEs [34,36]. Carboxyl (-COOH) groups
enhance ion exchange and complexation by ionizing in aqueous solutions, particularly
at neutral-to-alkaline pH. The resulting R-COO− attracts REE ions via electrostatic
interactions and can form coordination bonds that can improve adsorption capacities.
Hydroxyl (-OH) groups contribute to adsorption by forming hydrogen bonds and
deprotonating in alkaline conditions, allowing strong interactions with REE ions.
They boost the adsorption of metal ions by facilitating surface complex formation
and increasing adsorbent hydrophilicity. Nitrogen-containing groups such as amino
(-NH2) and imine (-C=NH) groups enhance adsorption through coordination bonds,
where nitrogen donates electrons to form stable complexes with REEs. Phosphonate
(-PO3H2) groups offer multiple binding sites, forming stable chelate complexes with
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metal ions. Other functional groups, such as carbonyl (-C=O) and ether (-C-O) groups,
also enhance metal adsorption by forming surface complexes. The functionalization
of carbon materials with these groups not only increases the adsorption capacity but
also improves selectivity in the presence of competing metal ions. Molecular-level
studies indicate that these modifications enhance the coordination environment for
REEs, leading to stronger and more stable adsorption. Furthermore, advanced surface
modifications, such as grafting ligands or chelating agents onto carbon-based adsor-
bents, can further boost adsorption efficiency by creating highly selective binding
sites for REEs.

iv. pH: The pH of the solution influences the ionization state of both the REE ions and
the functional groups on the adsorbent. At low pH, hydrogen ions compete with REE
ions for adsorption sites, reducing adsorption efficiency. Conversely, at higher pH
values, the functional groups are more ionized, enhancing their ability to bind REE
ions. Optimal pH conditions must be determined for each adsorbent–REE system to
maximize adsorption efficiency [37,40].

v. Temperature: Temperature affects the kinetics and equilibrium of the adsorption
process. Higher temperatures typically increase the diffusion rate of REE ions into the
pores of the adsorbent, potentially enhancing the adsorption capacity, particularly for
endothermic adsorption processes where heat absorption facilitates ion interaction
and binding [52]. However, extreme temperatures can also disrupt the stability of
adsorbent-REE interactions, particularly in chemisorption and complexation pro-
cesses [42,43]. Conversely, in exothermic adsorption processes, where heat is released,
higher temperatures can disrupt the stability of adsorbent-REE interactions and de-
crease adsorption capacity [53]. Therefore, the effect of temperature on adsorption
efficiency depends on whether the adsorption process is exothermic or endothermic,
with each mechanism exhibiting distinct behaviors under varying thermal conditions.

vi. Presence of competing ions: The presence of other ions in solution can compete with
REE ions for adsorption sites, affecting the selectivity and capacity of the adsorbent.
For example, the presence of common metal ions like calcium and magnesium can
reduce the adsorption efficiency of REEs. Understanding the competitive adsorp-
tion behavior is essential for developing selective adsorbents for REE recovery from
complex matrices [14,25,40].

By optimizing these factors, the adsorption efficiency of carbon-based materials
for REEs can be significantly enhanced, contributing to more effective and sustainable
recovery processes.

4. Batch versus Dynamic Adsorption Assays

Batch adsorption assays are based on mixing a known mass of adsorbent with a
solution containing specific concentrations of adsorbate. The mixture is then agitated
for a determined time, allowing the adsorbate to interact with the adsorbent until the
adsorption equilibrium is reached. Afterward, the adsorbate concentration remaining in
the solution is quantified, and the adsorption capacities of the materials are determined
this way [54–57]. A majority of the studies on the adsorption of REEs onto carbon-based
materials are performed in batch conditions, as evidenced by Table 2.

The benefits of applying batch conditions to these assays are as follows:

i. Simplicity and convenience: These assays are very straightforward to perform, requir-
ing only basic equipment, such as a vessel to hold the mixture, a means to agitate or
shake the mixture, and a system to separate the adsorbent from the mixture after the
equilibrium is reached (filtration or centrifugation).

ii. Controlled conditions: The factors that control the adsorption processes, such as
pH, temperature, and initial adsorbate concentrations, can be easily controlled and
adjusted, facilitating the comprehension of their effects on the adsorption processes.
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iii. Basic kinetic and isotherm data: This type of adsorption assay allows users to obtain
basic kinetic and isotherm data that provide a fundamental understanding of the
adsorption process.

iv. Cost-effectiveness: The batch mode is relatively inexpensive when compared to
dynamic assays, as it requires less equipment, as well as lower quantities of adsorbent
and adsorbate.

