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Abstract: Heavy metal contamination in soil, which is harmful to both ecosystem and mankind, has attracted
worldwide attention from the academic and industrial communities. However, the most-widely used remediation
technologies such as electrochemistry, elution, and phytoremediation. suffer from either secondary pollution,
long cycle time or high cost. In contrast, in situ mineralization technology shows great potential due to its univer-
sality, durability and economical efficiency. As such, the development of mineralizers with both high efficiency
and low-cost is the core of in situ mineralization. In 2021, the concept of ‘Super-Stable Mineralization’ was
proposed for the first time by Kong et al.l'! The layered double hydroxides (denoted as LDHSs), with the unique
host—guest intercalated structure and multiple interactions between the host laminate and the guest anions,
are considered as an ideal class of materials for super-stable mineralization. In this review, we systematically
summarize the application of LDHSs in the treatment of heavy metal contaminated soil from the view of: 1) the
structure—activity relationship of LDHs in in situ mineralization, 2) the advantages of LDHs in mineralizing heavy
metals, 3) the scale-up preparation of LDHs-based mineralizers and 4) the practical application of LDHs in treat-
ing contaminated soil. At last, we highlight the challenges and opportunities for the rational design of LDH-based

mineralizer in the future.
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1. Introduction

Soil security, the bottom line of food security, plays a criti-
cal role in maintaining ecosystem health and sustainability.l2!
However, most soil is facing severe contamination and degrada-
tion due to anthropogenic activities. In 2018, Pérez et al. expressed
their concern about the 2.8 million sites of soil in EU which were
potentially contaminated.B! According to the reports of the US
Natural Resources Conservation Service, toxic pollutants (heavy
metals, microplastics, pesticides, and antibiotic resistance genes,
etc.) are the main cause of soil pollution worldwide.l* Among
them, the heavy metal ions (such as Cr®, Cu*, Cd*, Hg*, Pb*,
As’*) are the major threat due to their toxicity, ubiquity and non-
biodegradability. In other words, heavy metals cannot be decom-
posed by bacteria or natural organisms, and as a result, the total
concentration of the metals can persist for a long time in soils.[3!
In China, the total heavy metal pollution of soil is 16.1% over the
standard rate, which is mainly consisted of inorganic heavy metal
(82.8%), in which the pollution of Cd* and Hg?** accounts for
more than 8% and 6%, respectively.©!

Agriculture activities, industrial waste, and mining opera-
tions are the main anthropogenic sources of heavy metal pollu-
tion in soil (Fig. 1). Meanwhile, via the pathway of atmospheric
deposition, heavy metals in dusts and aerosols that are released
during industrial production will eventually enter the soil, lead-
ing to an additional surge of heavy metal contamination in soil.[8]
Moreover, heavy metals absorbed by plants will not only reduce
crop production yield, but also can be eventually transferred to the
human body."! Although some heavy elements such as Cu, Zn, Fe
and Mn are essential micronutrients for plant and animal growth,

excess concentrations of these heavy metals are harmful to hu-
man beings.['9 Moreover, Cd*, Hg** and As* ions are toxic to
organisms.!!!1 Pb? can accumulate in the human body and damage
the nervous system.!l'2! Ingesting water/food contaminated with
Cd?** can damage irreversibly the cardiovascular system.!!3l Under
such circumstances, various methods including replacement,!'4!
passivation,[!l elution,[!3! electrochemistry!®! and phytoremedia-
tion'¢ have been adopted to remediate different types of heavy
metal-contaminated soil. However, the soil replacement and elec-
trochemistry technologies (Fig. 2b) are only feasible for small
volumes of heavily polluted shallow soil.['”l The elution of soil
(Fig. 2a) commonly requires large amounts of chelating agents
and the resultant secondary pollution is hard to avoid.l”l The phy-
toremediation (Fig. 2c) method normally takes long operation
times.[16b:17] Among the existing technologies, in situ mineraliza-
tion (Fig. 2d), which adsorbs or precipitates the heavy metal ions
by mineralizers, shows great promise for large-scale applications
due to its universality, durability and economical efficiency.!'$!

