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Abstract: This article provides an overview of the use of layered double hydroxides (LDHs) as
effective sorbents in various extraction methods, including column-based solid-phase extraction
(SPE), dispersive solid-phase extraction (DSPE), and magnetic solid-phase extraction (MSPE), for
the separation and preconcentration of inorganic oxyanions of chromium, arsenic, and selenium.
The primary focus is on enhancing the analytical performance of spectrometric detection techniques,
particularly in terms of sensitivity and selectivity when analyzing low concentrations of target
analytes in complex matrices. LDHs, which can be readily prepared and structurally modified
with various substances, offer promising potential for the development of novel analytical methods.
When used in analytical extraction procedures and following careful optimization of experimental
conditions, the developed methods have yielded satisfactory results, as documented by studies
reviewed in this paper. This review is intended to assist analytical chemists in scientific laboratories
involved in developing new extraction procedures.

Keywords: layered double hydroxides; extraction; chromium; arsenic; selenium; environmental
samples; spectrometric quantification

1. Introduction

Despite modern detection techniques enabling the determination of analytes with
high selectivity and sensitivity, reliably quantifying many analytes at ultratrace levels in
complex matrices remains a significant challenge. As a result, separation techniques that
help both isolate target analytes and concentrate them play an indispensable role in modern
analytical chemistry. Among these techniques, extraction methods are among the most
commonly used. They can be broadly categorized based on the extraction phase used,
namely, liquid–liquid extraction (LLE) and solid-phase extraction (SPE).

SPE offers several advantages over traditional LLE, including a higher enrichment
factor (EF), a faster process, and a reduced demand for organic solvents [1]. In this review,
we will focus exclusively on SPE, so let us provide a brief introduction to this technique.

Basically, we distinguish two main arrangements, conventional SPE and dispersive
solid-phase extraction (DSPE). In the conventional SPE approach, the sorbent is packed
within a cartridge, syringe barrel, minicolumn, or microcolumn. The extraction process
involves sorbent conditioning, sample loading, sorbent washing, and analyte elution [2].
Despite the indisputable advantages of the conventional SPE setup, it is not without
limitations and problems, such as sorbent leaching, cartridge channeling, and cartridge
clogging, which can prolong the extraction process [3]. On the other hand, it is worth
noting the potential of the SPE column in continuous flow, which is a crucial step towards
process automation.
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An alternative to a conventional SPE setup is the DSPE approach, which involves
introducing a solid sorbent into the sample solution followed by stirring for a certain period
of time. Subsequently, the suspension is usually centrifuged, and the sorbent is separated
from the solution together with the adsorbed analytes [4]. Finally, a small volume of a
suitable solvent (usually in the range of hundreds of microliters to a few milliliters) is
employed to achieve one of the following: (1) to elute the analytes from the sorbent, (2) to
dissolve the sorbent containing the adsorbed analytes (if the sorbent can be easily dissolved
without causing interferences for subsequent measurements), or (3) to prepare a sorbent
suspension followed by a slurry sampling mode (for example in slurry sampling ETAAS).
Additionally, a special case can be mentioned in which the sorbent containing the adsorbed
analytes is dried, followed by the direct analysis of the thus prepared sample (for example,
using energy-dispersive XRF) [5].

Since SPE is based on the partitioning of analytes between two phases (specifically
between the sample solution and the solid sorbent), the properties of the selected sorbent
are a determining factor affecting the separation efficiency. SPE columns filled with var-
ious sorbents are available on the market and are widely used in commercial analytical
laboratories for the determination of target analytes in samples of various origins. At
the same time, research laboratories are concentrating their efforts on the development
of novel sorbents, with the aim of enhancing and refining analytical procedures. The
contemporary literature offers an extensive overview of solid materials employed in SPE
and DSPE procedures [6–10]. Among them are layered double hydroxide (LDH) sorbents,
which have unique structural properties, impressive specific surface and high porosity, and
the resulting ability to adsorb various substances of organic and inorganic origin [11–15].
These properties make LDHs a promising material for sorption experiments not only for
remediation (it should be emphasized that significantly more articles are devoted to the
use of LDHs for this purpose), but also in separation and preconcentration procedures
in analytical chemistry [16], aiming to enhance the metrological characteristics of the
analytical procedures.

The goal of this article is to provide an overview of the use of LDHs, including
conventional, iron-based, zinc-based, and specialized composite LDHs, for the efficient
separation and preconcentration of (ultra)trace levels of selected inorganic anions prior
to their reliable quantification. Our focus will be on comparing analytical procedures for
the determination of chromium, arsenic, and selenium oxyanions in aqueous matrices.
We will also highlight the analytical characteristics of spectrometric techniques used to
quantify these analytes, such as sensitivity, selectivity, precision, and accuracy. These
parameters will be discussed to illustrate the advancements achieved through LDH-based
extraction methods.

This review specifically concerns the analytical applications of LDHs and does not
cover their preparation and characterization. However, we will provide brief essential
information on the basic composition of LDHs, the main separation mechanisms applicable
to oxyanions, and the use of LDHs for remediation purposes.

While it would be overly bold to assert that LDHs are the sole or most effective
sorbents for oxyanion removal, they do offer distinct advantages. Among the wide variety
of sorbents available for oxyanion separation, each category has its own strengths and
limitations. The relatively simple synthesis of LDHs, their tunable composition for specific
applications, and their high sorption capacity make them particularly attractive. Other
commonly used sorbents include metal oxides (such as Fe2O3, Fe3O4, goethite, Al2O3,
MnO2, and TiO2), activated carbon, anion exchange resins, zeolites, biochar, chitosan-
based materials, clay minerals (such as bentonite, kaolinite, and montmorillonite), and
polymeric sorbents, all of which have proven effective for separating various oxyanions.
Table 1 provides a concise comparison of the advantages and disadvantages of LDHs
alongside other commonly used sorbents mentioned above in extraction processes for
oxyanion separation.
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Table 1. Comparison of LDHs with other sorbent materials.

Sorbent Material Advantages Limitations

Layered double hydroxides High sorption capacity; tunable composition;
easy synthesis

Stability influenced by pH; regeneration
may require chemical treatment

Metal oxides High affinity for oxyanions; relatively low cost Limited pH range for effectiveness;
challenging regeneration

Activated carbon Large surface area; high porosity; widely
available

Non-selective; low efficiency for certain
oxyanions without modification

Anion exchange resins High selectivity; good regeneration potential Limited capacity; expensive; prone to
fouling

Zeolites High surface area; good ion-exchange
properties

Can be costly; selectivity varies with
zeolite type

Biochar Sustainable; environmentally friendly; low-cost Low selectivity; often requires
modification for better performance

Chitosan-based materials Biodegradable; high affinity for oxyanions;
easy to modify

Lower mechanical strength; limited
sorption capacity

Clay minerals Abundant; inexpensive; good ion-exchange
properties

Limited capacity and selectivity; often
require modification

Polymeric sorbents Highly selective; good mechanical stability Expensive; complex synthesis

At the end of this part, we would like to summarize the main aim of this paper. The
unique structural properties and tunable compositions of LDHs enable selective sorption
of a wide range of analytes, including oxyanions. This paper demonstrates that LDHs can
be tailored for specific applications by varying the metal cation composition and interlayer
anions, providing a versatile platform for developing advanced SPE procedures, including
column-based SPE, dispersive SPE, and magnetic SPE. Furthermore, the incorporation of
LDHs into SPE processes not only enhances extraction efficiency but also reduces envi-
ronmental impact by minimizing the use of hazardous substances. The key innovation
of this article lies in emphasizing the significant potential of LDHs for analytical applica-
tions, particularly in the separation and preconcentration of toxic oxyanions. This work
underscores the capabilities of LDHs, positioning them as a promising tool for addressing
contemporary analytical challenges.

2. Composition of LDHs

Layered double hydroxides (LDHs) consist of positively charged octahedral layers
of metal hydroxides, separated by an interlayer region housing anions and solvating
molecules to maintain charge balance, as illustrated in Figure 1. In a general chemical
context, LDHs are represented by the formula [(M2+)1−x(M3+)x(OH)2]x+(An−)x/n·mH2O,
where M2+ denotes a divalent cation; M3+ represents a trivalent cation, both of which
are octahedrally coordinated in the hydroxide layers; and An− indicates an n-valent ex-
changeable anion. The positively charged hydroxide layers can host cations with similar
effective ionic radii (Å), including divalent cations like Mg(0.86), Zn(0.88), Fe(0.92), Co(0.88),
Ni(0.83), Cu(0.87), Mn(0.97), and trivalent cations like Al(0.67), Fe(0.78), Cr(0.75), V(0.93),
Ga(0.76), In(0.84), and Rh(0.80), among others. The exchangeable n-valent anions (An−)
include a variety of common inorganic anions, such as nitrate (NO3

−), chloride (Cl−),
carbonate (CO3

2−), and perchlorate (ClO4
−), as well as many other anion classes. It is

evident that the composition of LDHs can vary considerably due to the combinations of
different octahedrally coordinated M2+ and M3+ cations, the presence of various An−anions,
and the intercalation of various molecules in the interlayer space. Intercalates are formed
by replacing water molecules with other polar molecules such as polyols, amines, and
many others [5].
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Figure 1. Schematic description of an LDH structure.

Typically, the initial step in utilizing an LDH structure involves its synthesis and
subsequent characterization. However, given the availability of numerous recent articles
providing comprehensive information on LDH synthesis methods and characterization
techniques, this article will not delve into a detailed discussion of these topics. For readers
seeking in-depth information, we recommend referring to recent reviews [14,17–23].

