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Abstract
In the soil environment, divalent heavy metal ions often interact with trivalent metal ions to form hydrotalcite supergroup nanomin-
erals (also known as natural layered double hydroxides, LDHs), effectively immobilising heavy metals within the minerals structure.
Concurrently, these LDH minerals also show high surface reactivity and can adsorb surrounding heavy metal ions, thus they play a
significant role in heavy metal pollution purification. However, the impact of the subsequent geochemical evolution of heavy-metal-
containing LDHs on the migration and transformation of structural and surface-adsorbed heavy metals as well as its surface reactivity
towards surrounding heavy metals remains unclear. Herein, Ni(II)Fe(III)-LDH and Co(II)Al(III)-LDH were taken as examples to reveal
the influence of redox evolution on the immobilisation of structural and adsorbed heavy metals. The results of this work indicate that
the oxidative–reductive alternating evolution of structural Ni, Fe and Co elements constrain the transformation of heavy metals, as
well as their bioavailability greatly. The oxidative–reductive alternating evolution helped reduce the content of bioavailable heavy met-
als in exchangeable and carbonate-bounded states. It can also enhance the integration of heavy metals with the LDH structure and help
transform heavy metals into residual states, thereby reducing their mobility and bioavailability. However, oxidative–reductive evolution
significantly reduced the surface reactivity of LDHs, diminishing their interface locking ability for surrounding heavy metal ions. This
research provides foundational data for assessing the long-term environmental performance of LDHs.
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Introduction

With the rapid development of industrialisation and urbanisation,
soil heavy metal pollution has become an increasingly prominent
environmental issue (Liu et al., 2022, Qiu et al., 2022). In China,
nearly 20 million hectares of farmland are affected by heavy met-
als, accounting for about one-fifth of the total arable land (Sodango
et al., 2018). Addressing soil heavy metal pollution has become
an urgent problem, and varied methods have been developed for
heavy metals immobilisation and extraction, including adsorption
(Muhammad et al., 2021, Haris et al., 2022, Zhang et al., 2022), pre-
cipitation (Zhou et al., 2010, Xu et al., 2023), ion exchange (Guo
et al., 2021, Qiu et al., 2022), solvent extraction (de Souza E Silva
et al., 2006), membrane separation (Ahmad et al., 2022), electro-
chemical means (Wang et al., 2022a) and biological approaches
(Guo et al., 2020, Liu et al., 2024). It’s believed that soil minerals
play a unique role in controlling pollution, as they can adsorb and
immobilise heavy metal ions (Zhu et al., 2016, Wang et al., 2022b,
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Liu et al., 2024); more importantly, some minerals can lock heavy
metals within their lattice, effectively reducing the mobility and
bioavailability of heavy metal ions (Siebecker et al., 2018, Laipan
et al., 2024).Heavymetal ionsmay engage in themineral formation
process once they enter the soil; therefore, studies with a particular
emphasis on the interaction between soil mineral particles or free
metal ions and heavy metal ions have become the focus of research
(Siebecker et al., 2018).

In recent years, the interaction of divalent heavy metal ions
with metal oxides or clay minerals in soil to form layered dou-
ble hydroxide supergroup nanominerals has emerged as a new hot
topic (Siebecker et al., 2018). Layered double hydroxides (LDHs),
including hydrotalcite and hydrotalcite-like minerals, are primar-
ily composed of divalent and trivalent metal hydroxides (Yu et al.,
2017, Laipan et al., 2020). The main reason for the interest in
LDH supergroup minerals in soil is that divalent heavy metal ions
can readily form LDH minerals with widely present Al3+/Fe3+