Nevertheless, batch adsorption studies also suffer from some limitations, such as
the following:

i. Equilibrium limitations: Batch assays assume equilibrium conditions, which may
not correctly reflect the dynamic nature of the adsorption process under industrial-
scale processes.

ii. Limited information: They provide limited information on the complex dynamics of
the adsorption processes over time. For example, diffusional constraints cannot be
assessed through batch assays.

iii. Scale-up challenges: The results obtained from batch assays rarely correlate to large-
scale and/or industrial processes, thus hindering the upscaling of the application
of these materials into real-stream scenarios. Only in very limited situations, the
industrial processes are running in completely mixed systems, as occurs in batch
adsorption assays.

On the other hand, dynamic adsorption assays, also known as column assays, rely on
circulating the adsorbate solution through a column filled with adsorbent materials [58].
The effluent is then collected at the output of the column, over time, and the adsorbate con-
centration is then quantified to determine the adsorption capacities and kinetics [54–56,59].
The available literature in which dynamic assays were performed is very scarce concerning
REEs’ adsorption, with only one study in this review being conducted in this manner, as
can be seen in Table 2.

The major advantages of dynamic assays are as follows:

i. Realistic conditions: Column assays simulate continuous flow conditions, which
provide a more realistic representation of industrial processes while providing better
insights into real-world applications.

ii. Kinetic information: These dynamic studies offer detailed information on adsorption
kinetics, breakthrough performances, and mass transfer characteristics.

iii. Scalability: Contrary to batch studies, dynamic assays have a higher correlation with in-
dustrial processes, facilitating the scale-up and design of large-scale adsorption systems.

The limitations of the application of dynamic adsorption assays are as follows:

i. Complexity: This type of adsorption assay requires more sophisticated equipment,
such as columns, pumps, piping, and collectors, resulting in more complex setups
that are harder to implement.

ii. Higher costs: Following the previous point, these more complex systems are more
expensive and incur higher operating costs due to the need for continuous operation
and larger quantities of adsorbates.

iii. Operational challenges: With higher complexity comes more opportunities for op-
eration problems to appear and hinder the success of these assays. Factors such as
column clogging, channeling, development of preferable pathways, and pressure
drops can affect the performance and accuracy of dynamic assays.

Both batch and dynamic adsorption assays have their distinct advantages and lim-
itations [55]. Batch assays are ideal for preliminary studies and understanding basic
adsorption characteristics under controlled conditions. In contrast, dynamic assays are
essential for investigating the practical applicability of adsorbents in continuous systems,
providing insights into adsorption kinetics and scalability. For the adsorption of REEs onto
carbon-based materials, employing both batch and dynamic assays can offer a comprehen-
sive understanding of the involved processes. Initial batch studies can identify promising
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adsorbents and optimal conditions, while dynamic assays can validate these findings under
continuous flow conditions, simulating real-world applications.

Incorporating both batch and dynamic adsorption assays in research provides a
more suitable approach to evaluating the performance of carbon-based adsorbents for
REE recovery. Future studies should aim to bridge the gap between laboratory-scale
experiments and real-world applications, ensuring the development of economically and
environmentally sustainable adsorption processes.

5. Adsorption Isotherms, Kinetic, and Breakthrough Models

The articles reviewed employ various adsorption isotherm and kinetic models to
describe and analyze the adsorption behavior of REEs onto carbon-based materials. As
stated in the previous section, most studies only performed batch assays, resulting in
only batch models being applied. The most used models include the Langmuir and
Freundlich isotherm models [60–63], as well as pseudo-first-order and pseudo-second-order
kinetic models [24,63–66]. These models contributed to the understanding of adsorption
mechanisms and the efficiency of different adsorbents.

5.1. Batch Isotherm Models

The Langmuir isotherm model assumes monolayer adsorption onto a surface with a
finite number of identical sites [61–63,67]. It is described by Equation (1):

qe =
qm·KL·Ce

1 + KL·Ce
(1)

where qe is the amount of adsorbate adsorbed per unit mass of adsorbent (mg·g−1), qm is
the maximum adsorption capacity (mg·g−1), KL is the Langmuir constant related to the
affinity of binding sites (L·mg−1), and Ce is the equilibrium concentration of adsorbate
(mg·L−1).