Layered double hydroxides offer significant promise for improving extraction meth-
ods, in both environmental and analytical applications. However, careful consideration of
their advantages and disadvantages is essential for optimizing their use in specific extrac-
tion procedures. Summarization of advantages and disadvantages of LDHs in extraction
procedures can be seen in Table 2.

Table 2. Advantages and disadvantages of LDHs in extraction procedures.

Advantages Disadvantages

High surface area Sensitivity to pH and ionic strength
High sorption capacity Limited stability
Tunable composition Limited understanding of mechanisms

Selective anion sorption Anion competition
Enhanced extraction efficiency Potential leaching

Eco-friendliness Cost considerations
Regenerability and reusability Limited commercial availability

Intercalation properties Characterization challenges

3. Separation Mechanisms

In general, three different mechanisms have been proposed for the removal of oxyan-
ions from an aqueous medium using LDHs: (1) surface adsorption, (2) interlayer anion
exchange, and (3) the reconstruction of calcined LDH precursors through the memory ef-
fect [24]. Surface adsorption involves contaminants adhering to the LDHs’ surface, forming
a molecular or atomic film. The anion exchange process in LDHs is primarily influenced
by the charge-balancing anions in the interlayer and the layer charge density. For calcined
materials (LDHs treated at temperatures typically ranging from 450 to 550 ◦C), the sorption
mechanism includes rehydration of mixed metal oxides and simultaneous intercalation
of oxyanions into the interlayer, leading to the reconstruction of the LDHs. A schematic
illustration showing chromate sorption onto LDH structures is depicted in Figure 2.
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Separation mechanisms are applied in both environmental and analytical applications,
with differences reflected in the expected outcomes. In environmental applications, the goal
often involves cleaning contaminated samples, meaning that other co-existing substances
can also be sorbed by the LDHs in use. Satisfactory results can be achieved as long as
the sorption capacity of the LDH substrate is sufficiently high to accommodate all the
sorbed species. In analytical applications, the primary objective is to selectively separate
the studied oxyanion to reliably quantify its (ultra)trace concentrations. In this context,
thorough studies dedicated to co-existing species must be conducted.
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4. Environmental Applications

The use of LDHs for sorbing various contaminants has been extensively reviewed,
with a particular focus on oxyanions. Goh et al. [25] have provided a comprehensive
overview of LDH synthesis methods, characterization techniques, and recent advancements
in removing various oxyanions using LDHs, highlighting both areas of consensus and
unresolved issues. Recently, Turk et al. [26] specifically focused on LDHs as highly effective
sorbents for removing arsenic oxyanions from liquid matrices. Tran et al. [27] offered
insights into the possible adsorption mechanisms of chromium oxyanions onto LDH-based
sorbents by critically examining the past and present literature, concluding that these
materials have significant potential as adsorbents with a high affinity for toxic chromium
in water and wastewater samples. Dai et al. [28] provided a global perspective on the
progress of LDHs in mitigating heavy metals and organic pollutants, such as chromate
anions, cadmium cations, tetracycline, and malachite green. These are just a few examples
of comprehensive reviews on the environmental applications of LDHs, summarizing
hundreds of publications. This clearly indicates the significant attention given to the use of
LDHs in decontamination studies.

In environmental applications, the main goal is to purify contaminated waters [29]. In
such applications, experimental studies seek to understand the sorption behaviors of LDHs
with various oxyanions and the kinetic models used to explain the rate of oxyanion sorption
from aqueous solutions onto LDHs. The most frequently studied oxyanions include
arsenite [30], arsenate [31,32], chromate [33,34], phosphate [31,34,35], selenite [36–38],
selenate [36,38], borate [39], nitrate [40,41], perrhenate [42], pertechnetate [43], iodate [44],
molybdate [45], and vanadate [46]. Research on other oxyanions, such as dichromate [47],
antimonite [48], antimonate [48,49], and permanganate [50], can also be found in the
published literature.

5. Analytical Applications

In analytical applications, where LDHs are employed as sorbents in SPE and DSPE
procedures, the focus is on separating and preconcentrating the investigated component, re-
ferred to as the analyte. This approach is used when direct quantification of the (ultra)trace
analyte concentration is not possible due to the high quantification limit of the instrumental
technique used or when co-existing components in the analyzed sample cause interference
that makes the quantification of the analyte impossible.

Although the number of publications using LDHs for analytical extractions is consider-
ably smaller than those focusing on environmental applications, the topic is not unfamiliar
to the scientific community. In 2016, Sajid and Basheer [16] were the first to highlight LDHs
as emerging sorbents in analytical extractions, including solid-phase extraction (SPE),
solid-phase microextraction (SPME), and dispersive SPE (DSPE), with a primary focus on
various organic pollutants. In 2020, Tang et al. [51] published a comprehensive overview
that expanded on these methods, also covering thin-film microextraction (TFME), stir bar
sorptive extraction (SBSE), and in-tube solid-phase microextraction (IT-SPME). The review
summarized the extraction of analytes such as H2O2, glucose, various metal ions, organic
pollutants, drugs, pharmaceuticals, and biological molecules. Later, Abdallah et al. [52]
delved into the principles of LDH use in the extraction of a wide range of diverse analytes,
discussing synthesis methods, characterization techniques, and the regeneration of LDHs
after use. Recently, a more in-depth study on the analytical applications of these high-
capacity sorbents in DSPE for the separation and preconcentration of (ultra)trace heavy
metals was published [5]. While the primary focus of the previously published article [5]
was on inorganic cations such as Cu(II), Ni(II), Co(II), Pb(II), Fe(III), and others, this article
explores the use of LDHs for the extraction of inorganic anions, particularly the oxyanions
of chromium, arsenic, and selenium. The key distinction between these two groups of
analytes lies in the sorption mechanisms that can be applied for their extraction.
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5.1. Extraction Procedures for Chromate Ions

Chromium is one of the most frequently quantified elements, particularly in speciation
studies. This is primarily due to the fact that its two most stable oxidation states, Cr(III)
and Cr(VI), exhibit vastly different properties. Cr(III), which exists in various compounds
in its cationic form, is essential for the proper functioning of living organisms. In contrast,
Cr(VI) exists in several anionic forms that are highly toxic and have been classified as
carcinogens [53]. Aqueous hexavalent chromium often exists in different species, such as
chromate (CrO4

2−), hydrogen chromate (HCrO4
−), dichromate (Cr2O7

2−), and dihydrogen
chromate (chromic acid, H2CrO4), depending on solution pH and total chromium concen-
trations [54,55]. For example, chromic acid (H2CrO4) is primarily found in solution at a pH
level below 1.0, while hydrogen chromate (HCrO4

−) is the dominant anionic chromium
species in solutions within a pH range of 1.0–6.5. Additionally, Cr(VI) mainly exists as the
anionic species of chromate (CrO4

2−) when the solution pH is greater than 6.5. Dichromate
(Cr2O7

2−) anion commonly forms when the chromium concentration exceeds approxi-
mately 1000 mg/L [27,56]. Due to the highly dangerous nature of hexavalent chromium
species, numerous studies have focused on the separation and quantification of these ions.

As mentioned above, the adsorption of negatively charged species onto LDHs and
their ability to exchange interlayer anions are crucial for the separation of various oxyan-
ions, including chromate ions. For instance, Khonkayan et al. [57] demonstrated these
mechanisms using a Mg/Al(Cl−)-LDH sorbent. They developed an in situ DSPE (is-DSPE)
procedure, in which the sorbent was prepared directly in the sample during the extraction
process. The method involved rapidly injecting a mixture of MgCl2, AlCl3, and NaOH into
the sample, followed by isolating the resulting precipitate. Afterward, the analyte was mea-
sured using copper nanoclusters (DAMP-CuNCs) as a fluorescent probe. The advantage of
the in situ approach is that it does not require the sorbent to be pre-synthesized and charac-
terized. The method significantly improved the analytical capabilities of the fluorescent
probe by reducing the limit of detection (LOD) from 8.5 µM to 0.31 µM and the limit of
quantification (LOQ) from 21.7 µM to 0.96 µM, making it suitable for the quantification
of trace amounts of chromate in real water samples. The method also demonstrated high
accuracy and precision, with extraction recoveries between 102% and 107% and a relative
standard deviation (RSD) of less than 6%.

Sansuk et al. [58] reported a method called electrostatically induced stoichiometric
extraction (EISE). In this method, MgCl2 and AlCl3 are mixed in a 3:1 molar ratio and
added to a sample that has been pretreated with NaOH. The advantage of this method is
that it eliminates the need to elute the target analyte. After the supernatant is removed,
ethylene glycol is added to the remaining precipitate, followed by vortexing for a few
seconds. The mixture is then transferred to a quartz microcell for rapid spectrophotometric
measurement. However, there are concerns regarding the selectivity of the method. When
tested on different water samples (bottled, tap, and lake water) with varying amounts of
chromate (75 to 500 µg/L), the results varied. For bottled water, the extraction recovery was
between 91% and 97%, but it dropped significantly for tap water (58–64%) and lake water
(30–41%). This decrease seems to be due to the interference of high levels of anions, such as
SO4

2−, CO3
2−, etc. Unfortunately, the authors do not specify the levels of these interfering

anions. Despite these issues, the method showed improved sensitivity compared to the
method without LDH-based separation.