It is well known that the toxicity of heavy metals polluted
soil is mainly caused by the free state of the heavy metals.l!!
Therefore it would be significant to change the occurrent state
of heavy metals from the free state to a mineralized state. Thus,
development of highly efficient super-stable mineralizers of pol-
Iuting heavy metals is the key.[20! The fabrication of a highly ef-
ficient and stable mineralizer towards the heavy metal pollution
is of great importance.

Layered double hydroxides (LDHs) are a class of anionic
clays with a two-dimensional (2D) structure, which are formed
by a host laminate and guest anions (Fig. 3). The general formula
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of LDHs is [M**,_M* (OH),](A™)  -mH O (M**,M** represents
Zn*, Mg*, Ca>, Fe**, AI** etc., while A™ corresponds to the in-
terlayer anion, e.g. CO,>, NO,, SO 42* and HPO 42* etc.). The di-
valent M?* and trivalent M3* cations (M?* and M**) are located at
the center of each octahedral unit.[2!l Due to the unique layered
structure of LDHs, there are multiple interactions between the
host laminate and the guest anions of LDHs.[22 Therefore, over
the past decades, LDHs have been widely used for air filtration, 23]
oil-water separation,?¥l infrared invisibility,[25] seawater desalina-
tion,[26] for example. LDHs have made great progress as a class of
adsorbents for a variety of contaminants.

In 1997, the adsorption of CrO,* by using LDHs was studied
for the first time, in which the CrO,* ion can be exchanged into
the interlayer of LDHs.[27] Since then, studies on adsorbing vari-
ous pollutants by LDHs have been carried out. In 2004 and 2006,
Duan et al.!?8 found that various anions (F-, Cl-, Br, Cr2072*,
S,0,*) and metal cations (Ni**, Pb*, Co*, Ce’* and Pr**) can be
adsorbed by LDHs. Meanwhile, LDHs were also demonstrated
to be capable of adsorbing different kinds of organic compounds
such as thiophene, pyrrole, nitrobenzene, and trichlorophenol. 29!
In 2021, Duan et al. proposed the concept of ‘Super-Stable
Mineralization’ for the first time during application of CaAl-LDHs
for Cd** removal in both wastewater and soil.['l Such mineral-
izer presents a fast adsorption rate and a high removal efficiency
(96.9%) towards Cd** in soil.

In this review, we firstly introduce the sources of heavy metal
contamination in soil and the corresponding remediation technol-

a)

ke ‘_:i——f Hydrogen bonding

C-parameter = 3 x d (3R symmetry)

ogies. Secondly, we discuss the mineralization mechanism and
summarize the advantages of using LDHs as heavy metal mineral-
izers. And then, we review the scale-up production of LDHs and
the application in soil remediation.

2. Structure-Activity Relationship of LDHs in Super-
Stable Mineralization

2.1 The Multiple Interactions of LDHs

As shown in Fig. 3a, there are multiple interactions between
the host laminate and the guest anions of LDHs, including elec-
trostatic attraction, hydrogen bonding, covalent bonding and in-
termolecular forces efc.1?2 Compared with Mg(OH),, the MgAl-
LDHs possess additional AI** cations, generating a positively
charged laminate. To make the charge balance, various anions
(CI, CO,*,NO,, SO, and HPO,*, for example.) can be interca-
lated between LDHs laminates, resulting in a unique host—guest
intercalation structure. As a result, the excessive electrostatic in-
teractions and intermolecular interactions can be formed between
the positively charged laminate and negatively charged interca-
lated anions (Fig. 3b). Meanwhile, compared to the Mg atoms, Al
atoms possess a weaker metallicity, leading to a stronger Al-O
covalent bond than Mg—O bond. Additionally, the MgAl-LDHs
show lower lattice energy than that of the corresponding Mg(OH),,,
indicating the superior structural stability of the LDHs. These
multiple interactions make the LDHs a suitable material for in
situ mineralization.