or Al3+/Fe3+-containing soil minerals in aqueous media, achiev-
ing the fixation of heavy metals within the LDH lattice (Peltier
et al., 2010, Zhu and Elzinga 2014, Aucour et al., 2015, Laipan
et al., 2024). Concurrently, the high surface reactivity of LDH
nanominerals plays a significant role in the adsorption of heavy
metals (Liang et al., 2013, He et al., 2018, Laipan et al., 2023).
Thus, LDHs play a critical role in heavy metal immobilisation
both by adsorption and lattice fixation in the soil environment.
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However one concern here is whether LDHs can immobilise sur-
face adsorbed and lattice-fixed heavy metals chronically or per-
manently. This will depend on the variation of LDH stability
and surface reactivity during the long-term geochemical evolu-
tion in the soil environment. Due to the complexity of the soil
environment, the geochemical evolution processes of LDHs occur
inevitably. Natural LDHs, especially those heavy-metal-bearing
LDHs mostly contain metal elements (e.g. Cu, Co, Ni and Fe)
that can be reduced or oxidised in the environment by reducing
and oxidising substances/species (such as reducing organic mat-
ter, photo-generated electrons/holes, surface active oxygen species,
etc.) (Laipan et al., 2020). Therefore, it is likely that heavy-metal-
bearing LDHs may undergo alternating oxidation and reduction
evolution processes. However, there is insufficient understanding
of the variation of stability and surface reactivity of heavy-metal-
bearing LDH minerals during subsequent geochemical evolution
processes in the soil environment, as well as the potential re-
migration and transformation behaviours of heavy metals in these
minerals.

To examine the impact of oxidation–reduction alternating evo-
lution on the structural stability, surface reactivity, heavy metal
locking performance, and heavy metal re-migration and transfor-
mation behaviours of heavy-metal-bearing LDHs, CoAl-LDH and
NiFe-LDH were used as representatives. By repeatedly altering the
valence states of structural Co and Fe in a LDH, this study investi-
gated how the redox evolution affects the structure of a LDH, the
state of heavy metal existence, the migration and transformation
of heavy metals, and the variation in adsorption performance of
LDHs with heavy metal species. The findings provide experimen-
tal evidence for assessing the long-term performance of LDHs in
heavy metal immobilisation.

Materials and methods

Synthesis of LDHs

Using metal nitrates as starting materials, CoAl-LDH and
NiFe-LDH, containing divalent heavy metal ions Co(II) and
Ni(II), respectively, were synthesised through conventional co-
precipitation methods (Laipan et al., 2023, Laipan et al., 2024),
with a molar ratio of divalent to trivalent ions of 2:1. For CoAl-
LDH synthesis, a 500 mL solution of Co(NO3)2⋅6H2O (0.1 mol/L)
and Al(NO3)3⋅9H2O (0.05 mol/L) and a 500 mL base solu-
tion containing 0.5 mol/L NaOH and 0.1 mol/L Na2CO3 were
first prepared. These solutions were then simultaneously added
dropwise to a 2 L beaker (initially containing 200 mL of ultra-
pure water) using an automatic pH dosing machine (Kroma
CPH-2). The reaction was conducted under continuous mag-
netic stirring and a pH of 8 ± 0.1. Subsequently, the mix-
ture was stirred for an additional 2 hours and then left to
age for 12 hours. Following ageing, the solid was collected by
centrifuging and washed with ultrapure water until the super-
natant reached near-neutral pH. Then the product was separated
and dried to obtain the CoAl-LDH. The synthesis of NiFe-LDH
was using the same procedures, but using Ni(NO3)2⋅6H2O and
Fe(NO3)3⋅9H2O to replace Co(NO3)2⋅6H2O and Al(NO3)3⋅9H2O,
respectively.

Alternating oxidation and reduction of LDHs

Sodium borohydride and hydrogen peroxide were selected to
carry out the oxidation–reduction reaction on CoAl-LDH and