Barfi et al. [59] described an experimental setup using a syringe to agitate a mixture
of the sample solution and sorbent, which allowed for multiple “extraction cycles” to be
performed by repeatedly drawing in and pushing out the reaction mixture. After extraction,
the sorbent (Zn/Al(EDTA)-LDH) with the analyte was captured on a filter at the syringe
tip. The authors named the method integrated one-step DSPE (I-OS-DSPE), highlighting
two key advantages: no centrifugation is required, and no elution is required, because the
sorbent with the adsorbed analyte can be dissolved in 6 M HNO3. Another noteworthy
aspect of their work is the thorough interference study. The model solutions contained much
higher concentrations of potential interferents compared to the chromate concentration,
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demonstrating the method’s strong selectivity. With a relatively high enrichment factor (EF)
of 42.5, they reported an improved LOD for micro-sampling FAAS, specifically 2.4 µg/L.
The optimized method was applied to chromate determination in biological samples, such
as human hair, nails, blood plasma, and urine.

Rajabi et al. [60] used a similar approach, but introduced a new name, centrifugeless
ultrasound-enhanced air-agitated dispersive solid-phase extraction (USE-AA-DSPE). They
used Mg/Al(NO3

-)-LDH intercalated with the AHNDA ligand (4-amino-5-hydroxy-2,7-
naphthalenedisulfonic acid monosodium salt) to separate and concentrate selected metal
ions prior to their quantification by micro-sampling FAAS. The extraction mechanism
for selected ions (Cd(II), Cr(VI), Pb(II), Co(II), and Ni(II)) was explained by formation of
complexes between the metal ions and the ligand. Although the authors did not address
the potential presence of chromium oxyanions (since the optimal pH for sorption was
6.0), the method still showed improved analytical characteristics for all selected metals,
including chromium (even though its separation mechanism may be completely different).
For chromium, they achieved a preconcentration factor of 40, an LOD of 1.7 µg/L, an
RSD ranging from 4.1% to 6.4%, and extraction recoveries between 95% and 102%. The
applicability of the method was demonstrated by the quantification of selected metal ions
in complex samples, such as human urine, plasma, saliva, hair, and nails.

To selectively separate hexavalent chromium from drinking water samples, Leite et al.
used Zn/Al-LDH with two different intercalated amino acids: L-alanine (ALA) [61] and
L-aspartic acid (ASP) [62]. These LDHs were then applied in extraction procedures. At
the optimal pH values (5.2 for Zn/Al(ALA)-LDH and 5.5 for Zn/Al(ASP)-LDH)), Cr(VI)
was present as HCrO4

− anion, while Cr(III) appeared as the Cr(OH)2+ cation, and both
amino acids were protonated (pKa for L-alanine is 9.87; pKa for L-aspartic acid is 9.90). The
accuracy of both DSPE procedures was validated using water sample CRM, which showed
quantitative recovery for both methods. Although both studies achieved comparable EFs,
the Zn/Al(ASP)-LDH-based extraction combined with FAAS detection demonstrated a
lower LOD (3.13 µg/L) and LOQ (10.43 µg/L) [62], which are approximately half com-
pared to those achieved with the Zn/Al(ALA)-LDH-based extraction paired with FAAS
detection [61].

A description of a two-step synthesis approach for preparing of a nanocomposite
material containing an LDH structure can be found in a paper published by Beyki et al. [63].
The resulting nanosorbent was used for separating and preconcentrating chromate ions in
DSPE. Special attention was paid to the regeneration studies, which demonstrated almost
100% elution of the targeted analyte using 1 M NaOH, indicating the potential for sorbent
reuse. However, the authors did not specify whether the sorbent was actually reused in
subsequent applications. A drawback of the procedure is its inability to distinguish between
Cr3+ and CrO4

2−. At pH 4.5, 52% of Cr3+ and 99% of CrO4
2− are sorbed, posing a challenge

for accurately determining the ionic form of chromium in the analyzed sample. The
study focused on seawater and chromium-free food additives (sodium nitrate and sodium
acetate). To demonstrate the selectivity of the developed method, the extraction yields
were evaluated after spiking the analyzed samples with chromate (50 µg/L), resulting in
recovery rates between 96% and 98%. While the method’s selectivity was highly sufficient,
there was also an improvement in sensitivity. Using this LDH-based extraction method
combined with FAAS detection, an LOD of 0.22 µg/L was achieved.

Jamali et al. [64] prepared a ternary LDH, specifically Zn/Ni/Bi(NO3
−)-LDH, for

selective separation and preconcentration of chromate ions followed by quantification
using micro-sampling FAAS. The method achieved an impressive preconcentration factor
of 400, resulting in a very low LOD (0.03 µg/L) and an LOQ (0.10 µg/L). With extraction
recoveries exceeding 97% and an RSD better than 2.4%, the method proved highly reliable,
as demonstrated by successfully applying the procedure to separate and determine of
chromate ions from wastewater samples.

Wani et al. [65] prepared a neodymium-doped polyaniline-supported Zn/Al-LDH
nanocomposite (PANI@Nd-LDH), which contained amine and imine functional groups
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that were protonated in an acidic medium. When comparing the sorption capacities of
PANI@Nd-LDH (219 mg/g), Nd-LDH (123 mg/g), and LDH (88 mg/g), it is clear that
this protonation plays a significant role in achieving such high sorption capacity. Another
positive aspect of PANI@Nd-LDH is its reusability, as chromate ions were quantitatively
desorbed using 0.1 M NaOH. Additionally, the improvements in the LOQ (96 nM) for
fluorescence detection were noteworthy.

Abdolmohammad-Zadeh and Sadeghi [66] described a column SPE method using a
nanosorbent, specifically Ni/Al(NO3

−)-LDH, for the speciation analysis of both chromium
and manganese. The method relies on the fact that at pH 6.0, Cr(VI) and Mn(VII) oxyanions
are retained by the nanosorbent, while Cr(III) and Mn(II) cations pass through the LDH-
packed column without retention. To determine the total concentrations of chromium
and manganese, pre-oxidation steps for Cr(III) and Mn(II) are required. This method for
chromate ions exhibited a preconcentration factor of 100, and when combined with FAAS
detection, achieved an LOD of 0.51 µg/L, an RSD of 2.5%, and extraction recoveries ranging
from 95% to 101%. These parameters indicate that the method is well-suited for the reliable
quantification of trace chromate ions in natural water samples and wastewater effluents.

Nyaba and Nomngongo [67] used a combination of two extraction methods, namely,
ultrasound-assisted cloud point extraction (UA-CPE) and dispersive µ-solid phase extrac-
tion (D-µ-SPE) to preconcentrate various elements (such as As, Cd, Cr, Co, Sb, Pb, and
Tl) prior their quantification by inductively coupled plasma optical emission spectrome-
try (ICP-OES). Although these elements differ in their chemical forms (some are cations
such as Cd(II), Co(II), Pb(II), and Tl(I)/Tl(III), while others are anions such as Cr(VI),
As(III)/As(V), and Sb(III)/Sb(V)), the same extraction principle seemed to work for all
of them. The process likely involved forming complexes between the trace elements and
diethyldithiocarbamate, which were then captured by micelles of Triton X-114 and ad-
sorbed onto a nanocomposite made of Mg/Al-LDH and carbon nanotubes. The optimized
method demonstrated excellent precision, accuracy, and good analytical performance (in-
cluding LOD, LOQ, and linearity) for all the elements tested. For chromium, a linear range
of 0.3–1000 µg/L, an LOD of 0.10 µg/L, and an LOQ of 0.33 µg/L were reported. This
method was successfully applied to analyze water from various sources and food samples,
including carrots, potatoes, spinach, cabbage, lettuce, and tomatoes.

5.2. Extraction Procedures for Arsenic Oxyanions

Arsenic is a metalloid known for its toxic, carcinogenic, and mutagenic properties [68].
High concentrations or prolonged exposure to arsenic in drinking water pose significant
health risks for humans, including skin lesions, cardiovascular diseases, and an increased
risk of cancer [69]. Arsenic contamination also negatively affects all environmental com-
partments and the organisms within them [70]. It is important to note that not only
concentration and duration of exposure but also its chemical form and oxidation state play
a crucial role in its toxicity [71]. Furthermore, the way arsenic is absorbed, metabolized,
and eliminated by the body is equally vital to understanding its overall impact [72].

In natural waters, arsenic primarily exists as arsenite (As(III)) and arsenate (As(V)).
The term “inorganic arsenic” (iAs) refers to both As(III) and As(V) and is associated with
the highest toxicological risks compared to organic arsenic compounds. The abundance of
each arsenic species varies based on environmental factors, particularly redox potential
and pH [73]. For example, arsenate species are prevalent in aqueous aerobic environments.
At pH levels below 6.9, the dominant form is H2AsO4

−, while at higher pH levels, it is
HAsO4

2−. Other forms, such as H3AsO4 and AsO4
3−, may appear under highly acidic and

alkaline conditions, respectively. In anoxic environments, arsenite species are dominant,
with H3AsO3 being the main form at pH levels below 9.2 [74].

This subsection discusses studies focused on the use of LDHs for the separation and
preconcentration of As(V) [75] and total iAs [67,76]. It is worth noting that, compared to
Cr(VI), significantly fewer articles have been published on the determination of arsenic
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oxyanions, despite many research papers focusing on the use of various LDHs to remove
arsenic species from polluted waters [26,74].

Abdolmohammad-Zadeh and Talleb [75] reported the use of a magnetic nanohybrid,
Fe3O4-doped MgAl(NO3

−)-LDH, for the selective separation and preconcentration of
As(V), followed by chemiluminescence (CL) quantification. By incorporating magnetic
properties to the colloidal LDHs, the sorbent was employed in magnetic solid-phase ex-
traction (MSPE), in which the solid phase is separated after extraction using an external
magnetic field, which is faster and easier than centrifugation or filtration. The concentration
of As(V) was measured directly, while the total concentration of arsenic was determined
by pre-oxidizing As(III) to As(V) using hydrogen peroxide in a basic solution. Under opti-
mized experimental conditions, the method achieved impressive analytical characteristics,
including a linear range from 0.005 to 5 µg/L, an LOD of 0.002 µg/L, and an RSD better
than 2.2%. The method’s applicability was demonstrated by determining As(V) and total
inorganic arsenic in water samples from various sources.

