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Abstract: This research paper provides a comprehensive overview of the use of layered double
hydroxides (LDH) in the removal of selenium species from contaminated water sources. Key studies
on sorption mechanisms and the impact of competing ions on selenium removal are presented, and
the effectiveness of LDH is compared across different structures and compositions. Scholarly sources
extensively document the application of conventional LDH for effective selenium removal, with
notable advancements achieved through innovative synthesis approaches. Comparative studies
between LDH synthesized through various methods reveal the potential of tailored LDH for enhanced
selenium adsorption. The paper further explores the influence of competing anions on LDH efficacy,
emphasizing the impact of sulfate on selenium removal. Additionally, investigations into calcined
LDH and commercially available variants underscore the potential for industrial applications. Beyond
conventional LDH, the paper delves into iron-based LDH, LDH with intercalated thiomolybdate
anions, and layered rare earth hydroxides, exploring their effectiveness in separating different
selenium species. The role of pH in the removal of selenium species and the impact of three-
metal cation LDH are also discussed. The study extends to nanocomposites, combining LDH with
zero-valent iron, carbon-based materials, and organic compounds, illustrating their potential for
selenium species immobilization. The presented findings offer valuable insights for researchers
and practitioners in environmental science, addressing the growing demand for efficient selenium
remediation strategies.

Keywords: selenium species; layered double hydroxides; environmental application; aqueous me-
dia; adsorption

1. Introduction

Selenium (Se) is an essential micronutrient that serves as a vital component in nu-
merous compounds, playing a crucial role in many physiological processes for all living
organisms, including humans. Selenium compounds actively contribute to antioxidant
defense mechanisms, bolster thyroid function, boost the immune system, promote repro-
ductive health, and assist DNA synthesis and repair [1,2]. Selenium has a dual nature,
manifesting both beneficial and detrimental effects, contingent on its concentration and
chemical form [3]. While selenium is indispensable in trace amounts, excessive levels
or prolonged exposure to elevated concentrations can be toxic. The toxicity of selenium
varies depending on its chemical form, with inorganic forms typically being more harmful
than organic ones [4]. This explains why the majority of environmental studies aimed at
removing selenium from contaminated samples primarily address the inorganic selenium
species. To predict the behaviors of the studied species accurately, it is important to have
comprehensive information about them.

Selenium exists in four oxidation states: selenide (Se(-II)), elemental selenium (Se(0)),
selenite (Se(IV)), and selenate (Se(VI)), each with distinct chemical and toxicological prop-
erties. Various environmental conditions can result in the presence of different selenium
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species. Selenate, representing the fully oxidized form of selenium, can exist in solution
as hydrogen selenate (HSeO, ™) or selenate (SeO,42~), with an estimated pKa value of
1.80 & 0.10 [5]. Under oxidizing conditions, selenate predominates, displaying high solubil-
ity and minimal retardation due to its low adsorption and/or precipitation capacities. On
the other hand, selenite is commonly found in environments with moderate redox potential
and neutral pH. In an aqueous solution, Se(IV) exists as a weak acid in the forms of selenious
acid (H,SeO3), hydrogen selenite (HSeO3 ~), or selenite (SeO3%~), with corresponding pKa
values of 2.70 + 0.06 (H,SeO3 /HSeO3 ) and 8.54 + 0.04 (HSeO3 ™~ /SeO327) [5]. In reducing
environments, water-insoluble elemental selenium can persist across a wide pH range.
Under strongly reducing conditions, selenide remains thermodynamically stable and can
exist as insoluble metal selenides or as H,Se(g) produced through microbial processes [5,6].

A diagram illustrating the various stable forms of inorganic selenium under different
pH and redox potential conditions is available in the paper published by Santos et al. [6].

The fate and transport of selenium species in the environment are governed by a com-
plex interplay of biogeochemical processes, including redox reactions, sorption, solubility,
volatilization, and biotransformation. These processes can alter the speciation, mobility,
bioavailability, and toxicity of Se across various environmental compartments. Therefore,
it is important to monitor and control the Se levels and forms in various matrices, such
as water, soil, sediment, air, and biota. Addressing the complexities of selenium remedi-
ation, this study evaluates the efficacy of layered double hydroxides (LDH) as sorbents.
We explore a range of LDH variants, including traditional forms, iron-enriched versions,
those combined with rare earth elements, multiple metal cations, thiomolybdate anions,
as well as nanocomposites incorporating zero-valent iron, carbon substances, or organic
compounds. The study investigates the unique adsorption properties, selectivity, and mech-
anisms (e.g., chemisorption, ion exchange, and adsorption) that LDH utilize to remove
selenite and selenate from contaminated waters. It systematically assesses the effectiveness
of LDH, focusing on performance enhancement through material modifications, the impact
of different synthesis methods, and how variations in LDH structure and interlayer anions
influence the efficiency of selenium removal under diverse conditions. Figure 1 outlines
the key focus areas of the study.
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Figure 1. Study aims and objectives.

2. Separation of Selenium from Aqueous Media

While some populations exhibit alarmingly low selenium status, there are areas where
selenium levels in the environment have far exceeded the norm. These circumstances
give rise to two distinct research avenues: (1) the accurate measurement of (ultra)trace
selenium concentrations in water, soil, and food samples within regions characterized by
low selenium content, and (2) the efficient removal of selenium from contaminated environ-
mental compartments in regions where elevated levels of this element are prevalent. In this
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literature review, our focus will be on the latter objective. Given that the majority of studies
are centered around aqueous environments, our paper will primarily address this medium
and the procedures employed in decontaminating water samples containing selenium.

Various methods have been explored for selenium removal from water. There have
been comprehensive reviews published on this topic. For instance, Lichtfouse et al. [7] re-
viewed wastewater treatment technologies, covering options based on zero-valent iron, iron
oxyhydroxides, supported materials, nanofiltration, reverse osmosis, chitosan-enhanced
ultrafiltration, electrodialysis, and activated granular sludge. Similarly, Li et al. [4] offered
a critical review of the applications, characteristics, and latest developments in current sele-
nium removal methods, systematically analyzing and comparing their overall efficiencies,
applicability, advantages, and drawbacks.

The extraction procedures using suitable solid sorbents achieved remarkable results.
The selection of a sorbent mainly depends on factors such as the specific form of selenium to
be removed and the concentration of selenium in the water. There are various sorbents that
can be utilized for the effective separation of this element, including activated carbon [8],
zero-valent iron [7], iron oxyhydroxides [7,9,10], mono-metal oxides and hydroxides such as
alumina (Al,O3), titania (TiO;), zirconium hydroxide (Zr(OH)4) [8], bimetallic composites
such as iron-manganese oxides [11,12], iron-zirconium oxides [13], and more. Among them,
LDH stand out as highly efficient and versatile sorbents.

Depending on the desired outcome and specific requirements, LDH can be applied
in different modes of operation. The two main modes are (1) column arrangement and
(2) dispersive arrangement. Each mode has its benefits and drawbacks. The column
arrangement may encounter some problems, such as sorbent leaching, cartridge channeling,
and cartridge clogging, which can make the procedure longer than desired [14]. The
dispersive arrangement involves adding an appropriate amount of the sorbent to the
liquid sample and stirring it for a few minutes. Then, the phases are separated, usually
by centrifugation [14]. However, this mode poses a challenge of separating the sorbent
quantitatively after extraction, especially when the sorbent is in its nanoform. Some of the
sorbent may still remain in the solution even after centrifugation. Therefore, an additional
separation step, such as filtration, is required.