2.2 The Super-Stable Mineralization of LDHs

Given the above-mentioned multiple interactions in the host—
guest structure, the LDHs exhibit lower solubility product con-
stants (K = 1073 ~ 10-%) than the corresponding hydroxides and
carbonates (Ksp = 1071%) as shown in Table 1. Such low K, enable
LDHs to be an ideal super-stable mineralizer towards various
heavy metals. In a typical super-stable mineralization process, the
Ca? and Mg?>* in LDH laminates can be isomorphically substi-
tuted by the heavy metals (e.g. Cd**, Cu?*, Ni*).[21l The resultant
CdAI-LDH, CuAl-LDH and NiAl-LDH possess a low KSp value
(~107, Table 1), making the heavy metals hard to dissolve thus
avoiding the secondary pollution.

In 2021, Duan et al.?? proposed the concept of super-stable
mineralization of LDHs towards heavy metals for the first time.
The as-prepared CaAl-LDHs can mineralize Cd** through isomor-
phic substitution at both laboratory scale and practical soil reme-
diation. Such CaAl-LDHs exhibited high removal capacity of 592
mg/g to Cd**, and the mineralization products showed long-term
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Fig. 3. a) The multiple interactions in MgAI-LDHs.?"'b) The calculated
values of the covalent bonding interaction, intermolecular interactions,
electrostatic interaction, and lattice energy for MgAI-LDH and Mg(CH),,

respectively.??

Existing form KSp (10*N)  Existing form -
(10*N)
NiCO, -8.18 CdCO, -11.28
Ni(OH), -14.04 Cd(OH), -13.6
Fe,Al(OH) C1 -62.75 Zn,Al/OH) (CO,), -56.84
Fe,(AI(OH)(CO,),, —62.05 Cd,Al(OH) C1 -53.86
Cu,Al(OH) CI -60.11 Cd,Al/OH)(CO,), -53.14
Cu,(AI(OH)(CO,),; —59.35 Mg,Al(OH) NO, -51.43
Co,Al(OH)CI -57.69 Ca,Al(OH)F -48.26
Ni,Al(OH)Cl -57.52 Ca,Al(OH) C1 —47.55
Zn,Al(OH) Cl -57.48 Li,AL(OH) CI —47.37
Mg,(Al(OH)(CO,),, -57.11 Ca,Al(OH)(CO,), -47.25
Mg, Al(OH)Cl -57.04 Li,Al,(OH)(CO,), —46.60
Co,(AI(OH)(CO,),; -57.03 Ca,Al(OH) NO, —45.30
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stability in soil for more than five years. DFT calculations (Fig.
4) clearly revealed the isomorphic substitution process of Cd**
by CaAl-LDHs as follows: Ca Al (OH),(CO,), + 12Cd*(aq)
— Ca,,CdAl (OH),(CO,), + 11Cd*(aq) + Ca*(aq) — ... —
Cd ,Al(OH),(CO,), + 12Ca**(aq). In addition, each step of the
isomorphic substitution process was energetically favorable with
AG < 0, confirming that the process was spontaneous from a ther-
modynamic point of view.

Since the concept of super-stable mineralization was proposed
in 2021, systematic investigations of LDHs on the super-stable
mineralization of heavy metals have been carried out.*! To un-
derstand the effect of guest anions in LDHs on mineralization
mechanism, Song et al.3 synthesized MgAl-CO, and MgAI-NO,
to investigate the mineralized progress for Cd** ions in water. The
results showed that in a 300 mg/L Cd** solution, MgAI-NO; can
reach the high mineralization capacity of 760.5 mg/g, while the
mineralization capacity for MgAI-CO, was only 127.3 mg/g. In
order to better understand the origin of different mineralization
capacity between MgAl-CO, and MgAI-NO,, quasi in situ X-ray
diffraction (XRD) and X-ray absorption fine structure (XAFS)
characterizations were performed. For MgAI-NO,, Cd** can be
mineralized in the LDH laminates by isomorphic substitution,
while for MgAI-CO,, Cd** was immobilized as CdCO, by pre-
cipitation. Meanwhile, DFT calculation results proved that the
isomorphic substitution of MgAl-NO, to the corresponding CdAl-

LDHs was spontaneous. Such results showed that the different
types of the interlayer anions can have a profound effect on the
mineralization mechanism of heavy metals (Fig. 5). This discov-
ery provided a more thorough and microscopic-level understand-
ing of the adsorption mechanism of heavy metals by LDHs.