A ternary LDH, specifically Mg/Al/Fe(NO3
−)-LDH, was utilized by Abdolmohammad-

Zadeh et al. [76] for the separation and preconcentration of total inorganic As (iAs). Both
inorganic arsenic species (As(III) and As(V)) were effectively retained by the nanosorbent,
which was placed in a polypropylene cartridge. The extraction procedure was coupled with
electrothermal atomic absorption spectrometry (ETAAS). Although ETAAS is considered a
sensitive detection technique, a significant reduction in the LOD was achieved by employing
a preconcentration factor of 300, resulting in a value of 0.0046 µg/L. The procedure also
demonstrated robust tolerance to co-existing ions, even in high excess compared to arsenic
concentration, making it highly selective. The analytical potential of ETAAS, in terms of both
sensitivity and selectivity, was enhanced, enabling reliable quantification of ultratrace levels
of arsenic in tap, well, spring, and rainwater samples.

The work of Nyaba and Nomngongo [67] for the determination of chromate anions
was discussed above in the text. They employed a combination of UA-CPE and D-µ-SPE,
with a nanocomposite Mg/Al-LDH@CNTs playing a key role in the extraction of various
elements, including chromium and arsenic oxyanions. However, we must state that the
authors did not discuss the ionic forms and oxidation states of the analytes. It proved to be
suitable for the separation and preconcentration of all studied elements from water and
food samples prior to ICP-OES quantification. Specifically for arsenic, the method achieved
linearity in the range of 0.4–850 µg/L, an LOD of 0.15 µg/L, an LOQ of 0.50 µg/L, and an
RSD better than 1.9%.

5.3. Extraction Procedures for Selenium Oxyanions

The increasing interest in quantifying selenium arises from its dual nature, as it can
be both beneficial and toxic depending on its concentration and chemical form [77,78]. As
an essential micronutrient, selenium is a key component of various compounds crucial
for many physiological processes in living organisms, including humans [79]. However,
excessive selenium levels or prolonged exposure to high concentrations can be toxic. The
concentration range between selenium deficiency and toxicity is relatively narrow [80].

In general, inorganic forms of selenium are more toxic than organic forms [81,82].
Selenium primarily enters aquatic environments as inorganic species, specifically selenite
(Se(IV)) and selenate (Se(VI)). The presence of different selenium species is influenced by pH
and redox conditions [83]. Under oxidizing conditions, selenate predominates, remaining
highly soluble and resistant to precipitation [84]. Selenite, on the other hand, is typically
found in environments with moderate redox potential [84]. When comparing the toxicity of
selenate and selenite, the latter is more toxic and more easily absorbed by organisms [85,86].
Additionally, selenate and selenite differ in their adsorption mechanisms on inorganic
anion exchangers, making selenate more difficult to remove than selenite [87,88]. In the
case of LDH-based extraction procedures, all have been developed for selenite ions [89–91],
which we will discuss in the following text.
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In a study by Chen and An [89], a novel sorbent consisting of a thin layer of Mg/
Fe(CO3

2−)-LDH precipitate coating cellulose fiber particles was used. This research
presents two key advantages. First, it highlights the effective use of this sorbent in a
column setup integrated into a sequential injection system coupled with hydride gener-
ation atomic fluorescence spectrometry (HG-AFS). Second, the study is valuable for its
approach to selenium speciation. The extraction procedure was optimized for selenite
ions, and after the pre-reduction of selenate, total inorganic selenium was quantified. This
allowed for the differentiation of the two inorganic selenium species (namely, direct quan-
tification of selenite and indirect quantification of selenate) in real water samples, including
those from rivers, lakes, and rainwater. The method demonstrated strong analytical per-
formance, with an LOD of 0.022 µg/L, an RSD of 3.3%, and was successfully validated
through the analysis of a CRM of rice (GBW 10010). These results suggest that the method
is reliable for quantifying ultratrace levels of selenite.

A study by Abdolmohammad-Zadeh et al. [90] describes the use of a polypropylene
cartridge filled with a lab-made Ni/Al(NO3

−)-LDH sorbent. This setup was integrated into
a continuous flow system, in which an aqueous sample was passed through the cartridge
containing the sorbent, and the retained analyte was then quantitatively eluted using 3 M
NaOH. The procedure was optimized for the separation and preconcentration of selenite
from various samples, including tap water, well water, river water, wastewater, and oyster
tissue (SRM 1566b). For selenium quantification, hydride generation atomic absorption
spectrometry (HG-AAS) was employed. The combination of the presented SPE procedure
with continuous flow HG-AAS demonstrated excellent precision (an RSD of 2.8%), high
selectivity (extraction recoveries ranging from 95% to 103%), and great sensitivity (an LOD
of 0.010 µg/L), making it suitable for the quantification of Se(IV) in complex matrices of
various compositions.

Prasad et al. [91] described the use of a relatively low-sensitivity detection tech-
nique, UV-Vis spectrophotometry, combined with co-precipitative preconcentration using
Fe/Ti(SO4

2−)-LDH for quantifying trace selenium in geological samples, including soil,
river sediment, and sea sediment. In this study, three variants of LDHs with varying
Fe(III)/Ti(IV) ratios were tested. The procedure resulted in a precipitate containing selenite
ions. Accuracy of the method was confirmed by spiking CRMs (IAES Soil-7 and Mess-3)
with known concentrations of selenite, followed by decomposition with HF and H2SO4.
Despite the potential presence of selenate after decomposition, excellent recoveries ranging
from 96% to 100% were achieved, suggesting that the LDH-based separation is effective for
both selenium species, not just selenite. The method significantly enhanced the analytical
potential of UV-Vis spectrophotometry. With an EF of about 200, the method achieved an
LOD of 1.0 µg/L and an RSD of 3.0%.

6. A Few Notes on Detection Techniques

Among the oxyanions discussed in this overview, the largest proportion of research
articles have been devoted to chromates. Therefore, for this analyte, we can briefly compare
the analytical characteristics achieved by different spectrometric detection techniques.

Among spectrometric techniques, FAAS was the most frequently used. Sensitivity
improvements through effective extraction procedures make FAAS an attractive tool for
(ultra)trace analysis of chromium. Published LODs for FAAS typically ranged from 1.7
to 7.1 µg/L [59–62], though significantly lower LODs, such as 0.22 µg/L [63] and even
0.03 µg/L [64], have also been reported (see Table 3). The latter LOD can be considered
excellent for the FAAS technique. This outstanding LOD was achieved due to the use of an
optimized extraction method with an impressive preconcentration factor of 400 [64].

For ICP-OES, an LOD of 0.10 µg/L was reported [67], demonstrating a notable im-
provement in the sensitivity of this detection technique.
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Table 3. Analytical characteristics for the quantification of chromium, arsenic, and selenium after
using LDH-based extraction procedures.

LDH Analyte Detection
Technique

LOD
(µg/L)

RSD
(%) PF Recovery (%) Ref.

Mg/Al(Cl−) Cr(VI) UV-Vis 22.0 9.8 10 30–97 [58]
Zn/Al(APDC) Cr(VI) FAAS 2.4 4.0 42.5 96–101 [59]
Zn/Al(ALA) Cr(VI) FAAS 7.1 2.7 6.6 98–110 [61]
Zn/Al(ASP) Cr(VI) FAAS 3.1 3.0 7.0 98–103 [62]

Mg/Al(Cl−/(CO3
2−)/polymer Cr(VI) FAAS 0.22 3.3 n.r. 96–98 [63]

Zn/Ni/Bi(NO3
−) Cr(VI) FAAS 0.030 2.4 400 >97 [64]

Ni/Al(NO3
−) Cr(VI) FAAS 0.51 2.5 100 95–101 [66]

Mg/Al(NO3
−)/CNTs Cr(VI) ICP-OES 0.10 4.2 185 97–99 [67]

Mg/Al(Cl−) Cr(VI) Fluorescence 310 * 6.0 12.4 102–107 [57]
Nd/Zn/Al(PANI) Cr(VI) Fluorescence 96 * 5.5 n.r. 57–97 [65]

Ni/Fe(UA/GL) Cr(VI) Potentiometry 64 * 1.4 n.r. 97–101 [92]
Ni/Fe(UA) Cr(VI) Potentiometry 100 * 1.0 n.r. 99–101 [92]

Fe3O4-doped Mg/Al(NO3
−) As(V) CL 0.002 2.2 80 93–107 [75]

Mg/Al/Fe(NO3
−) iAstot ETAAS 0.0046 3.9 300 97–103 [76]

Mg/Al/NO3
−)/CNTs iAstot ICP-OES 0.15 1.9 177 97–100 [67]

Mg/Fe(CO3
2−)/cellulose Se(IV) HG-AFS 0.022 3.3 13.3 95–96 [89]

Ni/Al(NO3
−) Se(IV) HG-AAS 0.010 2.8 33 95–103 [90]

Fe/Ti(SO4
2−) Se(IV) UV-Vis 1.0 3.0 200 96–100 [91]

* values in nmol/L; n.r.: not reported; LOD: limit of detection; RSD: relative standard deviation; PF: preconcentra-
tion factor; APDC: ammonium pyrrolidine dithiocarbamate; ALA: L-alanine; ASP: L-aspartic acid; CNTs: carbon
nanotubes; PANI: polyaniline; UA: urea; GL: glycerol; UV-Vis: UV-Vis spectrophotometry; FAAS: flame atomic
absorption spectrometry; ICP-OES: inductively coupled plasma optical emission spectrometry; CL: chemilumines-
cence detection; ETAAS: electrothermal atomic absorption spectrometry; HG-AFS: hydride generation atomic
fluorescence spectrometry; HG-AAS: hydride generation atomic absorption spectrometry.