NiFe-LDH. For CoAl-LDH, a certain amount of CoAl-LDH was
placed in a beaker, and hydrogen peroxide solution (mass ratio
of 30%) was added in the beaker with a ratio of 1 g LDH per
20 mL of hydrogen peroxide solution. The reaction was stirred
for 30 minutes to oxidise the divalent cobalt ions in CoAl-LDH.
After oxidation, the product was washed with ultrapure water
and dried. The resulting product is the first oxidation product of
CoAl-LDH; the product hereafter is named as CoAl-LDH-FO (FO:
first oxidised). After that, CoAl-LDH-FO was reduced by sodium
hydroxide to generate the first reduction product, CoAl-LDH-FR.
The procedure is as follows: an amount of the CoAl-LDH-FO was
put into a beaker which contains sodium hydroxide solution (pH
10) with a solid–liquid ratio of 1 g : 20 mL. Then, borohydride
sodiumwas added into the beakerwith a ratio of 1 g LDH to 100mg
of borohydride sodium, and the solutionwas stirred for 30minutes
to reduce the metal ions of Co(III). After reduction, the prod-
uct (CoAl-LDH-FR) was washed three times with ultrapure water
and dried. This was repeated, alternating oxidation and reduction
processes, to obtain the second oxidised and second reduced prod-
ucts CoAl-LDH-SO and CoAl-LDH-SR. In summary, the original
CoAl-LDH underwent the stages: first oxidation – first reduction
– second oxidation – second reduction.

The oxidation–reduction evolution of NiFe-LDH is similar to
the above process, with the difference being the reduction reaction
happened first and was followed by the oxidation reaction. That
is, NiFe-LDH underwent: first reduction – first oxidation – second
reduction – second oxidation, which generated the products: NiFe-
LDH-FR, NiFe-LDH-FO, NiFe-LDH-SR and NiFe-LDH-SO.

To reveal any leaching of heavy metals from LDHs during the
REDOXprocess, concentrations of the heavymetals in the solution
generated from each evolution process as well as the heavy metal
contents in the original LDH were determined by ICP-MS (7900,
Agilent).

Determination of ratio of Co(II)/Co(III) and Fe(II)/Fe(III)

Co(II)/Co(III) and Fe(II)/Fe(III) ratios were determined after each
oxidation or reduction process. All the CoAl-LDH and NiFe-LDH
were dissolved by HCl to obtain Co and Fe solution. Then, Co(II)
detection was conducted using a Nitroso-R salt spectrophotomet-
ric method (Yu et al., 2024). In detail, in sodium acetate (pH
5.5–6.0) solution, Co(II) ions can react with nitroso-R salt (also
known as NRS) to form soluble red complexes; the concentration
of these red complexes can be determined at 530 nm by using
a UV/VIS spectrophotometer. The concentration of Fe(II) was
detected by the 1,10-phenanthroline method (Liang et al., 2019).
The total amounts of Co and Fe in the LDH were detected by
ICP-MS as stated above. Finally, the ratios of Co(II)/Co(III) and
Fe(II)/Fe(III) can be obtained via above procedures.

Testing of metal occurrence forms in LDHs

Metals (Ni, Fe, Co and Al) in the original, oxidised, and reduced
LDH were extracted using the Tessier method to determine their
occurrence forms (Tessier et al., 1979). First step: 2 g of each LDH
was put in a 25 mL centrifuge tube, and then 16 mL of 1 mol/L
MgCl2 (pH=7) was added into the tube. The reaction lasted for
1 hour at room temperature under oscillation. After oscillation,
the samples were centrifuged at 4000 rpm for 10 minutes, and
the supernatant was collected for a heavy metal concentration test
and the solid was used for the following experiments. Second step:
16 mL of 1 mol/L NaAc (pH = 5.5, adjusted by HAc) was added
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into the tube which contained the residual solid of the first step.
The reaction lasted for 5 hours at room temperature under oscilla-
tion. After oscillation, the samples were centrifuged for 10minutes.
The supernatant was collected for a heavy-metal concentration test
and the solid was used for the third step. Third step: the resulting
solid from the second step was dried and digested, and the heavy-
metal concentration was measured using ICP-MS after dilution.
Each experiment was repeated twice. As this LDH does not con-
tain organic matter and iron-manganese oxides, we mainly deter-
mined exchangeable, carbonate bounded and residual forms of
metals.