Moreover, in terms of environmental protection and resource
utilization perspectives, the recycling of mineralization products
was essential. As shown in Fig. 6, Song et al.l32l used CaFe-LDHs
as stabilizers to mineralize Ni?*, which exhibited a high removal
capacity of 321 mg g=' within 5 mins in water. The isomorphic
substitution process was carefully investigated by XAFS, and it
was found that the Ni-O and Ni-M shell (Fig. 6b and c) gradually
increased with increasing mineralization time, indicating that Ni**
can be mineralized into the laminates of LDHs through the iso-
morphous substitution process. Furthermore, the mineralization
products NiCaFe-LDHs and NiFe-LDHs can be applied as effi-
cient catalysts in both the photocatalytic CO, reduction reaction
(CO,PR) and the oxygen evolution reaction (OER), respectively.
For the OER, the NiCaFe-LDHs possessed a lower overpotential
(248 mV) than that of RuO, (287 mV) at 10 mA cm™ (Fig. 6d).
When applied for CO,PR, the NiCaFe-LDHs showed a selectivity
of 31.7% for CH, and 40.5% for CO under visible light irradiation
(Fig. 6e).

In addition to the isomorphic substitution, the mineralization
of heavy metals by LDHs can be summarized as surface adsorp-
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Fig. 4. The relationship between the Gibbs free energy and Cd content during the isomorphic substitution of Ca?* by Cd?* in CaAl-LDH as well as the
optimized geometries of Ca,Al-LDH, Cd,Al-LDH, and corresponding reaction intermediates.”” Reprinted with permission from Elsevier.
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tion,133] anion exchangel* and coordination.35] There are three
pathways for heavy metal removal using LDHs as adsorbents:
Firstly, heavy metals can be chelated by the LDHs laminates[30b-36]
or interlayers.[37l Secondly, the heavy metals with suitable ionic
radius can be mineralized by the isomorphic substitution, and
then entered into LDHs laminate.[3%-321 Thirdly, removal of heavy
metals can be achieved by anion exchange in the interlayers of
LDHs.[34a.38]

2.3 Seven Advantages of Using LDHs as Super-Stable
Mineralizer

As shown in Fig. 7, the use of LDH for super-stable mineral-
ization to remediate heavy metal contaminated soils has the fol-
lowing seven advantages: 1) high removal capacity, 2) fast miner-
alization rate, 3) excellent stability, 4) targeted fertilization effect,
5) good acid resistance, 6) high selectivity (menu-style custom-
ization) and 7) low cost.

The I*'" advantage is high removal capacity. Kong et al.lll
reported that CaAl-LDH was an effective stabilizer for in situ
mineralization of Cd**, and CaAl-LDH can remove Cd** with
a adsorption capacity of 592 mg/g and a removal efficiency
of 96.9%, which was far more than the adsorption capacity of
Ca(OH), and hydroxyapatite (Fig. 8a). Song et al.’? synthe-
sized CaFe-LDHs to recover Ni** from high concentration Ni-
containing electroplating solution, which exhibited a maximum
saturated removal capacity of 321 mg/g. Lei et al.39 prepared
CaAl-LDH with excellent performance which exhibited the
high removal capacity of 502.4, 315.2 and 600.0 mg/g, for Cu,
Zn and Pb, respectively. When applied for soil remediation, the
immobilization efficiency of available Cu, Zn and Pb can reach
84.62% and 98.66% and 70.27% respectively. The above re-
sults indicated that super-stable mineralization based on LDHs
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Fig. 6. a) Schematic diagram of adsorption mechanism of Ni?* by CaFe-
LDHs; b,c) k-space EXAFS oscillation functions k3y of Ni and magnitude
of k4-weighted FT of R-space EXAFS spectra of the Ni; d,e) Resource
utilization of mineralized products, OER and CO,PR, respectively.l
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showed an high removal capacity for various kinds of heavy
metals.