Using UV-Vis spectrophotometry for chromium quantification, an LOD of 22 µg/L
was achieved [58], confirming the improved analytical potential of UV-Vis. However, this
LOD is the highest among the values listed in Table 3 for chromium quantification.

The selectivity of the reported methods was validated through spiking experiments,
in which known concentrations of chromate were added to real-world samples of varying
origins and compositions. These experiments resulted in quantitative extraction recoveries
mostly ranging from 93% to 110%. However, two studies reported lower extraction recover-
ies: one for lake water samples (57–97%) [65], and the other for tap water samples (58–64%)
and for lake water samples (30–41%) [58]. In these cases, special attention must be given to
the accompanying anions.

Although only a few studies have focused on improving the analytical performance
using LDH-based extraction procedures for arsenic and selenium, significant progress
has been made. Notably, extremely low LODs have been reported when these extraction
procedures are used for selenium, in combination with HG-AAS detection (10 ng/L) and
HG-AFS detection (22 ng/L). For arsenic, even lower LODs were achieved with ETAAS
detection (4.6 ng/L) and chemiluminescence detection (2.0 ng/L). These combinations
allow for the reliable quantification of ultratrace levels of these elements, as demonstrated
by the analysis of natural water samples in the reviewed papers.

7. Conclusions

The removal of various inorganic oxyanions from contaminated water samples using
different LDH sorbents has garnered considerable attention, as evidenced by numerous
publications dedicated to each oxyanion. However, in comparison to these studies, there
is a noticeable scarcity of papers addressing the development of effective extraction pro-
cedures using such sorbent materials aimed at enhancing analytical characteristics. This
is somewhat surprising, given that all published works report improved analytical char-
acteristics following the use of optimized extraction procedures involving LDHs. In all
studies, significantly lower LODs are described, enabling the use of various detection
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techniques for quantifying concentrations often several orders of magnitude lower than
without the separation/preconcentration procedure. Most published works also document
improvements in selectivity. Achieving quantitative extraction yields in the analysis of
spiked real-world samples demonstrates the potential applicability of these extraction
procedures for analyzing complex matrices containing various co-existing components at
different concentration levels. In summary, the development and utilization of effective
extraction procedures involving LDHs have led to the improvements in multiple analytical
characteristics in all published works.

Here, it is worth highlighting the effective use of LDHs in both column and dispersive
SPE arrangements. In a column arrangement, during the quantitative elution of the target
analyte, the (mini)column with the sorbent can be integrated into a continuous flow setup
directly connected to the detection technique. This setup automates the entire analytical
procedure, thereby improving process efficiency by reducing the number of steps.

In dispersive arrangements, the separation of the solid and liquid phases is usually
accelerated by centrifugation. If the sorbent with the target analyte is subsequently dis-
solved, it can be positively noted that there is no loss of the analyte, which could otherwise
occur due to incomplete elution. If elution from the sorbent is necessary, additional steps,
such as mixing the sorbent containing the target analyte and the elution agent for a certain
time, followed by phase separation, are required. From this point of view, the ability to
dissolve the sorbent containing the target analyte is a positive aspect, as it shortens the
procedure by several steps. However, in such cases, a new sorbent needs to be used for
each subsequent extraction.

By introducing magnetic properties to colloidal LDHs, it is possible to use an external
magnetic field for phase separation after extraction, eliminating the need for centrifugation.
For preconcentration of the target analyte, both analyte elution from the magnetic sorbent
and dissolution of the sorbent with the target analyte can by utilized. In both cases, small
volumes of eluents (on the order of hundreds of microliters) are required.

As evident from the text above, each extraction procedure has its pros and cons. How-
ever, what they all have in common is that, after thorough optimization of the extraction
procedure using LDHs with properties tuned for the separation of the target analyte, it is
possible to develop efficient methods that achieve high preconcentration factors.

In conclusion, it is worth reflecting on why significantly less research is focused on
the analytical use of LDH-based extraction procedures compared to the environmental use
of LDH-based separation procedures. The limited attention to this area may be due to the
challenges associated with controlling interferences from co-existing ions. Research in this
field requires extensive experiments with model solutions containing varying concentra-
tions of these ions. Unfortunately, this process is time-consuming and demands significant
amounts of chemicals and labor. The demanding nature of this experimental work may be
one reason why the use of LDHs in analytical applications has received less attention.

Author Contributions: Conceptualization, methodology, resources, visualization, project adminis-
tration, funding acquisition, writing—original draft preparation, writing—review and editing, I.H.;
writing—review and editing, V.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Scientific Grant Agency of the Ministry of Education,
Science, Research, and Sport of the Slovak Republic and the Slovak Academy of Sciences under the
contract VEGA 1/0135/22.

Conflicts of Interest: The authors declare no conflicts of interest.



Toxics 2024, 12, 780 14 of 18

Abbreviations

AHNDA 4-amino-5-hydroxy-2,7-naphthalenedisulfonic acid monosodium salt
ALA L-alanine
APDC ammonium pyrrolidine dithiocarbamate
ASP L-aspartic acid
CL chemiluminescence
CNTs carbon nanotubes
CRM certified reference material
D-µ-SPE dispersive micro solid-phase extraction
DSPE dispersive solid-phase extraction
EF enrichment factor
EISE electrostatically induced stoichiometric extraction
ETAAS electrothermal atomic absorption spectrometry
FAAS flame atomic absorption spectrometry
GL glycerol
HG-AAS hydride generation atomic absorption spectrometry
HG-AFS hydride generation atomic fluorescence spectrometry
ICP-OES inductively coupled plasma optical emission spectrometry
I-OS-DSPE integrated one-step dispersive solid
IT-SPME in-tube solid-phase microextraction
LDHs layered double hydroxides
LLE liquid–liquid extraction
LOD limit of detection
LOQ limit of quantification
MSPE magnetic solid-phase extraction
PANI polyaniline
PF preconcentration factor
RSD relative standard deviation
SBSE stir bar sorptive extraction
SPE solid-phase extraction
SPME solid-phase microextraction
TFME thin-film microextraction
UA-CPE ultrasound-assisted cloud point extraction
USE-AA-DSPE ultrasound-enhanced air-agitated dispersive solid-phase extraction
UV-Vis UV-Vis spectrophotometry
XRF X-ray fluorescence
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5. Hagarová, I.; Nemček, L. Analytical application of layered double hydroxides as high-capacity sorbents in dispersive solid phase
extraction for the separation and preconcentration of (ultra)trace heavy metals. Crit. Rev. Anal. Chem. 2023, 1–14. [CrossRef]
[PubMed]

6. Maya, F.; Cabello, C.P.; Ghani, M.; Palomino, G.T.; Cerdà, V. Emerging materials for sample preparation. J. Sep. Sci. 2018, 41,
262–287. [CrossRef] [PubMed]

7. Faraji, M.; Yamini, Y.; Gholami, M. Recent advances and trends in applications of solid-phase extraction techniques in food and
environmental analysis. Chromatographia 2019, 82, 1207–1249. [CrossRef]

8. Madikizela, L.M.; Ncube, S.; Chimuka, L. Recent developments in selective materials for solid phase extraction. Chromatographia
2019, 82, 1171–1189. [CrossRef]

9. Sunder, G.S.S.; Adhikari, S.; Rohanifar, A.; Poudel, A.; Kirchhoff, J.R. Evolution of environmentally friendly strategies for metal
extraction. Separations 2020, 7, 4. [CrossRef]

https://doi.org/10.1016/j.cjche.2021.05.031
https://doi.org/10.1016/j.teac.2020.e00081
https://doi.org/10.1016/j.aca.2020.07.064
https://www.ncbi.nlm.nih.gov/pubmed/33248658
https://doi.org/10.1080/10408347.2023.2227906
https://www.ncbi.nlm.nih.gov/pubmed/37350631
https://doi.org/10.1002/jssc.201700836
https://www.ncbi.nlm.nih.gov/pubmed/28985015
https://doi.org/10.1007/s10337-019-03726-9
https://doi.org/10.1007/s10337-018-3644-8
https://doi.org/10.3390/separations7010004


Toxics 2024, 12, 780 15 of 18

10. Badawy, M.E.I.; El-Nouby, M.A.M.; Kimani, P.K.; Lim, L.W.; Rabea, E.I. A review of the modern principles and applications of
solid-phase extraction techniques in chromatographic analysis. Anal. Sci. 2022, 38, 1457–1487. [CrossRef]

11. Gu, P.C.; Zhang, S.; Li, X.; Wang, X.X.; Wen, T.; Jehan, R.; Alsaedi, A.; Hayat, T.; Wang, X.K. Recent advances in layered double
hydroxide-based nanomaterials for the removal of radionuclides from aqueous solution. Environ. Pollut. 2018, 240, 493–505.
[CrossRef]

12. Johnston, A.L.; Lester, E.; Williams, O.; Gomes, R.L. Understanding layered double hydroxide properties as sorbent materials for
removing organic pollutants from environmental waters. J. Environ. Chem. Eng. 2021, 9, 105197. [CrossRef]