3. Layered Double Hydroxides

Layered double hydroxides (LDH), also known as hydrotalcite-like compounds or
anionic clays, are an intriguing class of inorganic materials with unique structural proper-
ties. They consist of positively charged layers of metal hydroxides with charge-balancing
anions and water molecules located between the layers. Their chemical composition is
often represented by the following formula: [(M?*); _(M3*)(OH),F*[(A" )y /- mHy O~
where M%* and M3* represent a divalent and a trivalent cation, respectively, which are octa-
hedrally coordinated in hydroxide layers; A"~ represents an interlayer n-valent anion; and
x represents the molar ratio of M>* /(M?* + M3"), determining the layer charge density [15].
The pure hydrotalcite phase can be obtained when x is in the range of 0.20-0.33, resulting
in the M?*/M?3* ratios of 24 [16]. For x > 0.33, an increased number of neighboring M>*
containing octahedra leads to the formation of M(OH)3, and for x < 0.20, a high density of
M?2* containing octahedra in the hydroxide layer results in the precipitation of M(OH); [17].
This information emphasizes the importance of strictly adhering to the specified value of
x [18].

Positively charged hydroxide layers contain cations with similar effective ionic radii.
Some examples of M?* cations include Mg (86 pm), Zn (88 pm), Fe (92 pm), Co (88 pm), Ni
(83 pm), Cu (87 pm), and Mn (97 pm); some examples of M>* cations include Al (67 pm),
Fe (78 pm), Cr (75 pm), V (93 pm), Ga (76 pm), In (84 pm), and Rh (80 pm) [19]. Charge-
balancing anions (A" ™) can vary and may include common inorganic ones, such as NO3;~,
Cl~, CO32, SO42~, and ClO,~, as well as various organic anions and some complex
ions [20]. In the interlayer region, anions and a variable amount (1) of water molecules are
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present. These, along with the charge, size, shape, and orientation of the hydrated anions,
affect the interlayer space. Figure 2 provides a schematic structural representation of LDH.

Hydroxide layer components
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Figure 2. Schematic illustration of layered double hydroxide (LDH) structure with intercalated anions.
This figure depicts brucite-like LDH sheets, with intercalated anions occupying the interlayer region.
The light blue octahedra represent the positively charged hydroxide layers, featuring octahedrally
coordinated M?* and M3* cations (marked in purple). The exchangeable anions are indicated in
yellow, and the associated water molecules are shown in dark blue. The diagram highlights the
orderly arrangement of hydroxide layers and anions within the structure.

From the above, it is evident that the composition of LDH can vary significantly. This
variation is attributed not only to the combination of different octahedrally coordinated
M2+ and M3* cations and the presence of diverse A"~ anions but also to the intercalation of
various molecules in the interlayer space. Some intercalates can form when water molecules
are replaced with other polar molecules, such as polyols or amines, between the layers of a
crystalline material.

There are many ways to synthesize LDH, some of which have been extensively covered
in recent reviews [14,21]. Hence, we will not go into details here. In summary, commonly
utilized techniques include co-precipitation, anion exchange, the memory effect method,
and their modifications, each with its own set of advantages and disadvantages. Guan
et al. [21] summarized the pros and cons of the most common synthesis methods in a
well-organized table. It is worth highlighting that the choice of synthesis method can
significantly impact the ultimate properties of the prepared LDH, thus influencing their
suitability for the intended application [22].

Following the synthesis, it is essential to characterize the prepared LDH in order to
assess their structure, composition, and physical and chemical properties. A recent paper
by Hagarova and Nemcek [14] provides an overview of LDH characterization methods,
allowing for a brief summary here.

Crystalline solid structure analysis primarily relies on X-ray diffraction (XRD). Fourier
transform infrared spectroscopy (FTIR) identifies molecular structures. Combining Raman
spectroscopy with FTIR provides comprehensive molecular information. Energy-dispersive
X-ray spectroscopy (EDX) reveals the LDH chemical structure, while elemental mapping
determines its distribution. X-ray photoelectron spectroscopy (XPS) investigates chemical
structure, valence states, and binding energies. X-ray fluorescence spectroscopy (XFS)
detects cation ratios and trace elements. Microscopy techniques, such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and high-resolution TEM
(HR-TEM) reveal LDH shape, size, and orientation. The Brunauer-Emmett-Teller (BET)
method determines specific surface area, pore volume, and diameters. Barrett-Joyner—
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Halenda (BJH) analysis provides information on pore size and distribution. Additionally,
differential thermal analysis (DTA), thermogravimetric analysis (TGA), and differential
scanning calorimetry (DSC) are valuable tools for understanding material transformations
in response to temperature changes.

In practice, achieving a comprehensive LDH characterization often involves a combi-
nation of these techniques, as relying solely on one method may not yield all the necessary
information. Research papers commonly utilize various combinations of these methods to
thoroughly describe laboratory-synthesized LDH structures, compositions, and properties.

4. The Application of Layered Double Hydroxides for the Effective Removal of
Selenium Species from Contaminated Environmental Waters

Selenium can be introduced into aquatic environments through both natural and
anthropogenic processes. Worldwide, incidents of selenium contamination in water bodies
are not uncommon, and such occurrences have been reported in several places, including
China, the United States of America, Australia, New Zealand, and Finland [23].

Selenium primarily enters the aquatic environment in the form of inorganic species,
specifically selenite (Se(IV)) and selenate (Se(VI)). Among these, selenite is recognized as
more toxic and more easily absorbed by organisms as supported by available data [24,25].
Conversely, selenate is considered the more stable species [26]. Furthermore, selenate and
selenite have varying adsorption mechanisms on inorganic anion exchangers, which results
in selenate being more challenging to remove than selenite [27-29]. Despite these distinc-
tions, both species have roughly the same number of published studies on their removal.

In the context of achieving drinking water quality standards through cleaning proce-
dures, the following information may be of interest. Since the 1970s, selenium’s presence
in drinking water has been a subject of debate [30] due to its potential to make the water
toxic and harmful to both humans and the environment. As a result of these controversial
discussions, various selenium limits have been adopted. The upper limit for selenium
concentration in drinking water varies across different countries and regions. Many coun-
tries like Canada, Australia, Japan, Thailand, and New Zealand, along with the European
Union, follow the same limit of 10 ug/L. On the other hand, the U.S. Environmental Pro-
tection Agency (USEPA) has a considerably higher limit of 50 pug/L, while the California
Environmental Protection Agency has a limit of 30 pg/L. The World Health Organization
(WHO) recommends a guideline value of 40 ug/L for selenium in drinking water. These
differences reflect the uncertainty and controversy over the health effects of selenium expo-
sure. However, epidemiological studies investigating the effects of selenate, an inorganic
selenium species commonly found in drinking water, have revealed evidence of toxicity at
much lower concentrations than previously assumed. This indicates that health risks may
occur at exposures even below the limit of 10 ug/L. As a result, a proposal to lower this
limit to 1 pug/L has been put forward [30]. Nevertheless, most drinking waters have very
low selenium content, only a few nanograms per liter. Therefore, changing the selenium
standard to this level would not affect the use of most existing sources of drinking water.