The Freundlich isotherm model, on the other hand, is an empirical model that assumes
adsorption on heterogeneous surfaces [61–63,68]. It is described by Equation (2):

qe = KF·C
1/n
e (2)

where KF (mg·g−1)(mg·L−1)n and n (dimensionless) are the Freundlich constants indicative
of adsorption capacity and adsorption intensity, respectively; and Ce is the equilibrium
concentration of adsorbate (mg·L−1).

More advanced and mechanistic batch isotherm models also exist, such as the Sips
isotherm model, however, no study presented in this review applied it. The Sips isotherm
model is a hybrid model that combines the Langmuir and Freundlich isotherms, useful for
predicting heterogeneous adsorption systems at high adsorbate concentrations [69]. It is
described by Equation (3):

qe =
qm · (KS · Ce)

1/n

1 + (KS · Ce)
1/n

(3)

where qm is the maximum adsorption capacity (mg·g−1), Ce is the equilibrium concentration
of adsorbate (mg·L−1), KS (mg·L−1) is the Sips constant, and n (dimensionless) is the
heterogeneity factor.

5.2. Batch Kinetic Models

The pseudo-first-order kinetic model is based on the assumption that the rate of
occupation of adsorption sites is proportional to the number of unoccupied sites [63–66,70].
It is represented by Equation (4):

qt = qe·

[

1 − e−k f ·t
]

(4)
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where qt is the amount of adsorbate adsorbed at time t (mg·g−1), qe is the amount of
adsorbate adsorbed at equilibrium (mg·g−1), and k f is the rate constant of the pseudo-first-
order adsorption (min−1).

The pseudo-second-order kinetic model assumes that the rate of adsorption is pro-
portional to the square of the number of unoccupied sites [64–66,71]. It is described by
Equation (5):

qt =
ks·q

2
e ·t

1 + qe·ks·t
(5)

where ks is the rate constant of the pseudo-second-order adsorption (g·mg−1
·min−1).

The Elovich, the Weber–Morris intra-particle diffusion, and the Avrami kinetic models
offer additional advanced ways to model the experimental data obtained from the adsorp-
tion assays, but they were not applied in the studies presented in this review. The Elovich
kinetic model describes the kinetics of chemisorption processes, particularly for systems
with heterogeneous surfaces [72,73]. It is described by Equation (6):

dqt

dt
= α·e(−βqt) (6)

where qt is the amount of adsorbate adsorbed at time t (mg·g−1), and α (mg·g−1
·min−1)

and β (g·mg−1) are constants.
The Weber–Morris intra-particle diffusion model is used to identify the rate-controlling

steps in the adsorption process by considering intra-particle diffusion [74,75]. It is described
by Equation (7):

qt = kid·t
0.5 + C (7)

where qt is the amount of adsorbate adsorbed at time t (mg·g−1), kid (mg·g−1
·min−0.5) is

the intra-particle diffusion rate constant, and C (mg·g−1) is the intercept, which represents
the boundary layer effect.

The Avrami kinetic model describes the kinetics of phase change processes and can be
adapted for adsorption kinetics [76]. It is described by Equation (8):

qt = qm·(1 − e(−kA·t
n)) (8)

where qt is the amount of adsorbate adsorbed at time t (mg·g−1), qm is the maximum adsorp-
tion capacity (mg·g−1), kA (min−n) is the Avrami rate constant, and n is the Avrami exponent.

5.3. Breakthrough Models

Dynamic adsorption studies normally revolve around column assays and use different
models to describe the breakthrough curves and the mass transfer processes. The most
commonly used models are the Thomas model, the Yoon–Nelson model, and the Bohart–
Adams model. The Thomas model assumes plug flow behavior in the column and uses
pseudo-first-order reaction kinetics to describe the adsorption process [55,77,78]. It is
described by Equation (9):

ln
(

C0

Ct
− 1

)

= kTh·q0·W − kTh·C0·t (9)

where C0 is the influent adsorbate concentration (mg·L−1), Ct is the effluent adsorbate
concentration (mg·L−1) at time t, kA is the Thomas rate constant (L·mg−1

·min−1), kA is the
maximum solid-phase concentration (mg·g−1), and W is the mass of adsorbent (g).