13. Nava-Andrade, K.; Carbajal-Arízaga, G.G.; Obregón, S.; Rodriguez-Gonzalez, V. Layered double hydroxides and related hybrid
materials for removal of pharmaceutical pollutants from water. J. Environ. Manag. 2021, 288, 112399. [CrossRef] [PubMed]

14. Feng, X.F.; Long, R.X.; Wang, L.L.; Liu, C.C.; Bai, Z.X.; Liu, X.B. A review on heavy metal ions adsorption from water by layered
double hydroxide and its composites. Sep. Purif. Technol. 2022, 284, 120099. [CrossRef]

15. Dong, Y.C.; Kong, X.R.; Luo, X.S.; Wang, H.T. Adsorptive removal of heavy metal anions from water by layered double hydroxide:
A review. Chemosphere 2022, 303, 134685. [CrossRef]

16. Sajid, M.; Basheer, C. Layered double hydroxides: Emerging sorbent materials for analytical extractions. Trac-Trends Anal. Chem.
2016, 75, 174–182. [CrossRef]

17. Mishra, G.; Dash, B.; Pandey, S. Layered double hydroxides: A brief review from fundamentals to application as evolving
biomaterials. Appl. Clay Sci. 2018, 153, 172–186. [CrossRef]

18. Bukhtiyarova, M.V. A review on effect of synthesis conditions on the formation of layered double hydroxides. J. Solid State Chem.
2019, 269, 494–506. [CrossRef]

19. Tonelli, D.; Gualandi, I.; Musella, E.; Scavetta, E. Synthesis and characterization of layered double hydroxides as materials for
electrocatalytic applications. Nanomaterials 2021, 11, 725. [CrossRef]

20. Guan, X.; Yuan, X.Z.; Zhao, Y.L.; Wang, H.; Wang, H.; Bai, J.; Li, Y. Application of functionalized layered double hydroxides for
heavy metal removal: A review. Sci. Total Environ. 2022, 838, 155693. [CrossRef]

21. Gautam, R.K.; Singh, A.K.; Tiwari, I. Nanoscale layered double hydroxide modified hybrid nanomaterials for wastewater
treatment: A review. J. Mol. Liq. 2022, 350, 118505. [CrossRef]

22. Kameliya, J.; Verma, A.; Dutta, P.; Arora, C.; Vyas, S.; Varma, R.S. Layered double hydroxide materials: A review on their
preparation, characterization, and applications. Inorganics 2023, 11, 121. [CrossRef]

23. Altalhi, A.A.; Mohamed, E.A.; Negm, N.A. Recent advances in layered double hydroxide (LDH)-based materials: Fabrication,
modification strategies, characterization, promising environmental catalytic applications, and prospective aspects. Energy Adv.
2024, 3, 2136–2151. [CrossRef]

24. Feng, L.; Duan, X. Applications of layered double hydroxides. In Layered Double Hydroxides; Duan, X., Evans, D.G., Eds.; Structure
and Bonding; Springer: Berlin, Germany, 2006; Volume 119, pp. 193–223.

25. Goh, K.H.; Lim, T.T.; Dong, Z. Application of layered double hydroxides for removal of oxyanions: A review. Water Res. 2008, 42,
1343–1368. [CrossRef]

26. Turk, T.; Boyraz, T.; Alp, I. Arsenic removal by layered double hydroxides (LDH): A mini review. Water Pract. Technol. 2024, 19,
2088–2107. [CrossRef]

27. Tran, H.N.; Nguyen, D.T.; Le, G.T.; Tomul, F.; Lima, E.C.; Woo, S.H.; Sarmah, A.K.; Nguyen, H.Q.; Nguyen, P.T.;
Nguyen, D.D.; et al. Adsorption mechanism of hexavalent chromium onto layered double hydroxides-based adsorbents:
A systematic in-depth review. J. Hazard. Mater. 2019, 373, 258–270. [CrossRef]

28. Dai, C.L.; Wu, X.C.; Wang, Q.; Bai, Y.C.; Zhao, D.; Fu, J.F.; Fu, B.F.; Ding, H. Layered double hydroxides for efficient treatment of
heavy metals and organic pollutants: Recent progress and future perspectives. Sep. Purif. Technol. 2025, 352, 128277. [CrossRef]

29. Fu, Y.L.; Fu, X.Q.; Song, W.; Li, Y.F.; Li, X.G.; Yan, L.G. Recent progress of layered double hydroxide-based materials in wastewater
treatment. Materials 2023, 16, 5723. [CrossRef]

30. Liu, T.T.; Zheng, M.Q.; Hao, P.P.; Ji, K.Y.; Shao, M.F.; Duan, H.H.; Kong, X.G. Efficient photo-oxidation remediation strategy
toward arsenite-contaminated water and soil with zinc-iron layered double hydroxide as amendment. J. Environ. Chem. Eng.
2023, 11, 109233. [CrossRef]

31. Hudcová, B.B.; Antelo, J.; Komárek, M. Arsenate and phosphate adsorption onto Mg-Fe layered double hydroxides: The charge-
distribution multisite complexation (CD-MUSIC) modeling as a tool to predict competitive oxyanion behavior. Chem. Geol. 2024,
646, 121921. [CrossRef]

32. Luengo, C.V.; Lopez, N.A.; Ramos, C.P.; Avena, M.J. Highly efficient arsenic adsorption onto Mg/Al/Fe layered double
hydroxides: Kinetics, isotherm, XPS and Mossbauer spectroscopies. J. Water Process Eng. 2023, 56, 104542. [CrossRef]

33. Roy, S.C.; Rahman, M.A.; Celik, A.; Wilson, S.; Azmy, A.; Bieber, J.; Spanopoulos, I.; Islam, R.; Zhu, X.C.; Han, F.X.X.; et al.
Efficient removal of chromium(VI) ions by hexagonal nanosheets of CoAl-MoS4 layered double hydroxide. J. Coord. Chem. 2022,
75, 1581–1595. [CrossRef]

34. Rezak, N.; Bahmani, A.; Bettahar, N. Adsorptive removal of P(V) and Cr(VI) by calcined Zn-Al-Fe ternary LDHs. Water Sci.
Technol. 2021, 83, 2504–2517. [CrossRef] [PubMed]

35. Guaya, D.; Cobos, H.; Valderrama, C.; Cortina, J.L. Effect of Mn2+/Zn2+/Fe3+ oxy(hydroxide) nanoparticles doping onto
Mg-Al-LDH on the phosphate removal capacity from simulated wastewater. Nanomaterials 2022, 12, 3680. [CrossRef] [PubMed]

https://doi.org/10.1007/s44211-022-00190-8
https://doi.org/10.1016/j.envpol.2018.04.136
https://doi.org/10.1016/j.jece.2021.105197
https://doi.org/10.1016/j.jenvman.2021.112399
https://www.ncbi.nlm.nih.gov/pubmed/33774560
https://doi.org/10.1016/j.seppur.2021.120099
https://doi.org/10.1016/j.chemosphere.2022.134685
https://doi.org/10.1016/j.trac.2015.06.010
https://doi.org/10.1016/j.clay.2017.12.021
https://doi.org/10.1016/j.jssc.2018.10.018
https://doi.org/10.3390/nano11030725
https://doi.org/10.1016/j.scitotenv.2022.155693
https://doi.org/10.1016/j.molliq.2022.118505
https://doi.org/10.3390/inorganics11030121
https://doi.org/10.1039/D4YA00272E
https://doi.org/10.1016/j.watres.2007.10.043
https://doi.org/10.2166/wpt.2024.111
https://doi.org/10.1016/j.jhazmat.2019.03.018
https://doi.org/10.1016/j.seppur.2024.128277
https://doi.org/10.3390/ma16165723
https://doi.org/10.1016/j.jece.2022.109233
https://doi.org/10.1016/j.chemgeo.2024.121921
https://doi.org/10.1016/j.jwpe.2023.104542
https://doi.org/10.1080/00958972.2022.2101103
https://doi.org/10.2166/wst.2021.123
https://www.ncbi.nlm.nih.gov/pubmed/34032626
https://doi.org/10.3390/nano12203680
https://www.ncbi.nlm.nih.gov/pubmed/36296870


Toxics 2024, 12, 780 16 of 18

36. Alam, R.; Roy, S.C.; Islam, T.; Feng, R.F.; Zhu, X.C.; Donley, C.L.; Islam, S.M. Molybdenum-oxysulfide-functionalized MgAl-
layered double hydroxides-A sorbent for selenium oxoanions. Inorg. Chem. 2024, 63, 10997–11005. [CrossRef]

37. Chubar, N. XPS determined mechanism of selenite (HSeO3
−) sorption in absence/ presence of sulfate (SO4

2−) on Mg-Al-CO3
Layered double hydroxides (LDHs): Solid phase speciation focus. J. Environ. Chem. Eng. 2023, 11, 109669. [CrossRef]

38. Ibrahim, A.I.A.; Vohra, M.S. Mg-Fe-LDH for aquatic selenium treatment: Adsorption, RSM modeling, and machine learning
neural network. Water Air Soil Pollut. 2023, 234, 433. [CrossRef]

39. Akdag, S.; Keyikoglu, R.; Karagunduz, A.; Keskinler, B.; Khataee, A.; Yoon, Y. Recent advances in boron species removal and
recovery using layered double hydroxides. Appl. Clay Sci. 2023, 233, 106814. [CrossRef]

40. Mahmoud, M.E.; Kamel, N.K.; Amira, M.F.; Fekry, N.A. Nitrate removal from wastewater by a novel co-biochar from guava
seeds/ beetroot peels-functionalized-Mg/Al double-layered hydroxide. Sep. Purif. Technol. 2024, 344, 127067. [CrossRef]

41. Elhachemi, M.; Chemat-Djenni, Z.; Chebli, D.; Bouguettoucha, A.; Amrane, A. Synthesis and physicochemical characterization of
new calcined layered double hydroxide Mg Zn Co Al-CO3; classical modeling and statistical physics of nitrate adsorption. Inorg.
Chem. Commun. 2022, 145, 109549. [CrossRef]

42. Celik, A.; Roy, S.C.; Quintero, M.A.; Taylor-Pashow, K.; Li, D.; Kanatzidis, M.G.; Zhu, X.C.; Islam, S.M. Unveiling the potential of
(Sn2S6)4− functionalized layered double hydroxides for the sorption of ReO4

− as a surrogate for 99TcO4
−. Acs Appl. Eng. Mater.