The 2" advantage is fast mineralization rate. Kong et al.lll
demonstrated that CaAl-LDH was an efficient stabilizer for re-
moving Cd*, which can adsorb Cd** (C, = 15, 30 and 60 mg/L,
respectively) with a high removal efficiency exceeding 99%.
When applied for agricultural soil, LDHs can mineralize more
than 97% of Cd* in only 7 days (Fig. 8b). The CaFe-LDHs exhib-
ited a removal efficiency of 97% of Ni** in 5 min.!32! Moreover, the
monolayer MgAI-LDH (denoted as m-MgAl-LDH),3%! showed
a fast mineralization rate of Cu?*, and the Cu?** concentration can
be reduced from 100 ppm to 0.016 ppm with a removal efficiency
0f 99.98% in only 1 min.

The 3" advantage is good acid resistance. Since there were
abundant -OH groups on the laminate of LDHs, it can effective-
ly resist acidic environments. For example, the mineralization
product of CdAI-LDH can remain stable in a solution of pH =
5, whereas the Cd(OH), can be completely dissolved under such
conditions (Fig. 8c).l The mineralization product of CaFe-LDH
can remove 99% of Ni** when the pH of the solution was 4.132!
Zhao et al. reported that in the range of pH = 3-6, the change
of acidity had a negligible effect on the ability of MgFe-LDH
to adsorb Cu?.0l When pH = 4.5-6 (the typical pH range of soil
in south of China), the adsorption products CuFe-LDH was very
stable, and the leaching rate of Cu** was much lower than that of
other adsorption materials. Zhao et al. reported that the MgFe-
mixed metal oxides (MgFe-MMO) through calcination of MgFe-
Cl showed a strong removal ability of Pb** in the range of pH =
3-5 solution.!2!

The 4" advantage is excellent stability. Since the KSp of min-
eralized products from conventional mineralizers were not low
enough, there was risk of secondary pollution such as from
Ca(OH),. Therefore, in the practical remediation process, it was
necessary to use a large amount or multiple applications of min-
eralizers to ensure that the treated soil can meet with the national
standards. The concept of ‘Super-stable mineralization” was first
proposed by Kong et al.l'l in 2021, in which LDHs showed high
adsorption capacity for Cd** in both wastewater and soil. Most
importantly, the scientific explanation for such super-stable min-
eralization was based on the very low K of LDHs when com-
pared with the corresponding carbonate ((p?dCO3) or the hydrox-
ides (Cd(OH),). From 2016, they treated 10 ha. of Cd** polluted
soil in Jiangsu Province. At the end of 2016, the average Cd**
concentration in wheat grains dropped to 0.08 mg/kg, which was
lower than the national standard for agricultural soil (0.1 mg/kg

GB 2762-2017). In 2018, a further check showed that the extract-
able (active state) Cd>* concentration in the soil had declined to
0.007 mg/kg. In 2022, the Cd** concentration was still below the
national standard limit. These results indicated that the Cd** ions
were in situ mineralized through the formation of super-stable
mineralization structure in agricultural soil and the long-term sta-
bility of LDHs. By combining the advantages of the super-stable
mineralization of LDH and the porous structure of attapulgite, the
remediation demonstration was implemented successfully in the
heavy metal contaminated soil of Dongdagou, Gansu Province in
2019. After 3 years of remediation, the contents of Pb** and Cd**
were reduced by 73.9% and 75%, respectively (Fig. 8d).[20a]