The Yoon–Nelson model simplifies the adsorption process by assuming that the
probability of adsorbate breakthrough is proportional to the adsorbed amount [59,79,80]. It
is described by Equation (10):

ln
(

Ct

C0 − Ct

)

= kYN ·t − τ (10)
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where C0 is the influent adsorbate concentration (mg·L−1), Ct is the effluent adsorbate
concentration (mg·L−1) at time t, kYN is the rate constant (min−1), and τ is the time required
for breakthrough (min).

The Bohart–Adams model assumes that adsorption is controlled by the surface reaction
between the adsorbate and adsorbent [59,81,82]. It is described by Equation (11):

ln
(

Ct

C0

)

= kBA·C0·t − kBA·N0·Z (11)

where Ct is the effluent adsorbate concentration (mg·L−1) at time t, C0 is the influent
adsorbate concentration (mg·L−1), kBA is the rate constant (L·mg−1

·min−1), N0 is the
adsorption capacity per unit of volume (mg·L−1), and Z is the bed depth (cm).

5.4. Model Comparisons and Data Fitting

Table 3 presents the isotherm and kinetic model data that better fit the experimental
data from the works studied in this review.

Table 3. Kinetic and isotherm model data; PFO, pseudo-first order; PSO, pseudo-second order;
IDM, intra-particle diffusion model.

Adsorbent
Tested

REE
Isotherm

Model
Isotherm Constant

Value
Kinetic
Model

Kinetic Constant Value Ref.

Functionalized lignin-activated carbon Nd - -
PSO 1.14 × 10−4 g·mg−1

·min−1

[28]IDM 24 mg·g−1
·min−1/2

Functionalized lignin-activated carbon Dy PSO 3.39 × 10−4 g·mg−1
·min−1

Spent coffee physical-activated carbon Dy Langmuir 6.42
L·mg−1 PSO

1.017
×10−3 [29]Spent coffee chemical-activated carbon 10.50 1.232

Commercial activated carbon Nd Langmuir 3.49 L·g−3 PFO 0.138 min−1 [30]

Multi-wall carbon nanotubes from
crystalline nanocellulose

Dy Langmuir 0.64 L·g−3 PSO 0.093 g·mg−1
·min−1 [31]

Sawdust biochar
Nd

Freundlich
- PSO

0.875

g·mg−1
·min−1 [32]

Sc 2.723

Commercial activated carbon (CAC)
Nd 2.258

Sc 13.79

Carbon black from recycled tires

Nd

Langmuir

18.8

L·mol−1 PSO

0.136

g·mg−1
·min−1 [33]

La 51.4 0.111
Ce 30.2 0.516
Sm 19.3 0.098
Y 6.1 0.107

Commercial activated carbon (CAC)
Nd Langmuir

-
L·mg−1 PSO

-
g·mg−1

·min−1 [34]Oxidized CAC - -
EDTA-functionalized oxidized CAC 0.130 0.042

Oxidized carbon nanofibers

La

- - - - [35]
Eu
Gd
Yb

PAN-grafted carbon nanotubes–silica
La

Langmuir - PSO - [36]Sc
Y

Carbon xerogel–chitosan composite - Freundlich 25.2 L·mg−1 PSO 1.35 × 10−4 min−1 [37]

Carbon nanoparticles Nd - - - - [38]La

PAM-activated carbon composite
Nd

- - PSO
0.312

g·mg−1
·min−1 [39]Ce 0.315

Gd 0.147
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Table 3. Cont.

Adsorbent
Tested

REE
Isotherm

Model
Isotherm Constant

Value
Kinetic
Model

Kinetic Constant Value Ref.

Commercial activated carbon

La

Langmuir

0.291

L·µg−1 PSO

0.776

10−2
·g·µg−1

·min−1 [40]

Yb 0.250 0.126
Lu 0.257 0.236
Eu 0.378 0.378
Y 0.182 0.471
Sc 0.330 0.942

KMnO4-modified commercial activated
carbon

La 1.110 1.560
Yb 0.612 1.800
Lu 1.780 1.990
Eu 1.760 2.410
Y 0.601 1.630
Sc 1.220 1.900

Oligo-grafted synthetic mesoporous
carbon

Lu
- - - - [41]Dy

La

Commercial activated carbon
Eu Langmuir 0.398

L·mg−1 - - [42]Graphene oxide Nanosheets 0.185

Commercial activated carbon
Sc - - IDM

0.32
10−2

·g·mg−1
·min−1 [43]Carbon nanotubes 0.27

Graphite oxide 0.22

Apricot stone char
Eu Langmuir

-
L·mg−1

- -
g·mg−1

·min−1 [25]Activated carbon (H3PO4 activation) 0.034 PSO 0.034
Activated carbon (KOH activation) - - -