Meeting the drinking water limit for selenium can be challenging when the water is
highly contaminated. At this point, it is worth noting that these limits apply to the total
amount of selenium in the water. Moreover, since selenium can exist in different forms, it
is important to consider not only the total selenium concentration but also its speciation
when developing an effective cleaning procedure.

In recent environmental science literature, numerous studies have delved into the
removal of inorganic selenium species from contaminated water samples. As mentioned
earlier, these species typically exist in their oxyanion forms in aqueous environments,
with their presence influenced by pH and redox potential conditions. Figure 3 provides a
schematic representation of the most frequently employed removal mechanisms that can be
applied to any of these species using LDH structures. These mechanisms encompass surface
adsorption through electrostatic attraction and outer-sphere complexation, which is mainly
suitable for selenate ions, a unique type of chemisorption via inner-sphere complexation,
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particularly effective for selenite ions, and anion exchange mechanisms that are applicable
to both selenium species. These effective approaches for selenium species removal are
depicted in Figure 3A. Additionally, the reconstruction of calcined LDH structures has been
extensively explored and proven to be effective for this purpose, as illustrated in Figure 3B.
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Figure 3. The application of layered double hydroxides (LDH) for water purification: a schematic
illustration of its structure and selenium oxyanion adsorption. (A) Surface adsorption and anion
exchange mechanisms. (B) Reconstruction of calcined LDH (so-called memory effect method).

The initial comprehensive investigations into selenium species sorption using two spe-
cific types of LDH, MgAI(Cl™)-LDH and ZnAl(Cl~)-LDH, were carried out by You et al. in
2001 [31]. Since then, numerous researchers have probed deeper into the sorption mech-
anisms of selenium species. They have also examined how selenium species behave in
the presence of other co-existing anion forms employing various LDH materials. In the
following sections, we will explore conventional LDH structures, modified variants of
these layered materials (including those containing iron, rare earth elements, three different
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metal cations, and unique interlayer anions like MoS,?~), as well as nanocomposites that
combine LDH with other materials (such as zero-valent iron, carbon nanodots, graphene
oxide, reduced graphene oxide, carbon aerogels, chitosan, and amino acids).

4.1. Conventional Layered Double Hydroxides

The application of conventional LDH, such as MgAl(C032_)—LDH, for the removal
of selenium species from contaminated water samples has been extensively documented
in the existing literature [27,32-39]. Both laboratory-synthesized [27,32,33,36,38,40,41] and
commercially accessible [34,35,37,39] variants of MgAl(COg,Z_)—LDH have consistently
demonstrated their effectiveness in these studies.

Significant efforts have been directed toward improving the synthesis of MgAI(CO32™)-
LDH, especially by Chubar in 2011 [42]. She introduced an innovative sol-gel synthesis
approach, which differed from conventional methods. This technique, known as alkoxide-
free sol-gel (AFSG) synthesis, eliminates the need for toxic and expensive metal alkoxides
as precursor materials. In another study, Chubar et al. [38] compared three MgAl(CO32~)-
LDH samples prepared by different methods: AFSG synthesis, hydrothermal precipitation
(HTP), and alkoxide sol-gel (ASG) synthesis. They used various methods to characterize the
surface, structure, and adsorptive properties of the samples, with a particular focus on the
speciation of interlayer carbonate, aluminum, magnesium, and moisture location. Valuable
and complementary information was obtained from the surface area, pore size, pore volume
data, and the shapes of the isotherms from N, physisorption and CO, chemisorption
studies. This information allowed the research team to predict the adsorptive removal
properties of the three MgAl(CO32~)-LDH samples. They concluded that the alkoxide-free
sol-gel synthesis route enabled the tailoring of highly reactive MgAl(CO3%~)-LDH with
abundant surface hydroxyl groups and mobile interlayer ionic carbonate. Therefore, the
authors suggested using this method to prepare LDH for the effective removal of selenium
species from aqueous matrices. They supported this suggestion by showing that this LDH
has the highest sorption capacities for selenite and selenate among the tested LDH (see
Table 1).

The inorganic ion exchanger prepared through AFSG synthesis exhibited remarkable
efficacy in simultaneously removing two selenium species [27]. This efficacy arose from
different sorption mechanisms for these two species. Selenite adsorption by MgAl(CO32~)-
LDH was dominated by chemisorption (inner-sphere complex formation) rather than ion
exchange. Conversely, selenate removal occurred exclusively through an ion exchange
mechanism, entailing the exchange of surface OH™ ions and interlayer CO32~ ions.
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Table 1. Comparison of sorption parameters for selenium oxyanions adsorbed by various layered
double hydroxide (LDH) materials.

Sorption

Sorption

Oxyanion LDH Isotherm Kinetic Model Capacity Reference
Selenate MgAl(CO3%~)-LDH LM P-S-O 103 mg/g [33]
Selenate MgAl(CO32*)—LDH nr. nr. 90mg/g [27]
Selenate MgAl(CO3%~)-LDH LM P-S-O 66 mg/g [37]
Selenate MgAI(CO;32~)-LDH (AFSG) n.r. n.r. 46 mg/g [38]
Selenate MgAI1(CO3%)-LDH (HTP) nr. nr. 17 mg/g [38]
Selenate MgAl(CO3%™)-LDH (ASG) n.r. n.r. 5mg/g [38]
Selenate MgAl(NO3; ™ )-LDH FM, LM nr. 774mg/g [43]
Selenate MgAI(NO3;~)-LDH nr. n.r. 694mg/g [44]
Selenate MgFe(SO4%)-LDH LM nr. 0.55 mmol/g [45]
Selenate MgFe(Cl~)-LDH LM nr. 0.83 mmol/g [46]
Selenate MgAl(MoS,2~)-LDH LM P-S-O 85mg/g [47]
Selenate FeMgAl(MoS42~)-LDH LM P-S-O 167.2mg/g [48]
Selenate FeMgAl(MoS42*)-LDH LM P-S-O 55.56 mg/g * [49]
Selenate FeMgAl(MoS,%~)-LDH LM P-S-O 53.48 mg/g ** [49]
Selenate MgAI(NO3;~)-LDH/C-dots nr. n.r. 459mg/g [44]
Selenate MgAI(NO3;~)-LDH/GO FM, LM n.r. 659 mg/g [43]
Selenate MgAI1(CO3%)-LDH/ chitosan LM P-S-O 12mg/g [50]
Selenate LRH (Y,(OH)5Cl 1.5H,O LM n.r. 124 mg/g [51]
Selenite MgAl(CO3%~)-LDH LM P-S-O 168 mg/g [33]
Selenite MgAl(CO3%~)-LDH nr. nr. 160 mg/g [27]
Selenite MgAIl(CO;3%~)-LDH M P-S-O 66.89 mg/g [40]
Selenite MgAl,O4 (CLDH) M P-S-O 179.59 mg/g [40]
Selenite MgFe(CO;2~)-LDH FM, LM P-F-O 40mg/g [52]
Selenite MgAl(CO32*)—LDH (AFSG) nr. n.r. 120 mg/g [38]
Selenite MgAl(COgZ_ )-LDH (HTP) nr. n.r. 21 mg/g [38]
Selenite MgAl(CO32* )-LDH (ASG) nr. n.r. 10mg/g [38]
Selenite MgAl(C1™)-LDH LM P-S-O 119 mg/g [53]
Selenite MgFe(Cl™)-LDH LM nr. 0.63 mmol/g [46]
Selenite MgAl(MoS,2~)-LDH LM P-S-O 294 mg/g [47]
Selenite FeMgAl(MoS42*)-LDH LM P-S-O 4839 mg/g [48]
Selenite MgAI(NO3;~)-LDH/CAs LM P-S-O 73.6 mg/g [54]
Selenite MgAI1(CO3%~)-LDH/ chitosan FM P-S-O 17mg/g [50]
Selenite LRH (Y,(OH)5Cl 1.5H,O LM n.r. 207 mg/g [51]

n.r.:. not reported; * in the presence of Cr?* ions; ** in the presence of Cu?* ions; LM: Langmuir model; FM:
Freundlich model; P-S-O: pseudo-second-order; P-F-O: pseudo-first-order; AFSG: alkoxide-free sol-gel; HTP:
hydrothermal precipitation; ASG: alkoxide sol-gel; C-dots: carbon nanodots; GO: graphene oxide; CAs: carbon
aerogels; CLDH: calcined LDH; LRH: layered rare earth hydroxide.