The 5™ advantage is selectivity (menu-style-customization).
According to previous studies, LDHs showed a high selectivity
for heavy metal removal, and LDHs with different compositions
and structures can be suitable for removal of different types of
heavy metals. For example, CaAl-LDH, MgAI-LDH, CaFe-LDH
and MgFe-LDH showed the removal capacity of 382, 67, 233 and
83 mg/g for Ni**, among which the CaAl-LDH was the best adsor-
bent (Fig. 8e).321 Zhao et al.l'?] reported that the removal capaci-
ties of MgAl-LDH, MgFe-LDH, CaAl-LDH and CaFe-LDH for
Pb** can be 1667.5, 1439.5, 917.75 and 785 mg/g, respectively.
Wang et al.3%1 synthesized a three-dimensional sulfide intercala-
tion NiFe-LDH (NFL-S) for the selective removal of heavy met-
als. The embedding of sulfide groups in LDH nanosheets makes
NFL-S a selective heavy metal ion filter, and the selective sequence
of NFL-S for heavy metals was Pb** > Cu** > Zn* > Cd** > Mn?*".

The 6" advantage is low cost. It is well known that Ca(OH),
is a commonly used adsorbent for large-scale soil/wastewater
treatment. Despite their low price, the final mineralized prod-
ucts tend to form the corresponding hydroxides, which can cause
the secondary pollution in a few months. In contrast, LDHs are
considered economical, long-lasting, and stable soil remediation
materials in the long run (more than 3 years). LDHs offer the
advantages of low production cost, large mineralization capacity
and long-term stability, which make them cost-effective for practi-
cal use. According to our data based on one-time restoration and
five-year continuous efficacy, the cost of restoring one mu (1 mu =
666.67 m?) of heavy metal contaminated soil was about 200 yuan
per year (Fig. 8f). If the LDHs continued to be effective for longer
times, the actual cost can be further reduced.

The 7" advantage is targeted fertilization effect. LDHs can
be used as fertilizers to promote plant growth when it is added
to soil for super-stable mineralization. When the free Cd** ions
were mineralized into the MgAl-LDH and/or CaAl-LDH lattice to
form CdAl-LDHs by isomorphous substitution, the Mg?* and Ca*
ions in the original LDHs were released from the LDH laminate
and entered the soil. Soil is often deficient in Mg?* and Ca** ions,
particularly in the south of China. As such, the use of LDH as su-
per-stable mineralization materials can act as fertilizer to promote
the growth of crop roots (Fig. 8g).[*0) Previous work showed that
slow-release fertilizers by using MgAl-LDHs and sodium alginate
(SA) can provide better nutrient management for crop growth.[#!]

3. Industrial Production of LDHs and their Application
in Soil Remediation

At present, the large-scale production of LDHs is done in
industry. Among numerous methods used to fabricate LDHs,
the most practical method for industrial production is ‘Separate
Nucleation and Aging Steps’,[2] which was proposed by Duan et
al. in 2002. Typically, such technology can avoid the problem of
uneven particle sizes of LDHs caused by the long-time mixing.
This method was successfully applied to pilot lines in Shandong
Province for the industrial-scale synthesis of LDHs materials with
production capacity of 3000 ton/a. The production technology
can synthesize a wide range of high-quality LDHs using large-
capacity hydrothermal kettles in proportionally scaled-up raw
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material input. Based on the method of Separate Nucleation and
Aging Steps, Roy and partners!!% prepared MgAl-LDHs from the
method of using MgO and Al O, as raw materials instead of ni-
trates, which can achieve the atomic economy of 100%. In 2019,
a LDH production line in Jiangsu Province, was rebuilt with an
annual output of 10,000 tons, and the product obtained the Soil
Conditioner Registration Certificate of the Ministry of Agriculture
and Rural Affairs of China. In 2022, using the abundant Mg and
Caresources in Qinghai Salt Lake as raw materials, a super-stable
mineralized material production line with a yield of 20,000 tons/a
was built in Delingha, Qinghai Province.[*3]