Cd adsorption experiment

The adsorption of Cd2+ was used to evaluate the effect of alter-
nating oxidation–reduction evolution on the surface adsorption
reactivity of LDHs, and further to estimate whether oxidation–
reduction evolution would cause the re-migration of surface-
adsorbed heavy metals on LDHs. Batch adsorption experiments
were conducted to determine the isothermal adsorption behaviour.
The adsorption experiments were carried out in a covered glass
tube, with an adsorbent addition of 1 g/L. The Cd2+ concentra-
tion ranging from 5–100 mg/L. The reactions were conducted for
12 hours under pH of 7, 25∘C, and oscillation. After adsorption,
the samples were centrifuged, and the Cd2+ concentration in the
supernatant was measured by ICP-MS.

Characterisation methods

X-ray diffraction analysis (XRD) of the products were measured
on a Bruker D8 ADVANCE X-ray diffractometer using CuKα
radiation operating at 40 kV and 40 mA. The patterns were
recorded over the 2θ range from 3 to 80∘ with a scan speed of
3∘/min using a bracket sample holder. XRD primarily served to
determine whether the LDH structure was destroyed after the
redox reaction. Images were obtained using a Gemini SEM 460
(ZEISS) high-resolution field emission scanning electron micro-
scope (SEM). A zeta potential test was used primarily to mea-
sure the charge state of the LDH. Variation of the Zeta poten-
tial with pH of the products was detected by Malvern Zetasizer
Nano-ZS (Malvern Instruments, UK). 1 mmol/L NaNO3 was
used as electrolyte solution during the measurements (Liu et al.,
2018), and all the measurements were accomplished at room
temperature.

Results and discussion

Effects of redox evolution on the structural and surface
characteristics of LDHs

The XRD results show that there is no significant phase change
between the original CoAl-LDH and its first oxidised sample
(CoAl-LDH-FO), but the d(003) value of the CoAl-LDH-FO
(0.871 nm) is reduced by ca. 0.02 nm compared with that of the
original CoAl-LDH (0.890 nm) (Fig. 1a).This is because the struc-
tural Co(II) (ionic radius 74.5 pm) is oxidised to Co(III) (ionic
radius 54.5 pm); the reduction of ionic radius caused a shift to a
higher diffraction angle (Deng et al., 2018). The subsequent redox
reaction would completely destroy the LDH structure resulting
in the formation of amorphous products (CoAl-LDH-FR, CoAl-
LDH-SO and CoAl-LDH-SR) indicated by the disappearance of
all diffraction peaks. Guo et al. also indicated that the oxidation

of Co2+ to Co3+ in NiCo-LDH would result in the disappear-
ance of the characteristic diffraction peaks of the layered structure
(Gou et al., 2016). Therefore, the disappearance of characteristic
diffraction peaks of the LDH herein should be due to the change of
valence state of Co. As for NiFe-LDH, XRD results indicate that
there is no significant phase change before and after oxidative–
reductive alternating evolution, but that the oxidative–reductive
alternating evolution affected the layer stacking of LDHnanoplates
on the c-axis (Fig. 1b).

Zeta potential test results showed that original LDH and the
oxidised and reduced products all have a positively charged sur-
face (Fig. 2), indicating that the sample may still retain part of the
LDH structure after oxidation and reduction. As the amount of
positive charge of the LDH is dependent on the content of struc-
tural metal in a higher valence state, destruction of the layered
structure of a LDHwould alter the content of structural metals and
thus change the surface charge of the LDH (Laipan et al., 2020). For
CoAl-LDH, after the first oxidation, the surface charge in pH 7–10
(from 26–24 mV) is higher than the original one (from 25.2–22.5
mV), indicating that oxidation will not destroy the LDH struc-
ture, in good agreement with the XRD results. The reason for the
increase of the charge may be that the first oxidation promotes the
integrity of the LDH structure (Fig. 1a). However, the subsequent
reduction and oxidation significantly reduced the surface charge
of the products (decrease from 28–18 mV to 3–0.5 mV in the
pH range of 5–11), indicating that the subsequent treatment will
significantly destroy the structure of the LDH, which is consistent
with the XRD results.