To facilitate the transition of MgA1(CO32~)-LDH into industrial applications, its ef-
ficacy in removing selenite and selenate was assessed under both static and dynamic
adsorption conditions. Special attention was given to the influence of competing anions
such as phosphate, sulfate, carbonate, silicate, and chloride [33]. A few years later, further
investigations into the impact of sulfate on the adsorption of selenate [36] and selenite [55]
onto MgA1(CO32~)-LDH prepared via the ASFG synthesis were conducted. The authors
utilized XPS surface analysis to delineate the influence of different phases of this LDH
on the removal of selenium species in relation to two variables: the absence/presence of
sulfate and varying pH levels.

In multiple studies, a simple co-precipitation method was employed to prepare
MgAI(CO3%)-LDH [32,40,41]. Subsequent calcination steps at different temperatures,
including 340 °C [32], 500 °C [40], or 550 °C [41], triggered various processes like dehy-
dration, dehydroxylation, and carbonate loss. As a result of this thermal activation and
the memory effect, selenite entered the interlayer of the calcined LDH (CLDH), forming
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MgAl1(SeO;32~)-LDH hydrotalcite [32,40,41]. A comparison of the sorption capacity between
LDH and CLDH revealed that CLDH was a more efficient sorbent for selenite removal,
with sorption values more than double [40] and even over five times larger [41].

In a number of studies, commercially available MgAl(CO3%~)-LDH were tested for
their capacity to remove selenate [34,35,37]. In each of these studies, calcined LDH were
utilized. In the research conducted by Li et al. [34,37], the characterization of commercially
available granulated MgAl(CO32~)-LDH revealed that the manufacturer had removed
interlayer water and carbonate anions. In another study by Bryan et al. [35], commercially
available MgAl(COg,Z’)—LDH were calcined at 500 °C. After immersing the calcined LDH
into a selenate aqueous solution, it demonstrated the ability to regenerate the layered
structure. Post-reconstruction, the material exhibited proficiency in removing trace levels
of selenate through surface adsorption, which is a rapid process. However, at higher
concentrations, ion exchange played a more significant role due to the limited availability
of surface sites [34,37].

Many research papers primarily focus on examining the influence of other co-existing
anions on selenate removal. Given the chemical and physical similarities between selenate
and sulfate, extensive research is conducted on water samples with elevated sulfate levels.
When the sulfate concentration is much higher than the selenate concentration, it can reduce
selenate removal by competing for ion exchange sites or forming precipitates. For instance,
in a study where the sulfate concentration was more than 20,000 times higher than the
selenate concentration [34], pre-treatment with BaCl, was necessary to improve selenate
removal from 33% to 65% (which is approaching the rate of 74% obtained for selenate
removal from deionized water). However, this also caused some selenate co-precipitate
with BaSQOy.

Granulated LDH is a promising sorbent for removing selenate and other anions
from power plant wastewater. It has high anion adsorption capacities and can function
under dynamic sorption conditions. Laboratory column tests and field experiments have
confirmed that granulated LDH can effectively remove selenate and other co-anions from
wastewater [37]. Constantino et al. [39] studied the removal of both selenium species by
a commercial MgA1(CO3%)-LDH and its calcined form. The calcination was carried out
in the laboratory at 500 °C for 4 h. The material’s sorption and desorption properties
for selenite and selenate were thoroughly investigated in the presence of nitrate, sulfate,
and phosphate ions. It was found that sulfate ions competed more with selenate, while
phosphate ions competed more with selenite. A dual-mode Langmuir-Freundlich model
was applied to explain how selenium species adsorbed to the material, overcoming some
limitations of the Langmuir and Freundlich models, particularly in dealing with different
types of sorption sites and affinities [56,57].

The sedimentation rate is an important parameter to consider when developing effec-
tive cleaning procedures in the dispersive mode. Keeping this in mind, Tsuchiya et al. [58]
assessed the performance of two variants of LDH for selenate removal, MgAl-LDH and
MgOAI-LDH. The co-precipitation method, which involves using Mg?" and AI** salts,
produces fine-particle LDH (<10 um) with low solid-liquid separability. To enhance the
settleability and separability of the sludge from the slurry, it is essential to produce larger
particles. By using MgO instead of Mg?* salts, MgOAI-LDH with particle sizes in the range
of 10-250 um can be obtained, resulting in a sedimentation rate that is 8.6-11 times higher.
This improvement is highly beneficial for scaling up the process. However, it is worth
noting that reusing and recycling this sorbent for further applications poses challenges.

4.2. Iron-Based Layered Double Hydroxides

The substitution of a potential risk element, such as aluminum, in LDH structures
intended for drinking water treatment, has led to the development of iron-based LDH.
The effectiveness of various MgFe-LDH structures with different interlayer anions (ni-
trate, chloride, sulfate, or carbonate) and different specific surface areas in separating
selenite [46,52,59], selenate [45,46,59], and selenocyanate [59] was assessed.
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Three MgFe-LDH variants with different interlayer anions (C1~, SO42~, and CO3%")
underwent a kinetic evaluation to examine their ability to adsorb dissolved selenium
species (selenate, Se0,2~, and selenite, HSeO3~ /SeO527) [46]. The extent of selenium
species uptake by MgFe-LDH depended on the identity of the interlayer anion, following
the order C1~ > SO4%~ > CO32~. This order reflects the varying strength of anion attachment
within the interlayer, ranging from least strongly held to most strongly held. The interlayer
anion exchange was confirmed as an important uptake mechanism for the studied selenium
species using MgFe(Cl~)-LDH and MgFe(SO4%~)-LDH. The kinetics of selenium species
uptake typically involved a rapid initial anion exchange phase, followed by a slower release
back into the solution due to competition with displaced interlayer anions. This reverse
exchange of selenium species was intensified by excess dissolved interlayer anions and
high pH values.

Even though the crucial role of pH in selenite removal through adsorption on
MgFe(CO32~)-LDH was also acknowledged by Das et al. [52], the authors confirmed
that the adsorption is not solely achieved due to electrostatic forces of attraction between
the negatively charged selenite species and the positively charged LDH surfaces. This is
because a significant amount of selenite adsorption occurs even at pH above the pHyp,¢
(where the sorbent surface becomes negatively charged). This suggests that another type
of sorption mechanism, most likely involving the formation of inner-sphere complexes, is
responsible for selenite adsorption.