2023, 1, 1711–1718. [CrossRef]
43. Mayordomo, N.; Rodríguez, D.M.; Rossberg, A.; Foerstendorf, H.; Heim, K.; Brendler, V.; Müller, K. Analysis of technetium

immobilization and its molecular retention mechanisms by Fe(II)-Al(III)-Cl layered double hydroxide. Chem. Eng. J. 2021,
408, 127265. [CrossRef]

44. Kim, J.; Kang, J.; Um, W. Simultaneous removal of cesium and iodate using prussian blue functionalized CoCr layered double
hydroxide (PB-LDH). J. Environ. Chem. Eng. 2022, 10, 107477. [CrossRef]

45. Golban, A.; Lupa, L.; Cocheci, L.; Pode, R. Comparative studies regarding molybdate adsorption onto MgnFe layered double
hydroxides obtained from reagent and waste sludge. Environ. Eng. Manag. J. 2020, 19, 235–245.

46. Guo, Y.W.; Lu, H.T.; Han, B.J.; Zou, T.M.; Zhu, Z.L. Efficient vanadate removal by Mg-Fe-Ti layered double hydroxide. Water 2022,
14, 2090. [CrossRef]

47. El-Reesh, G.Y.A.; Farghali, A.A.; Taha, M.; Mahmoud, R.K. Novel synthesis of Ni/Fe layered double hydroxides using urea and
glycerol and their enhanced adsorption behavior for Cr(VI) removal. Sci. Rep. 2020, 10, 587. [CrossRef] [PubMed]

48. Cao, Y.W.; Guo, Q.H.; Liang, M.S.; Sun, W.H. Sb(III) and Sb(V) removal from water by a hydroxyl-intercalated, mechanochemically
synthesized Mg-Fe-LDH. Appl. Clay Sci. 2020, 196, 105766. [CrossRef]

49. Hu, Y.X.; Zhang, S.Y.; Luo, C.H.; Wan, L.; Wu, S.; Baig, S.A.; Xu, X.H. Enhanced removal of Sb(V) from aqueous solutions using
layered double hydroxide modified with sodium dodecyl sulfate. J. Environ. Chem. Eng. 2022, 10, 107776. [CrossRef]

50. Ghobadi, S.; Samiey, B.; Esmaili, E.; Cheng, C.H. Comparison of kinetics of adsorption of permanganate on Co-Al-layered double
hydroxide and MoS2 Nanocompounds. Acta Chim. Slov. 2023, 70, 44–58. [CrossRef]

51. Tang, S.; Yao, Y.; Chen, T.Y.; Kong, D.Z.; Shen, W.; Lee, H.K. Recent advances in the application of layered double hydroxides in
analytical chemistry: A review. Anal. Chim. Acta 2020, 1103, 32–48. [CrossRef]

52. Abdallah, I.A.; Hammad, S.F.; Bedair, A.; Abdelhameed, R.M.; Locatelli, M.; Mansour, F.R. Applications of layered double
hydroxides in sample preparation: A review. Microchem. J. 2023, 192, 108916. [CrossRef]

53. IARC. IARC Monographs on the Evaluation of Carcinogenic Risks to Humans; International Agency for Research on Cancer: Lyon,
France, 1993; pp. 1972–1993.

54. Tandon, R.K.; Crisp, P.T.; Ellis, J.; Baker, R.S. Effect of pH on chromium(VI) species in solution. Talanta 1984, 31, 227–228.
[CrossRef] [PubMed]

55. Shenyang, T.; Kean, L. The distribution of chromium(VI) species in solution as a function of pH and concentration. Talanta 1986,
33, 775–777. [CrossRef] [PubMed]

56. Xing, X.W.; Alharbi, N.S.; Ren, X.M.; Chen, C.L. A comprehensive review on emerging natural and tailored materials for
chromium-contaminated water treatment and environmental remediation. J. Environ. Chem. Eng. 2022, 10, 107325. [CrossRef]

57. Khonkayan, K.; Sansuk, S.; Srijaranai, S.; Tuntulani, T.; Saiyasombat, C.; Busayaporn, W.; Ngeontae, W. New approach for
detection of chromate ion by preconcentration with mixed metal hydroxide coupled with fluorescence sensing of copper
nanoclusters. Microchim. Acta 2017, 184, 2965–2974. [CrossRef]

58. Sansuk, S.; Nanan, S.; Srijaranai, S. New eco-friendly extraction of anionic analytes based on formation of layered double
hydroxides. Green Chem. 2015, 17, 3837–3843. [CrossRef]

59. Barfi, B.; Asghari, A.; Rajabi, M. Toward use of a nano layered double hydroxide/ammonium pyrrolidine dithiocarbamate in
speciation analysis: One-step dispersive solid-phase extraction of chromium species in human biological samples. Arab. J. Chem.
2020, 13, 568–579. [CrossRef]

60. Rajabi, M.; Arghavani-Beydokhti, S.; Barfi, B.; Asghari, A. Dissolvable layered double hydroxide as an efficient nanosorbent for
centrifugeless air-agitated dispersive solid-phase extraction of potentially toxic metal ions from bio-fluid samples. Anal. Chim.
Acta 2017, 957, 1–9. [CrossRef]

61. Leite, V.D.A.; de Jesus, B.G.L.; Duarte, V.G.D.; Constantino, V.R.L.; Izumi, C.M.S.; Tronto, J.; Pinto, F.G. Determination of chromium
(VI) by dispersive solid-phase extraction using dissolvable Zn-Al layered double hydroxide intercalated with L-Alanine as
adsorbent. Microchem. J. 2019, 146, 650–657. [CrossRef]

https://doi.org/10.1021/acs.inorgchem.4c00307
https://doi.org/10.1016/j.jece.2023.109669
https://doi.org/10.1007/s11270-023-06444-z
https://doi.org/10.1016/j.clay.2023.106814
https://doi.org/10.1016/j.seppur.2024.127067
https://doi.org/10.1016/j.inoche.2022.109549
https://doi.org/10.1021/acsaenm.3c00074
https://doi.org/10.1016/j.cej.2020.127265
https://doi.org/10.1016/j.jece.2022.107477
https://doi.org/10.3390/w14132090
https://doi.org/10.1038/s41598-020-57519-4
https://www.ncbi.nlm.nih.gov/pubmed/31953466
https://doi.org/10.1016/j.clay.2020.105766
https://doi.org/10.1016/j.jece.2022.107776
https://doi.org/10.17344/acsi.2022.7777
https://doi.org/10.1016/j.aca.2019.12.065
https://doi.org/10.1016/j.microc.2023.108916
https://doi.org/10.1016/0039-9140(84)80059-4
https://www.ncbi.nlm.nih.gov/pubmed/18963576
https://doi.org/10.1016/0039-9140(86)80187-4
https://www.ncbi.nlm.nih.gov/pubmed/18964199
https://doi.org/10.1016/j.jece.2022.107325
https://doi.org/10.1007/s00604-017-2320-2
https://doi.org/10.1039/C5GC00713E
https://doi.org/10.1016/j.arabjc.2017.06.002
https://doi.org/10.1016/j.aca.2016.12.041
https://doi.org/10.1016/j.microc.2019.01.063


Toxics 2024, 12, 780 17 of 18

62. Leite, V.D.A.; Constantino, V.R.L.; Izumi, C.M.S.; Tronto, J.; Pinto, F.G. A dispersive solid phase extraction-based method for
chromium(vi) analysis using a Zn-Al layered double hydroxide intercalated withl-aspartic acid as a dissolvable adsorbent. New J.
Chem. 2020, 44, 10087–10094. [CrossRef]

63. Beyki, M.H.; Shemirani, F.; Aghagoli, M.J. Solid phase extraction of hexavalent chromium by Mannich base polymer wrapped
flower-like layered double hydroxide. Int. J. Environ. Anal. Chem. 2017, 97, 201–216. [CrossRef]

64. Jamali, B.U.; Elçi, A.; Siyal, A.N.; Samoon, M.K.; Elçi, L. Fabrication of nanostructured ZnNiBi-NO3 layered double hydroxides
for speciation and preconcentration/separation of chromium ions prior to MIS-FAAS determination. Int. J. Environ. Anal. Chem.
2023. [CrossRef]

65. Wani, A.A.; Khan, A.M.; Manea, Y.K.; Salem, M.A.S.; Shahadat, M. Selective adsorption and ultrafast fluorescent detection of
Cr(VI) in wastewater using neodymium doped polyaniline supported layered double hydroxide nanocomposite. J. Hazard. Mater.
2021, 416, 125754. [CrossRef] [PubMed]

66. Abdolmohammad-Zadeh, H.; Sadeghi, G.H. A nano-structured material for reliable speciation of chromium and manganese in
drinking waters, surface waters and industrial wastewater effluents. Talanta 2012, 94, 201–208. [CrossRef] [PubMed]