Schiff’s base-modified activated carbon La Langmuir 0.1 L·mg−1 PSO 0.004 g·mg−1
·min−1 [24]

CMK-8 (ordered mesoporous carbon)
Sm Langmuir

0.480
L·mg−1 PSO

368.25
g·mg−1

·min−1 [23]Oxidized CMK-8 0.080 2.89
DGO-grafted CMK-8 0.660 9.26

Spent tire-rubber char (A450) Nd

Langmuir

0.937

L·mg−1 PSO

0.003

g·mg−1
·min−1 [14]

Dy 0.147 0.032

Spent tire-rubber char (B450) Nd 0.948 0.006
Dy 0.232 0.013

Spent tire-rubber char (A900) Nd 0.763 0.073
Dy 0.656 0.049

Spent tire-rubber char (B900) Nd 0.254 0.020
Dy 0.317 0.022

Commercial activated carbon
Nd 0.155 1.070
Dy 0.256 0.758

Mesoporous carbon
La

- - - - [44]

Dy
Lu

Carboxylated mesoporous carbon
La
Dy
Lu

Soybean pod-activated carbon Ce Langmuir 0.224
L·mg−1 PSO

0.006
g·mg−1

·min−1 [45]La 0.226 0.005

Wood-waste biochar Ce Langmuir 0.660 L·mg−1 PFO 0.037 min−1 [46]

Many studies, such as those by Alcaraz et al. [29], found that the Langmuir isotherm
model provided a better fit to their experimental data, suggesting monolayer adsorption
on a homogeneous surface. For instance, Alcaraz et al. [29] reported high correlation
coefficients (R2) for the Langmuir model, indicating that spent coffee-activated carbons
absorb REEs in a monolayer fashion. This fit reflects the high adsorption capacities observed
for Dy (33.52 and 31.26 mg·g−1).

Conversely, some studies, such as those by Komnitsas et al. [32], using sawdust biochar,
found that the Freundlich isotherm model better described their adsorption data, indicating
adsorption on a heterogeneous surface with varying affinities. This model fit correlates
with the lower adsorption capacities (8.0 mg·g−1 for Nd and 7.5 mg·g−1 for Sc), as it reflects
a more diverse range of adsorption sites with differing strengths.
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Regarding kinetic models, the pseudo-second-order model generally provided a better
fit for the adsorption processes studied, as seen in Table 3. The superior fit of this model
suggests that chemisorption, involving valence forces through the sharing or exchange of
electrons between adsorbent and adsorbate, is the rate-limiting step. For example, the high
adsorption capacities of 33.5 mg·g−1 for Nd and 344.6 mg·g−1 for Dy on functionalized
lignin-activated carbon [28] align well with the pseudo-second-order model, reflecting the
strong chemical interactions between the adsorbate and the functionalized adsorbent.

Concerning breakthrough models applied to the adsorption of REEs onto carbon-
based materials, no data are available, as the only dynamic study present in this review, the
one performed by Chen et al. [35], did not model the experimental data they obtained in
the performed assays.

The fitting of these models to the experimental data is crucial for understanding the
adsorption mechanisms and predicting adsorption performance. Materials that align well
with the Langmuir model, such as functionalized lignin-activated carbon and phosphorus-
functionalized nanoporous carbon, tend to exhibit high adsorption capacities due to the
uniform and high-affinity binding sites. In contrast, materials described by the Freundlich
model, like sawdust biochar, demonstrate lower capacities, indicating more variable site
affinities and less efficient adsorption.

The use of the pseudo-second-order kinetic model in many studies highlights the
importance of chemical interaction in achieving high adsorption capacities. Adsorbents that
exhibit strong chemical interactions with REEs, facilitated by functional groups, grafting, or
mineral content, tend to show higher adsorption capacities and better fit this kinetic model.

Understanding the models used in batch and dynamic adsorption studies is crucial for
interpreting experimental data and optimizing adsorption processes [61,83]. Batch models,
like Langmuir and Freundlich, and advanced models, such as Sips, Elovich, Weber–Morris,
and Avrami, provide insights into the adsorption capacity and surface characteristics
of adsorbents. Kinetic models help in understanding the rate-controlling steps of the
adsorption process. Dynamic models, on the other hand, are essential for designing and
scaling up adsorption systems for real-world applications. Models like Thomas, Yoon–
Nelson, and Bohart–Adams provide valuable information on the breakthrough behavior
and mass transfer processes in fixed-bed columns.