A comparison of different LDH, specifically MgAl-LDH and MgFe-LDH with inter-
calated sulfate and carbonate ions, revealed that LDH containing interlayer SO42~ and
CO3%~ anions along with Fe®* cation exhibit superior scavenging properties for selenate,
molybdate, and arsenate [45] compared with LDH with CO32~ and AI**. In all cases, a
higher adsorption rate was observed with an excess of sorbates, but the overall percentage
of sorbate uptake decreased once the surface of LDH reached saturation. The sorbate
uptake was also negatively affected by increasing pH levels and the presence of competing
anions. For selenate and molybdate, outer-sphere complexation on surfaces and edges
appears to be the primary sorption mechanism. In contrast, strong chemical bonds form
between arsenate and MgFe-LDH, indicating a distinct mode of interaction.

Ibrahim and Vohra [59] recently examined the utility of MgFe(NO3; ~)-LDH for remov-
ing selenite, selenate, and selenocyanate. They explored a range of conditions, including
LDH dosage (0.5-1.5 g/L), LDH calcination temperature (0-500 °C), and selenium species
concentration (2.5-7.5 mg/L). The highest removal efficiency for selenite and selenate
was achieved using MgFe-LDH calcined at 500 °C with a dosage of 1.5 g/L. In contrast,
the highest removal efficiency for selenocyanate was observed for MgFe-LDH calcined
at 250 °C. Interestingly, the kinetic and thermodynamic models for the studied selenium
species did not show universal consistency.

4.3. Layered Rare Earth Hydroxides

Layered rare earth hydroxides (LRH), also known as RE-LDH, are a subclass of LDH
that have rare earth elements in their cationic hydroxide layers. Although they have
been synthesized relatively recently, they already have various applications in catalysis,
adsorption, drug delivery, and environmental remediation. Preliminary environmental
studies on LRH have confirmed their ability to exchange their interlayer anions (e.g., nitrate,
chloride) with common inorganic anions (e.g., sulfate) as well as organic dicarboxylate
anions [60,61].

In 2017, Zhu et al. [51] reported the synthesis of a novel compound, Y,(OH)5Cl-1.5H,0.
The authors thoroughly characterized its chemical composition and demonstrated its po-
tential for removing selenium species from aqueous samples. They conducted a series of
experiments using a batch method to investigate the sorption kinetics, isotherms, selectivity,
and desorption of selenite and selenate. The maximum sorption capacities for selenite and
selenate were found to be 207 mg/g and 124 mg/g, respectively, ranking among the highest
achieved for layered hydroxides (see Table 1). The sorption mechanisms were elucidated
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through a combination of various techniques and methods. The results confirmed that
selenate ions exchanged with chloride ions in the interlayer space, forming outer-sphere
complexes. Selenite ions bound directly to the Y3* centers in the positively charged layer of
[Y2(OH)5(H,O)]* through strong bidentate binuclear inner-sphere complexation, explain-
ing the higher uptake of selenite compared with selenate. Furthermore, the authors drew
an interesting conclusion from competitive experiments. In the low-concentration region,
LRH almost completely removed selenium from aqueous matrices in the presence of all
studied competitive anions, such as NO3z~, Cl ™, CO3%7,5042~, and HPO,%~. However, the
material exhibited some limitations, such as instability at relatively low pH levels and the
inclusion of yttrium (Y), a critical rare earth element, restricting its broad practical use [62].

4.4. Layered Hydroxides Containing Three Different Metal Cations

If hydroxide layers contain three different metal cations, they are referred to as layered
triple hydroxides (LTH), trimetallic layered double hydroxides (TLDH), ternary layered
double hydroxides, or layered double hydroxides, with each metal specified (e.g., MgAlFe-
LDH). These terms are interchangeable in the literature, but we follow the original author’s
nomenclature.

The variation in metal composition within the hydroxide layers of LDH leads to
differences in specific surface areas and charge densities. By optimizing the composition,
it is possible to enhance the efficiency of removal processes. Zhou et al. [63] discuss how
the distribution of OH bonds among various metal oxides within ternary LDH affects the
removal processes for selenate and chromate. They focus on MgCaFe(Cl™)-LDH specifically.
The study investigated four unique LDH structures with varying calcium and magnesium
concentrations, denoted as Mgs_CayxFe(Cl™)-LDH, with x representing calcium content
at values of 0, 0.3, 1.0, and 1.5. Special attention was given to the anion sorption process
on LDH after the dissolution of Ca. The researchers found that the ternary LDH removed
less selenate and chromate than MgsFe(Cl™)-LDH. Selenate removal was three times lower.
The observed reduction in selenate and chromate removal can be linked to the breakdown
of the CaFe-LDH structure, which, in turn, diminished the MgFe-based LDH structure’s
capacity for anion adsorption. By ‘Mg-Fe-based LDH’, the authors likely refer to the fact
that as calcium dissolved from the structure, the compound ceased to be a ternary LDH
consisting of magnesium, iron, and calcium. Instead, it became a binary LDH containing
only Mg and Fe.

In order to understand the effect of silicate on the phase transformations of different
types of calcined LDH (CLDH) materials, five CLDH with different cation ratios were
tested [64]. These CLDH samples were derived from calcining five LDH with carbonate in
the interlayer and different proportions of Mg, Al, and Fe: Mg, Al-LDH, Mg, Al 75Fe( 25-
LDH, Mg2A10.5F60.5-LDH, Mg2A10,25Fe0.75—LDH, and Mnge—LDH The objective was to
evaluate their effectiveness in immobilizing SeO3%~ and SeO4%~ at two different pH values,
10 and 13. The results of this study revealed that both pH and the presence of silicate had
significant impacts on the immobilization of SeO3?~ and SeO4%~ by CLDH materials. At
higher pH values, the sorption capacities for selenium oxyanions were notably reduced.
Higher pH reduced the sorption capacities due to an increased OH™ concentration in
the solution, which decreased the positive surface charge of the regenerated LDH and
enhanced the competition between selenium oxyanions and OH™ in the interlayer space.
Moreover, silicate ions impaired the memory effect of LDH by reacting with MgO and
AlO3 components in CLDH and forming magnesium silicate hydrate and geopolymer-like
substances. These substances covered the CLDH surface, preventing the hydroxylation of
metal oxides and hindering LDH regeneration.

Ismail et al. [65] reported the synthesis and characterization of MgCuAl(CO;;Z’)—
LTH, a ternary LDH, and tested its ability to remove both inorganic selenium species
simultaneously. The authors used a response surface methodology (RSM) to optimize
the key process conditions, such as selenite concentration, selenate concentration, and
adsorbent dosage. Their findings indicated that the adsorbent dosage was the most critical
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parameter affecting the removal efficiency of both selenite and selenate in the mixed streams.
By using a 2.5 g/L adsorbent dosage, with 1 mg/L initial concentrations of selenite and
selenate each, they achieved almost complete removal of selenium species.

Trimetallic LDH, such as FeMgAl(MoS42~)-LDH, that are employed for selenium
species removal, are the topic of the following subsection. These LDH have thiomolybdate
anions in their composition, and the S>~ from MoS4%~ groups plays a crucial role in their
selenium removal capabilities [48,49].