67. Nyaba, L.; Nomngongo, P.N. Determination of trace metals in vegetables and water samples using dispersive ultrasound-assisted
cloud point-dispersive µ-solid phase extraction coupled with inductively coupled plasma optical emission spectrometry. Food
Chem. 2020, 322, 126749. [CrossRef] [PubMed]

68. Rajendran, S.; Rathinam, V.; Sharma, A.; Vallinayagam, S.; Muthusamy, M. Arsenic and environment: A systematic review on
arsenic sources, uptake mechanism in plants, health hazards and remediation strategies. Top. Catal. 2024, 67, 325–341. [CrossRef]

69. Kaur, R.; Garkal, A.; Sarode, L.; Bangar, P.; Mehta, T.; Singh, D.P.; Rawal, R. Understanding arsenic toxicity: Implications for
environmental exposure and human health. J. Hazard. Mater. Lett. 2024, 5, 100090. [CrossRef]

70. Patel, K.S.; Pandey, P.K.; Martin-Ramos, P.; Corns, W.T.; Varol, S.; Bhattacharya, P.; Zhu, Y.B. A review on arsenic in the
environment: Contamination, mobility, sources, and exposure. Rsc. Adv. 2023, 13, 8803–8821. [CrossRef]

71. Rahaman, M.S.; Rahman, M.M.; Mise, N.; Sikder, M.T.; Ichihara, G.; Uddin, M.K.; Kurasaki, M.; Ichihara, S. Environmental
arsenic exposure and its contribution to human diseases, toxicity mechanism and management. Environ. Pollut. 2021, 289, 117940.
[CrossRef]

72. Fatoki, J.O.; Badmus, J.A. Arsenic as an environmental and human health antagonist: A review of its toxicity and disease initiation.
J. Hazard. Mater. Adv. 2022, 5, 100052. [CrossRef]

73. Mohan, D.; Pittman, C.U. Arsenic removal from water/wastewater using adsorbents—A critical review. J. Hazard. Mater. 2007,
142, 1–53. [CrossRef]

74. Dias, A.C.; Fontes, M.P.F. Arsenic (V) removal from water using hydrotalcites as adsorbents: A critical review. Appl. Clay Sci.
2020, 191, 105615. [CrossRef]

75. Abdolmohammad-Zadeh, H.; Talleb, Z. Speciation of As(III)/As(V) in water samples by a magnetic solid phase extraction based
on Fe3O4/Mg-Al layered double hydroxide nano-hybrid followed by chemiluminescence detection. Talanta 2014, 128, 147–155.
[CrossRef] [PubMed]

76. Abdolmohammad-Zadeh, H.; Jouyban, A.; Amini, R. Ultratrace determination of arsenic in water samples by electrothermal
atomic absorption spectrometry after pre-concentration with Mg-Al-Fe ternary layered double hydroxide nano-sorbent. Talanta
2013, 116, 604–610. [CrossRef]

77. Tan, L.C.; Nancharaiah, Y.V.; van Hullebusch, E.D.; Lens, P.N.L. Selenium: Environmental significance, pollution, and biological
treatment technologies. Biotechnol. Adv. 2016, 34, 886–907. [CrossRef] [PubMed]

78. Hadrup, N.; Ravn-Haren, G. Toxicity of repeated oral intake of organic selenium, inorganic selenium, and selenium nanoparticles:
A review. J. Trace Elem. Med. Biol. 2023, 79, 127235. [CrossRef]

79. Zeng, H.W. Selenium as an Essential Micronutrient: Roles in Cell Cycle and Apoptosis. Molecules 2009, 14, 1263–1278. [CrossRef]
80. Pyrzynska, K.; Sentkowska, A. Selenium in plant foods: Speciation analysis, bioavailability, and factors affecting composition.

Crit. Rev. Food Sci. Nutr. 2021, 61, 1340–1352. [CrossRef]
81. Genchi, G.; Lauria, G.; Catalano, A.; Sinicropi, M.S.; Carocci, A. Biological activity of selenium and its impact on human health.

Int. J. Mol. Sci. 2023, 24, 2633. [CrossRef]
82. Latorre, C.H.; García, J.B.; Martín, S.G.; Crecente, R.M.P. Solid phase extraction for the speciation and preconcentration of

inorganic selenium in water samples: A review. Anal. Chim. Acta 2013, 804, 37–49. [CrossRef]
83. Santos, S.; Ungureanu, G.; Boaventura, R.; Botelho, C. Selenium contaminated waters: An overview of analytical methods,

treatment options and recent advances in sorption methods. Sci. Total Environ. 2015, 521, 246–260. [CrossRef]
84. Séby, F.; Potin-Gautier, M.; Giffaut, E.; Borge, G.; Donard, O.F.X. A critical review of thermodynamic data for selenium species at

25 ◦C. Chem. Geol. 2001, 171, 173–194. [CrossRef]
85. Etteieb, S.; Magdouli, S.; Zolfaghari, M.; Brar, S. Monitoring and analysis of selenium as an emerging contaminant in mining

industry: A critical review. Sci. Total Environ. 2020, 698, 134339. [CrossRef] [PubMed]
86. Dhillon, K.S.; Dhillon, S.K. Distribution and management of seleniferous soils. In Advances in Agronomy; Sparks, D.L., Ed.;

Advances in Agronomy; Elsevier: Amsterdam, The Netherlands, 2003; Volume 79, pp. 119–184.
87. Chubar, N. EXAFS and FTIR studies of selenite and selenate sorption by alkoxide-free sol-gel generated Mg-Al-CO3 layered

double hydroxide with very labile interlayer anions. J. Mater. Chem. A 2014, 2, 15995–16007. [CrossRef]

https://doi.org/10.1039/C9NJ05771D
https://doi.org/10.1080/03067319.2017.1293666
https://doi.org/10.1080/03067319.2023.2169073
https://doi.org/10.1016/j.jhazmat.2021.125754
https://www.ncbi.nlm.nih.gov/pubmed/33813294
https://doi.org/10.1016/j.talanta.2012.03.022
https://www.ncbi.nlm.nih.gov/pubmed/22608436
https://doi.org/10.1016/j.foodchem.2020.126749
https://www.ncbi.nlm.nih.gov/pubmed/32283371
https://doi.org/10.1007/s11244-023-01901-9
https://doi.org/10.1016/j.hazl.2023.100090
https://doi.org/10.1039/D3RA00789H
https://doi.org/10.1016/j.envpol.2021.117940
https://doi.org/10.1016/j.hazadv.2022.100052
https://doi.org/10.1016/j.jhazmat.2007.01.006
https://doi.org/10.1016/j.clay.2020.105615
https://doi.org/10.1016/j.talanta.2014.04.070
https://www.ncbi.nlm.nih.gov/pubmed/25059142
https://doi.org/10.1016/j.talanta.2013.07.040
https://doi.org/10.1016/j.biotechadv.2016.05.005
https://www.ncbi.nlm.nih.gov/pubmed/27235190
https://doi.org/10.1016/j.jtemb.2023.127235
https://doi.org/10.3390/molecules14031263
https://doi.org/10.1080/10408398.2020.1758027
https://doi.org/10.3390/ijms24032633
https://doi.org/10.1016/j.aca.2013.09.054
https://doi.org/10.1016/j.scitotenv.2015.03.107
https://doi.org/10.1016/S0009-2541(00)00246-1
https://doi.org/10.1016/j.scitotenv.2019.134339
https://www.ncbi.nlm.nih.gov/pubmed/31783461
https://doi.org/10.1039/C4TA03463E


Toxics 2024, 12, 780 18 of 18

88. Han, D.S.; Batchelor, B.; Abdel-Wahab, A. Sorption of selenium(IV) and selenium(VI) onto synthetic pyrite (FeS2): Spectroscopic
and microscopic analyses. J. Colloid Interface Sci. 2012, 368, 496–504. [CrossRef]

89. Chen, M.L.; An, M.I. Selenium adsorption and speciation with Mg-FeCO3 layered double hydroxides loaded cellulose fibre.
Talanta 2012, 95, 31–35. [CrossRef]

90. Abdolmohammad-Zadeh, H.; Jouyban, A.; Amini, R.; Sadeghi, G. Nickel-aluminum layered double hydroxide as a nano-sorbent
for the solid phase extraction of selenium, and its determination by continuous flow HG-AAS. Microchim. Acta 2013, 180, 619–626.
[CrossRef]

91. Prasad, K.; Rao, K.S.; Gladis, J.M.; Naidu, G.R.K.; Rao, T.P. Determination of selenium(IV) after co-precipitation with Fe-Ti layered
double hydroxides. Chem. Anal. 2006, 51, 613–622.

92. Korany, M.A.; Mahmoud, R.K. A new approach for determination of water soluble hexavalent chromium in real cement and
industrial water samples using Ni-Fe layered double hydroxides/urea/glycerol nanocomposite based potentiometric sensor.
Microchem. J. 2021, 171, 106890. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jcis.2011.10.065
https://doi.org/10.1016/j.talanta.2012.03.038
https://doi.org/10.1007/s00604-013-0967-x
https://doi.org/10.1016/j.microc.2021.106890

	Introduction 
	Composition of LDHs 
	Separation Mechanisms 
	Environmental Applications 
	Analytical Applications 
	Extraction Procedures for Chromate Ions 
	Extraction Procedures for Arsenic Oxyanions 
	Extraction Procedures for Selenium Oxyanions 

	A Few Notes on Detection Techniques 
	Conclusions 
	References