Incorporating both batch and dynamic models in research allows for a comprehen-
sive evaluation of carbon-based adsorbents for REEs’ recovery. This approach not only
helps in identifying the best adsorbents under controlled conditions but also validates
their performance in continuous flow systems, paving the way for practical and scalable
adsorption processes. By integrating these models, researchers can develop more efficient
and economically viable methods for the recovery of REEs.

6. Post-Adsorption Processes for Rare Earth Elements on Carbon-Based Materials

Following the adsorption of REEs onto carbon-based materials, the most common
pathway is desorption assays, which are used to assess the efficiency and feasibility of the
recovery process.

Desorption involves the removal of the adsorbed REEs from the carbon materials,
typically achieved through chemical treatments or changes in solution conditions, such as
the pH, ionic strength, or temperature [27,84].

For instance, Gad and Awwad conducted desorption studies on Eu using AC, demon-
strating that the desorption efficiency is significantly influenced by the choice of desorbing
agent and the operational parameters, such as the pH and contact time [25]. Similarly, Babu
et al. studied the desorption of REEs on EDTA-functionalized ACs to desorb REEs using
HCl solutions (0.01 M to 1 M), showcasing the potential for multiple adsorption-desorption
cycles without significant loss in capacity [34].

Also, Marwani et al. studied the desorption of La using HCl solutions, reporting
that higher HCl concentrations would improve the amount of REE desorbed from the
carbon materials [24]. Perreault et al. evaluated the efficiency of REE desorption using



Processes 2024, 12, 2257 19 of 26

oxalate solutions ((NH4)2C2O4) and found that this method was able to desorb around
80% of the REEs from the carbon material, and after five cycles, the adsorption efficiency
decreased by 10% [23]. Haggag et al. investigated seven different chemical compounds
(HCl, H2SO4, HNO3, Na2CO3, NaCl, Na2SO4, and CH3COONa) for REEs’ desorption,
and their results showed that HCl was the best desorption agent, with a REE desorption
efficiency of 98.2% [37].

Another pathway for the utilization of carbon-based materials loaded with REEs, at
the post-adsorption, is the repurposing of these materials as catalysts for various chem-
ical reactions [85,86]. The unique properties of REEs, such as their redox behavior and
ability to stabilize high oxidation states, make them excellent candidates for catalytic pro-
cesses [85,86]. For example, Gong et al. studied a REE-loaded AC as a catalyst for the
selective catalytic reduction of NO with NH3, leveraging the catalytic capabilities of REEs
to enhance reaction rates and efficiencies [87]. El-Khouly et al. also studied the photocat-
alytic properties of a REE-loaded AC. This study focused on Ce-loaded peach stone AC
as a catalyst for the photodegradation of Maxilon Red dye. The authors reported that the
REE-loaded AC improved the catalytic performance owing to its wide band-gap energy
and redox reactions [88]. Chu et al. reported that REE-loaded carbon black was an efficient
electrocatalyst for oxygen reduction reactions in proton-exchange membrane fuel cells due
to their high stability and activity [89].

Carbon materials loaded with REEs can also be utilized in environmental remedia-
tion [90]. These materials can serve as adsorbents for further purification of water and
air, capturing additional contaminants through a synergistic adsorption process. The REE-
loaded carbon materials, such as those investigated by Yu et al., where a Ce-loaded AC
was studied for the removal of arsenate and arsenite from wastewaters, suggest that these
materials have the potential to be applied for water decontamination [91].

In summary, after the adsorption of REEs onto carbon-based materials, several post-
adsorption processes, such as desorption assays, catalytic applications, environmental
remediation, and regeneration, are employed to maximize the utility and sustainability of
the materials. These processes not only enhance the recovery of valuable REEs but also
extend the functional lifespan of the carbon-based adsorbents.

7. Future Directions: Synthetic Solutions versus Real Leachates

Most studies investigating the adsorption of REEs onto carbon-based materials have
utilized synthetic solutions, as evidenced by this review, where controlled concentrations
of individual REEs or mono-component solutions are prepared in the laboratory. These
synthetic solutions provide a simplified and controlled environment that allows researchers
to isolate and examine the adsorption capacities, kinetics, and isotherm models of specific
adsorbents without interference from other compounds. For example, Saha et al. [41],
Alcaraz et al. [29], and Nogueira et al. [14] conducted their experiments using synthetic
solutions of Nd and Dy, which helped precisely determine the adsorption capacities of
the functionalized lignin-activated carbon, spent coffee-activated carbon, and spent-tire
chars, respectively.