The large-scale production of LDHs was demonstrated to be
efficient in treating the heavy metals contaminated soil.l'44] In
Dongdagou, Gansu Province, Lei ef al.[*5] reported that CaAl-
LDH can significantly reduce the contents of Cu, Zn, Cd and Pb
in large-scale agriculture soil remediation with the immobiliza-
tion efficiency of 30.15%, 67.30%, 57.80% and 38.71%, respec-

tively. Meanwhile, the Cd contamination of agricultural soils in
Kunshan, Jiangsu Province became a serious threat to rice and
wheat (crops) safety. Therefore, in 2016, CaAl-LDHs were ap-
plied to the contaminated soil, and the Cd concentration was
monitored for extended periods of time. Till the end of 2022, the
Cd concentration of the rice (from 0.33 to 0.15 mg/kg) and that
of wheat (from 0.22 to 0.06 mg/kg) produced in this area were
much lower than the national limit of China (GB2762-2017, 0.2
mg/kg forrice and 0.1 mg/kg for wheat, respectively) (Fig. 9b). At
the same time, owing to the composite soil contamination of Pb
and Cd in Nujiang, Yunnan Province, Ca/Mg-based LDHs were
used to treat the co-existing heavy metal contamination. The con-
tent of both Cd and Pb in the produced crops were reduced to
0.007 mg/kg and 0.04 mg/kg, respectively, showing the remark-
able mineralization results. In 2020, in cooperation with Hunan
Agricultural University, 20 mu of demonstration fields were re-
stored in Liuyang and Hengyang Experimental Bases in Hunan
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Province.[#6] Such practice in Hunan Province showed a remark-
able decline of Cd** content after treating the rice field with LDHs.
(Decline percent = 79.7%, before remediation, Cd content = 0.546
mg/kg; after remediation, Cd content = 0.111 mg/kg).

In 2021, a larger scale restoration work was carried out in
Heshan National Grain Base in Hunan Province, and the Pb con-
tent in the early rice produced in the restored area declined to just
0.006 mg/kg, whereas the As content in rice also decreased sig-
nificantly to 0.02 mg/kg. Since 2021, the Cd restoration practice
of LDHs-based super-stable mineralized materials was carried
out in Shimen Village, Hainan Province. Soil remediation results
showed that the Cd content in the remediated area was reduced to
0.2 mg/kg (before remediation, Cd = 0.6-1.0 mg/kg).l*”] In sum-
mary, the above practical results illustrate that LDHs exhibit a
super-stable mineralization effect on the removal of Cd, Pb and
As, which can be considered as a potential remediation mineral-
izer for various heavy metals contaminated soil.[!]

4. Conclusion and Outlook

To summarize, we reported the origin of multiple interactions
in the host—guest structure of LDHs, and discussed structure—ac-
tivity relationships of LDHs in the super-stable mineralization of
heavy metals, in which the low K_ value of LDHs played an es-
sential role for the formation of SSMS. Based on this, we high-
lighted the seven advantages of using LDHs-based super-stable
mineralization materials. Moreover, industrial scale-up produc-
tion line of LDHs-based super-stable mineralization materials
were achieved in Shandong Province (3000 t/a), Jiangsu Province
(10000 t/a) and Qinghai Province (20000 t/a). So far 10,000 mu
heavy metal-contaminated soil have been remediated successfully
by using super-stable mineralization materials of LDHs. Although
great progress has been made, there still exist several challenges:

1) How to further improve the acid resistance of LDHs-based
mineralizer. The addition of hydroxides to increase the pH of soil
is very necessary and further application of super-stable mineral-
ization materials of LDHs can be effective.

2) How to mineralize multiple heavy metals at the same time.
Multiple heavy metals often coexist in the actual contaminated

a Rice b 030 Wheat
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% I:N.!lsxll(:r:.::nn%;::;‘asg % 0.25- Mational limitation (GBEZTE2-201T)
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Fig. 9. After 6 years of LDHs remediation of Cd-contaminated fields,
the remaining Cd content in crops, a) rice, and b) wheat, respectively,
c) photograph of paddy fields after remediation with LDHs in Kunshan,
Jiangsu Province.

soil. Therefore, it is important to develop super-stable mineral-
ized materials that can mineralize multiple heavy metals synchro-
nously.

This review opens a new pathway for remediation of heavy
metal-contaminated soil and may provide certain useful guidance
for rational design of advanced functional materials for in situ
mineralization of heavy metals.
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