4.5. Layered Double Hydroxides with Intercalated Thiomolybdate Anions

Previous studies showed that replacing the conventional anions in the LDH interlayers
with thiomolybdate anions (M0S,2™~) not only functionalized the materials for capturing
heavy metal cations through selective M-S bonding [66], but these materials also performed
well in removing oxyanions such as HAsO32~, HAsO42~, and CrO,4%~ [67]. In this section,
we will discuss both binary and ternary LDH with intercalated thiomolybdate anions and
their applicability for the removal of selenium species from aqueous media [47-49].

The investigation of simultaneous removal of selenium oxyanions, specifically SeO4%~,
HSeO3 ™, and SeO52~, along with heavy metal cations, including Hg2+, Cu?*, and Cd?%,
using MoS,? " -intercalated MgAI-LDH, revealed that the presence of Hg?" ions greatly
enhances the capture of SeO,?~, while the three metal ions (Hg?*, Cu®*, Cd?*) improve
the removal of SeO32~ and HSeO3;~ [47]. There are several processes that contribute to
the removal of the studied species. In the absence of other ions, SeO4?~ can react with
LDH-(Mo0S427) to form mixed phases of LDH-(Mo0S427) x (SeO42_)y. When a mixture of
SeO4%~ and M?* is present, the enhanced removal capacity can be attributed to reactions
between the introduced metal ions and the interlayer MoS42’, allowing SeO42’ to access
the interlayer space. The rapid uptake and high capacity for selenite can be attributed
to the reduction of Se(IV) to Se’ by the S?>~ sites within the MoS,?~ component of the
MgAl(MoS,?~)-LDH.

A three-step procedure for the FeMgAl(MoS,?~)-LDH synthesis was outlined by
Aregay et al. [49]. This ternary LDH was used for simultaneous removal of selenate anions
and metal cations, particularly Cr®* and Cu?*. The presence of these cations has shown
synergetic effect on selenate removal. Moreover, the simultaneous removal of selenate
and metal cations has minimized the leaching of Mo from the LDH, likely due to co-
precipitation reactions between leached MoS,%~, metal cations, and selenate anions. This
process enhances selenate removal efficiency and minimizes secondary contamination
caused by leached Mo.

A more thorough investigation into the potential roles of Fe ions in the ternary LDH,
specifically in FeMgAI(MoS42’)—LDH, was conducted by Liao et al. [48]. Their findings
can be summarized as follows. The inclusion of Fe within the layers alters the layer charge
density, allowing for the incorporation of more functional groups within the (inter)layers.
Moreover, the presence of heterogeneous Fe acts as a catalyst for reductive reactions
between selenium oxyanions and S?~ ions (from MoS4>~ groups). This catalytic effect
offers distinct benefits in terms of uptake capacities and efficiency for the sequestration of
selenium species. The adsorption capacities were impressive, with values reaching 483.9
mg/g for Se(IV) and 167.2 mg/g for Se(VI). For selenite, this represents the highest sorption
capacity achieved using LDH (see Table 1).

4.6. Nanocomposites with Layered Double Hydroxides and Zero-Valent Iron

When it comes to remediation of contaminated environments, zero-valent iron (ZVI)
stands out as a highly versatile material. It can degrade or immobilize a wide range of
pollutants, encompassing both organic and inorganic substances. Recent studies, including
those by Ling et al. [68], Liang et al. [69], Olegario et al. [70], and Sheng et al. [71], have
highlighted the effectiveness of ZVI in immobilizing inorganic selenium species. However,
there are still major challenges that need to be addressed. One of them is the aggregation
of nanoscale ZVI (NZVI), which reduces its reactivity, durability, and efficiency, thereby
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hindering its widespread use. This aggregation is caused by high surface energy and
magnetic forces [72-74]. Binding NZVI to support materials has emerged as a promising
solution. This approach effectively prevents agglomeration and provides a larger surface
area for NZVI, enhancing its performance [75,76]. Hu et al. [77] and Xu et al. [78] inves-
tigated the potential of nanoscale zero-valent iron loaded on layered double hydroxides
(NZVI/LDH) for selenate removal. They reported that MgAl-LDH with nano-ZVI helped
prevent the agglomeration of the nanoparticles and that the FeAl(Cl™)-LDH/ZVI larger-
grained composite efficiently removed selenate in both batch and continuous experiments.
The researchers explained that the immobilization mechanism of Se(VI) involved two
steps: physical adsorption of Se(VI) on ZVI/LDH surface (through electrostatic attraction
and anion exchange) followed by reduction of Se(VI) into Se®/Se?~ by ZVI. To clarify
the exact mechanisms, more detailed and thorough investigations are required, but these
studies demonstrate the potential of ZVI/LDH composites as strong reactive sorbents for
transforming and immobilizing selenate in water treatment processes.

4.7. Nanocomposites with Layered Double Hydroxides and Carbon-Based Materials

Carbon-based materials (CBM) have been widely explored as adsorbents in the past
two decades. They have remarkable characteristics and versatile applications in various
domains, including chemistry, physics, and engineering [79]. Some of the most popular
CBM are activated carbon (AC), graphene oxide (GO), carbon nanotubes (CNT), carbon
nanofibers (CNF), carbon nanodots (C-dots), biochar (BC), and carbon aerogels (CAs).
Many of these CBM have also been combined with LDH structures to form composite
materials. These composites can remove selenium oxyanions from water samples, as
discussed in this subsection.

The co-sorption of cationic species, represented by Sr?*, and anionic species, repre-
sented by SeO42~, was studied using two types of nanocomposites: Mg/Al(NO3 ~)-LDH
with carbon nanodots (C-dots) and Mg/Al(NO3 ~)-LDH with graphene oxide (GO) [43,44,80].
The removal mechanism of SeO,42~ was the same for both nanocomposites, involving ion
exchange with NO; ~. However, the adsorption mechanism of Sr** differed depending
on the type of carbonaceous material. For the Mg/ Al(NO;3;~)-LDH/C-dots nanocompos-
ite, Sr?* mainly coordinated with the carboxyl groups (—COO—) present on the surface
of negatively charged C-dots [44]. For the Mg/ Al(NOj3 ~)-LDH/GO nanocomposite, Sr**
could coordinate with both carboxyl and alkoxy groups (—COO—/—CO—) on GO [43]. The
alkoxy groups were formed by the ring opening of epoxides on GO. In both nanocomposites,
the interaction between LDH and Sr?* was dominated by electrostatic and ionic forces [80].
A notable observation was that both Mg/AI(NO3;™)-LDH/C-dots and Mg/AI(NO3™)-
LDH/GO composites had lower sorption capacities for SeO4%~ than Mg/Al(NO;~)-LDH
without C-dots and GO (see Table 1). This could be attributed to the partial charge neutral-
ization of LDH by the carbonaceous matter. Considering the higher sorption capacity of
traditional LDH, one might argue that they represent a more favorable option for treating
contaminated water, compared with nanocomposites. This advantage is further under-
scored by the fact that nanocomposites are more complicated and time-consuming to
prepare, which also makes them more expensive.

A more complex composite material, which is referred to as Si-rGO/LDH-Fe, was
synthesized by Suma et al. [81]. This sorbent was prepared from precursor materials such
as reduced graphite oxide (rGO) and MgAl(NO3~)-LDH. The synthesis process involved
emulsion polymerization and crosslinking to form Si-rGO/LDH, followed by modification
with FeCls to enhance its sorption capacity. These steps are important as they contribute
to determining the composition and structure of the final sorbent, thereby influencing the
sorption mechanisms for removing the contaminants of interest. As mentioned earlier,
GO has many functional groups that contain oxygen and can attract positively charged
species while repelling negatively charged ones. On the other hand, rGO is more effec-
tive in capturing anionic pollutants. The presence of Fe** also plays an important role
in this composite. The pH of point of zero charge for Si-rGO/LDH-Fe was 5.6. This
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means that below this pH, the hydroxyl groups attached to Fe become strongly protonated
(=Fe—OH?*), which helps to bind the oxyanions, such as HSeO3; ™~ and H,VO;~, on the
surface of Si-rGO/LDH-Fe [81].