While synthetic solutions are valuable for fundamental research, they do not fully
replicate the complexities of real-world scenarios [6,9,92]. In practical applications, REEs
are typically found in mixed-waste streams, such as industrial effluents, mining leachates,
and electronic-waste leachates, which contain a variety of other metals, organic compounds,
and competing ions [9,92]. These additional components can significantly influence the
adsorption behavior and efficiency of the adsorbents [14].

To bridge the gap between laboratory research and real-world applications, future
studies should focus on evaluating the performance of pyrolytic carbon-based adsorbents
using real leachates or mixed solutions containing REEs. Real leachates present a more
challenging and realistic environment, where multiple factors, such as pH variations,
the presence of competing ions, and organic matter, can affect the adsorption process.
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Understanding how these factors impact the adsorption capacities and mechanisms will be
crucial for developing effective and scalable technologies for REE recovery.

For instance, real leachates from electronic waste or mining operations typically
contain a complex mixture of metals and other contaminants [6,7,12,92]. Adsorbents that
perform well in synthetic solutions might exhibit reduced efficiency or selectivity in such
environments. Therefore, it is essential to test these materials in conditions that closely
mimic actual waste streams to evaluate their true potential and identify any necessary
modifications or enhancements.

Conducting adsorption studies using real leachates will also provide insights into the
regeneration and reuse of adsorbents, a critical factor for the economic viability of REE
recovery processes. Adsorbents need to maintain high adsorption capacities over multiple
cycles of adsorption and desorption in the presence of complex mixtures. Research in this
area will help in optimizing the operational parameters and improving the sustainability of
the adsorption processes.

The most recent studies on the adsorption of REEs by Saha et al. (2023), Pinheiro et al.
(2023), and Reis et al. (2023) applied the produced carbon-based materials in real leachates,
underscoring that the application in real leachates is important and indeed a needed process
in these types of studies. Saha et al. studied the recovery of REEs from coal fly ash leachates
(HNO3 leaching) using a carboxylated mesoporous carbon, achieving 80–90% recovery
of sixteen REEs from the coal fly ash leachates, although the REE concentration in the
leachates was in the ppb range [44]. Pinheiro et al. used soybean pod AC for the recovery of
Ce and La from real phosphogypsum leachate, a waste by-product of phosphate fertilizer
or phosphoric acid production. They were able to achieve adsorption capacities of 67.6 and
33.7 mg·g−1 for Ce and La, respectively, on the real leachates [45]. Reis et al. also applied
their produced biochar for the recovery of REEs from phosphogypsum leachate, with their
wood-waste biochar being able to recover 86% of the Ce present in the leachate [46].

In conclusion, while studies using synthetic solutions have provided valuable founda-
tional knowledge, the next step is to focus on real leachates to ensure that the developed
adsorption technologies are robust, efficient, and applicable to real-world scenarios. This
focus will help in advancing the field toward practical and scalable solutions for the
sustainable recovery of REEs from various waste streams.

8. Challenges and Gaps in Current Research

Despite the promising attributes of pyrolytic carbon-based materials for REEs’ adsorp-
tion, several challenges and gaps remain in current research. One of the primary challenges
is the variability in adsorption performance due to differences in the physicochemical prop-
erties of the adsorbents. Factors such as surface area, pore size distribution, and the nature
and density of functional groups can vary significantly depending on the source material
and production methods. This variability complicates the comparison of results across
different studies and makes it difficult to identify the most effective adsorbent materials
and optimal production conditions [8,26].

Another significant gap is the limited understanding of the adsorption mechanisms at
a molecular level [14,26,93]. While it is known that various functional groups on carbon-
based materials interact with REE ions, the precise nature of these interactions and the
relative contributions of different mechanisms are not fully elucidated. Advanced analytical
techniques and theoretical modeling studies are needed to provide deeper insights into
these mechanisms and to guide the design of more effective adsorbents [8].

Moreover, most studies on REE adsorption using carbon-based materials have been
conducted under controlled laboratory conditions with synthetic solutions [26]. These
conditions often do not accurately reflect the complexity of real-world scenarios, where
REEs are present in mixtures with other metals and organic compounds, and where pH,
temperature, and ionic strength can vary widely. Consequently, there is a scarcity of
research involving real e-waste leachates or industrial effluents, thus limiting the practical
applicability of the findings. Addressing this gap requires more field studies and pilot-scale
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experiments to validate the performance of pyrolytic carbon-based adsorbents in diverse
and realistic environments for REEs’ adsorption.

In addition to these challenges, emerging technologies and interdisciplinary ap-
proaches offer promising avenues to address some of the identified gaps. Machine learning
(ML) and artificial intelligence (AI) models, for instance, have the potential to predict ad-
sorption behaviors based on adsorbent characteristics, optimizing the selection of pyrolytic
carbon-based materials for specific REE recovery applications [94–96]. By integrating large
datasets from experimental studies, ML models can identify patterns and predict outcomes
that would otherwise require extensive trial-and-error experimentation. Furthermore,
the development of nano-engineered adsorbents, which leverage nanoscale structures
to enhance surface area, pore accessibility, and functional group density, represents an-
other cutting-edge approach [97,98]. These nano-engineered materials may offer superior
performance in terms of adsorption capacity and selectivity, thus addressing the variabil-
ity in adsorption performance and advancing the design of highly efficient adsorbents.
Incorporating such innovative strategies could significantly accelerate progress in this field.

Finally, the economic feasibility and environmental impact of using pyrolytic carbon-
based materials for REEs’ recovery need to be assessed comprehensively [9,93]. While these
materials are generally low-cost and sustainable, the costs associated with their production,
regeneration, and disposal, as well as their life-cycle environmental impacts, must be
considered. Future research should focus on developing integrated processes that combine
REEs’ recovery with other waste treatment or resource recovery operations to enhance
overall sustainability and economic viability [14,92].

By addressing these challenges and gaps, future studies can advance the development
of pyrolytic carbon-based materials as efficient, scalable, and sustainable solutions for
the recovery of REEs, contributing to the secure supply of these critical materials and the
advancement of green technologies.

9. Conclusions

The adsorption of rare earth elements onto pyrolytic carbon-based materials offers
a promising pathway for the recovery and recycling of these critical resources. Through
this review, it is evident that various types of activated carbons, biochars, and simpler
carbon materials have demonstrated significant potential in adsorbing REEs from aqueous
solutions. The high adsorption capacities reported for functionalized lignin-activated
carbon and spent coffee-activated carbon highlight the effectiveness of utilizing waste-
derived materials and functionalization techniques to enhance adsorption performance.

While synthetic solutions have provided valuable insights into the adsorption ca-
pacities and mechanisms, it is crucial for future studies to test these materials with real
leachates. Real-world applications involve complex mixtures with competing ions and
contaminants, which can significantly influence adsorption efficiency. Understanding how
these pyrolytic carbon-based adsorbents perform in such environments will be essential for
optimizing their use in industrial applications and ensuring their practical applicability.

This review also underscores the importance of employing various adsorption isotherm
and kinetic models to analyze adsorption behavior. Models such as the Langmuir and Fre-
undlich isotherms, along with pseudo-first-order and pseudo-second-order kinetics, have
been instrumental in elucidating the adsorption mechanisms and fitting the experimental
data. These models not only help in understanding the interactions between adsorbents and
adsorbates but also in predicting the performance of the adsorbents in different conditions.

Given the high supply risk and the critical importance of REEs in modern technology,
developing efficient and sustainable methods for their recovery is imperative. The use
of more readily available and cost-effective carbon materials, as opposed to complex
nanomaterials, aligns well with the objectives of resource recovery and sustainability.
These materials offer a practical and scalable solution, making them suitable for broader
industrial applications.
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The integration of pyrolytic carbon-based adsorbents into the recovery process of REEs
supports the principles of a circular economy, where materials are reused, recycled, and
recovered to create a closed-loop system. By focusing on functionalized and waste-derived
carbons, researchers can develop more sustainable and economically viable solutions. This
not only addresses the supply risks associated with REEs but also promotes the efficient use
of resources, reducing waste and environmental impact. In doing so, we can support the
transition to a low-carbon and high-technology economy that is resilient and sustainable.

In conclusion, advancing the research on pyrolytic carbon-based adsorbents for REE
recovery, particularly in the context of real leachates and industrial-waste streams, will be
crucial for addressing the supply risks associated with these elements. By aligning these
efforts with the principles of a circular economy, we can ensure a more sustainable and
resilient supply chain for REEs, contributing to a more sustainable future.
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