In order to modify MgAl-LDH, Liu et al. [54] used carbon aerogels (CAs), which are
made by treating sisal fibers with alkali, bleach, freeze-drying, and carbonization. The
LDH-functionalized CAs have a three-dimensional network macropore structure and a
high specific surface area, which help to adsorb more selenite, achieving a maximum
sorption capacity of 73.6 mg/g (at 298 K and an initial selenium concentration of 200 mg/L).
Among various desorption reagents tested, selenium species were effectively desorbed
using a 0.1 M NayCOs solution over a 12 h period. After desorption, the sorbent was
reused nine times. However, with each subsequent desorption cycle, there was a slight
decrease in sorption capacity. To enhance the sorption capacity, the sorbent underwent
regeneration with 1 M HNOj for 5 h. This regeneration restored the sorption capacity to an
excellent level, surpassing 96% of the original value. The remarkable performance of CAs,
demonstrated by their capacity for effective regeneration and reusability, stands out as a
competitive advantage for reducing costs.

4.8. Nanocomposites with Layered Double Hydroxides and Organic Compounds

This subsection covers nanocomposites that have LDH and organic compounds, such
as chitosan [50] and amino acids [82,83], as components.

Chitosan, a linear polyaminosaccharide, has the potential to remove various inor-
ganic ionic species, whether used on its own [84] or when impregnated with metal oxide
nanopowders [85,86]. Li et al. [50] presented two different synthesis routes to produce a
composite of LDH and chitosan, which had varying sorption performances for selenium
oxyanions. The effectiveness of LDH and chitosan at removing selenium species was com-
pared in both nanopowder and granular forms. The results showed that the nanopowder
form of both materials was less effective than the granular form. The LDH within the beads
were well dispersed and chitosan acted as a hydrogel, which allowed selenium to access
the LDH in the polymer network. On the other hand, the in-situ LDH nanoparticles tended
to aggregate or agglomerate, which hindered selenium from reaching the chemisorption
sites on the LDH surface. This reduced the effectiveness of selenium removal.

The sorption capacity of LDH for removing oxyanions from water samples can be
enhanced by intercalating zwitterions (e.g., glycine (Gly)) into its interlayer. NiAI(NO3™)-
LDH and NiAl(Gly)-LDH, two variants of LDH with different interlayer anions, were
compared by Asiabi et al. [83] for their sorption capacity for arsenate, chromate, and
selenate. They reported that NiAl(Gly)-LDH had a significantly higher sorption capacity for
all the oxyanions than NiAl(NO3 ™ )-LDH. For instance, for selenate, the sorption capacity
was 208.6 mg/g for NiAl(Gly)-LDH and only 55.0 mg/g for NiAI(NO3;~)-LDH. This
difference can be explained by the different sorption mechanisms of these two types of LDH.
Previous research mainly suggests that (NO3;~)-LDH remove oxyanions by exchanging
them with the interlayer anions and adsorbing them on the surface. However, when
NO; ™~ ions are used as interlayer anions, anion exchange becomes challenging due to their
strong electrostatic interaction with the layers, resulting in decreased sorption capacity for
oxyanions. In the case of (Gly)-LDH, on the other hand, oxyanion adsorption occurs due to
the strong electrostatic interaction between the positively charged protonated amine group
of glycine and the negatively charged oxyanions. Moreover, (Gly)-LDH has a larger surface
area than (NO3;™)-LDH, which contributes to its higher sorption capacity.

In a related study, Wang et al. [82] explored a different aspect of LDH functionality. In-
stead of investigating the removal of selenate with LDH intercalated with amino acids, they
focused on how amino acids affect the release of SeO4%~, which had been immobilized into
hydrotalcite. The authors used Mgy Al-LDH as the host material and compared the effects
of amino acids with different molecular sizes and structures. Smaller amino acids, such as
glycine (Gly), L-cysteine (Cys), and L-aspartic acid (Asp), facilitated the release of SeO4%~
mainly through intercalation, Mgy Al-LDH destabilization, and dissolution processes. The
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intercalation of amino acids expanded the interlayer spacing of Mg, Al(SeO42~)-LDH. Con-
versely, larger molecules like L-tryptophan (Trp) and L-phenylalanine (Phe) had a limited
impact on SeO,2~ release due to their bigger size and aromatic nature. In reactions involv-
ing Phe and Trp, the concentration of released SeO,4?~ was similar to or lower than that of
the blank test. This indicates that there was little to no ion exchange between Phe and Trp
and SeO4%~, and the primary factor affecting SeO42~ concentration was dissolution. These
outcomes can be attributed to the interaction between the negatively charged carboxylic
groups and thiol groups in amino acids and the positively charged Mg, Al(SeO42~)-LDH.

5. Layered Double Hydroxides: Evolution and Future Research Directions

Almost two centuries have passed since the German-Austrian mineralogist Carl
Christian Hochstetter first identified and described hydrotalcite [87], a naturally occurring
mineral now recognized as an LDH. This early documentation of hydrotalcite is one of
the foundational records recognizing a material that would later be classified as part of
the versatile LDH family. Despite their early discovery, LDH did not receive significant
scientific attention until the early 20th century. During that time, the focus was primarily
on minerals with direct commercial applications, and LDH were not considered materials
of practical importance. Some researchers even initially thought hydrotalcite was a mixture.
It was not until Manasse’s 1915 study [88], which included optical, thermal, and analytical
characterization, that hydrotalcite was widely accepted as a distinct species. The scientist
derived the currently accepted formula, which was later confirmed by Foshag [88-90].

In the mid-20th century (1940s-1960s), the structure of hydrotalcite and similar miner-
als began to be studied more systematically. The ability to prepare these materials in the
lab opened up systematic investigations into their structures. This was a pivotal moment,
marking the beginning of the controlled laboratory synthesis of LDH, a key step in under-
standing their structure and properties. The first synthesis of hydrotalcites was reported by
Feitknecht and Gerber in 1942 [91], but their structure was not determined until 1968. The
1960s were marked by significant advancements in LDH synthesis and characterization.
Allmann [92] and Taylor [93] were the first to analyze the structure using X-ray diffraction.
Advancements in X-ray diffraction techniques during the 1970s enabled more detailed
structural characterization, deepening the understanding of LDH and confirming their
layered double hydroxide nature. LDH also began to attract attention for their potential in
catalysis [94] as their anion exchange capacity and tunable chemistry made them useful as
solid-state catalysts and precursors for mixed-metal oxides. This marked the first major
industrial application of LDH (e.g., for water purification). Various synthetic routes, such as
co-precipitation, hydrothermal synthesis, and ion exchange, were developed to create LDH
with different metal combinations and interlayer anions during this period. Although still
being referred to as “hydrotalcite-like compounds,” Miyata is credited with introducing
the general formula of LDH in 1975 [95]. In his paper, he further formalized their structure
and properties, making it one of the most frequently cited references for LDH structural
formulas. This foundational work was further built upon by Reichle [96] in the 1980s, who
advanced the understanding of synthetic LDH structures. The era of the 1980s marked
substantial research into their use in catalysis, adsorption, and anion exchange applications.
In the 1990s, research broadened to include environmental remediation and methods for
targeting pharmaceutical compounds to their specific sites, resulting in a surge of studies
exploring their practical uses.

In the 21st century, LDH began to be explored as components in nanomaterials,
expanding their potential applications to areas such as energy storage in addition to their
established roles in drug delivery and contaminant removal. Advancements in synthesis
and functionalization techniques during the 2000s enhanced their adaptability across a wide
range of fields. By the 2010s, research intensified on using LDH for water purification, waste
treatment, heavy metal removal, and energy storage devices like batteries, supercapacitors,
and fuel cells due to their excellent electrical conductivity and redox properties when
converted to metal oxides. Studies from this period emphasized the multifunctional
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capabilities of LDH. More recently, LDH have been explored in biomedical fields as drug
carriers, owing to their ability to release drugs in a controlled manner. The 2020s continue to
see innovations in LDH-based technologies, further enhancing their roles in energy storage
and conversion, biomedicine, catalysis, gas adsorption, and environmental remediation.

Although the future is hard to predict, trends are likely to emphasize smart materials
with adaptive properties, sustainable technologies, and advanced biomedical applications.
We can expect innovations in integrating LDH with artificial intelligence for smart sen-
sors, as well as a focus on recycling and reusing LDH to reduce environmental impact.
High-performance energy solutions will also be a key area, with developments aimed at
improving energy storage and conversion.

In terms of LDH as adsorbents for the removal of selenium from water, we can
expect advancements in several key areas. Current research suggests that researchers
are likely to develop LDH with enhanced selectivity for selenium ions, improving their
efficiency in removing selenium even in the presence of other competing ions. There will
be advancements in functionalizing LDH by incorporating specific functional groups or
hybridizing them with other materials to boost their adsorption capacity and kinetics.
Another trend is the emphasis on improving the regeneration and reusability of LDH,
making them more cost-effective and sustainable for long-term water treatment use. The
use of nano-formulations of LDH is anticipated to increase as these materials offer greater
surface area and improved adsorption efficiency for selenium at lower concentrations.
Additionally, integrating LDH with advanced technologies, such as redox treatment or
membrane filtration, is likely to enhance the overall efficiency of selenium removal. Lastly,
future research will also focus on assessing the environmental impact of LDH-based
adsorbents, including their disposal and the lifecycle implications of their use in water
treatment applications. The gradual evolution of LDH, from their discovery to their
widespread application across various fields, along with future research trends, is illustrated
in Figure 4.
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Figure 4. Layered double hydroxides (LDH): (A) historical timeline; (B) emerging research trends
and applications; (C) future research directions for selenium removal.

6. Conclusions

LDH materials have garnered considerable interest from researchers due to their re-
markable versatility and potential in various industrial applications. The composition of the
layers and interlayer anions in LDH can be adjusted to tailor their properties for specific pur-
poses. These materials have proven to be highly effective adsorbents and (photo)catalysts
in a range of chemical processes. Their use extends to energy storage devices, where they
serve as electrode materials to enhance performance, and as nanocomposites that improve
the mechanical and functional properties of materials. LDH-based systems also show great
potential in drug delivery, environmental remediation, and the development of highly
sensitive sensors and biosensors, making them crucial components in catalysis, adsorption,
and beyond. Given their versatility and effectiveness, it is particularly interesting to explore
their application in specific areas. Composed of nontoxic, earth-abundant metals such
as magnesium and aluminum, LDH are environmentally friendly compared with other
materials. Their ability to be regenerated and reused multiple times further reduces waste
and disposal concerns, contributing to a more sustainable process. Furthermore, LDH can
be synthesized under relatively mild conditions, which reduces the energy consumption
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and environmental footprint of their production. In this article, we focus on LDH’s utility
in removing selenium species from contaminated aqueous matrices.

Selenium primarily enters the aquatic environment in the form of inorganic species,
namely, selenite and selenate. The adsorption mechanisms of these species on inorganic
exchangers differ, making selenate more challenging to remove compared with selenite.
Despite this fact, the published literature shows a balanced distribution of studies on the
removal of both species.

Inregard to LDH, both commercially available and laboratory-synthesized hydrotalcite-
like materials have been used effectively to remove selenium oxyanions. To understand
how selenate and selenite are sorbed on calcined and uncalcined LDH structures, the
researchers conducted several studies on these variants. Calcined LDH (CLDH) proved
to be more efficient than LDH, achieving higher sorption capacities. This is attributed
to the thermal activation and memory effect, which allows selenium oxyanions to en-
ter the interlayer of the CLDH, forming a MgAl(selenium oxyanion)-LDH hydrotalcite
structure. In the case of LDH, simultaneous removal of selenite and selenate has been
successful due to the different sorption mechanisms employed. Selenite adsorption by LDH
involved chemisorption (formation of inner-sphere complexes) rather than ion exchange
with interlayer anions. On the other hand, selenate removal occurred solely through ion
exchange with surface OH™ ions and interlayer anions. The different sorption mechanisms
on these structures accounted for the higher sorption capacities for selenite over selenate
(often more than double). Binary LDH are not the only material that can remove selenium
oxyanions effectively; ternary LDH and LDH-based nanocomposites have also yielded
satisfactory results. The success of the nanocomposites arises from the synergistic effects
of other materials, such as the reduction capabilities of zero-valent iron, the zwitterionic
nature of incorporated organic substances, or the presence of numerous oxygen-containing
functional groups present in carbon-based materials.

LDH containing yttrium cations in their hydroxide layers or thiomolybdate anions as
counterions in the interlayer space have also been explored for their ability to remove sele-
nium oxyanions from contaminated water samples. In the case of ternary LDH containing
iron in the hydroxide layers and thiomolybdate as counterions, like FeMgAl(MoS4%~)-LDH,
the presence of iron within the layers changed the layer’s charge density, which let more
functional groups enter the spaces between the layers. Furthermore, the heterogeneous
iron catalyzed reductive reactions between selenium oxyanions and S?~ ions from MoS;?~
groups. The iron-induced reduction along with a change in the layer’s charge density led
to the highest removal of selenium oxyanions by these structures.

Testing LDH sorbents in batch and column experiments indicated their potential
for continuous flow systems. This could facilitate the transition from laboratory to field
remediation. Furthermore, research on the simultaneous sorption of selenium oxyanions
and heavy metal cations revealed that the presence of these cations improved the removal
of selenium species, showing a synergistic effect.

The presence and effect of various anions in contaminated water samples, such as
sulfate, phosphate, chloride, nitrate, carbonate, and silicate, were studied in many papers.
Sulfate ions had a significant competitive effect on selenate sorption because of their
similar geometry and ionic radius. For the same reason, phosphate ions competed with
selenite ions.

To date, several treatment methods for selenium-contaminated waters have been eval-
uated, involving chemical, physical, and biological approaches. Many of these methods are
limited by high cost, long treatment time, and operational complexity. Sorption procedures
using LDH, however, have proven to be highly effective in removing selenium oxyanions
from polluted media. Moreover, LDH offer both technical and economic advantages when
it comes to treating waters and wastewaters containing these oxyanions, which makes them
promising materials for remediation technologies.
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