Regarding NiFe-LDH, the zeta potential test results demon-
strated that the oxidative–reductive evolution also has a significant
impact on the structure of NiFe-LDH. But unlike CoAl-LDH, the
oxidation and reduction led to an increase of the positive charge of
NiFe-LDH (mostly increases from 1.5–0.6 mV to 3.25–0.75 mV in
pH range of 5–11, Fig. 2b), indicating that the reduced and oxidised
products of NiFe-LDH may retain the LDH structure after mul-
tiple oxidative–reductive treatments, in agreement with the XRD
results. The increase in positive charge content also indicates that
there are certain changes in the proportion and occupancy of Ni
and Fe in the structural layers of NiFe-LDH, possibly due to the
detachment of some Ni(II) from the structural layers of the LDH
during the oxidative–reductive evolution (See Fig. 4b later), lead-
ing to a higher proportion of Fe3+ in the products compared to the
original sample.This inference is based on the fact that the amount
of structural charge of a LDH depends mainly on the content of
the structural metal element with higher oxidation state (Yu et al.,
2017; Laipan et al., 2020). Additionally, previous studies also indi-
cated that Ni2+ can be oxidised to Ni3+ (Zhao et al., 2015; Liu et al.,
2017), thus the amount of positive charge on the LDH layers has
increased.

Scanning electron microscopy images also suggest the destruc-
tion or preservation of the LDH structure of the reduced and
oxidised LDH (Fig. 3). For CoAl-LDH, the sheet-like morphol-
ogy has been destroyed markedly by redox evolution, and the
sheets have been transferred to dense blocks as redox evolution
progresses. This result indicates the destruction of the CoAl-LDH
structure, in good agreement with XRD results. As also indicated
by theXRDresults, CoAl-LDH-FOandCoAl-LDHshowed similar
diffraction peaks with comparable diffraction intensity; therefore
CoAl-LDH-FO should have similar morphology with CoAl-LDH.
The SEM image of CoAl-LDH-FO in Fig. 3 fits well with the
above reasoning. As reduction and oxidation proceed, the sheets
were transferred to dense blocks. Regarding NiFe-LDH, the redox
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Figure 1. XRD patterns of the original, oxidised and reduced LDHs: (a) CoAl-LDH and its oxidised and reduced products; (b) NiFe-LDH and its oxidised and reduced
products.

Figure 2. Variation of Zeta potential of the original, oxidised, and reduced LDH: (a) CoAl-LDH and its oxidised and reduced products; (b) NiFe-LDH and its oxidised
and reduced products.

evolution showed little effect on the flake morphology, indicat-
ing that the structure of the LDH was not obviously affected, also
in good agreement with XRD results. In summary, compared to
CoAl-LDH, the structure of NiFe-LDH is more stable, and the
oxidative–reductive process did not cause significant damage to its
structure.

Impact of redox evolution on the transfer and occurrence of
heavy metals

Each redox evolution caused 24.4%–93.5% of Co or Fe in CoAl-
LDH and NiFe-LDH to be reduced or oxidised (Table 1), which
suggested CoAl-LDH and NiFe-LDH could be partially reduced
or oxidised. Leaching results of heavy metals indicates that ca.
2–3% of Co and Ni would transfer from the LDH structure

to solution after all the oxidation–reduction alternating pro-
cesses (Fig. 4). Each oxidation or reduction resulted in the dis-
solution of heavy metals, and the oxidation process contributed
to the transfer of heavy metals more significantly than the reduc-
tion process (0.8–1.3% for each oxidation process and 0.06–0.16%
for each reduction process). The redox evolution also greatly
affected the occurrence forms of heavy metal ions. The percent-
ages of exchangeable, carbonate-bounded, and residual forms of
metal elements in the original LDH and their oxidative–reductive
evolution products were determined through leaching experi-
ments (Fig. 5). The results indicated that the contents of exchange-
able and carbonate-bounded forms of the metals are relatively
low, while the content of the residual state is high, indicating
that both LDHs have a strong ability to lock heavy metal ions.
For original CoAl-LDH, the content of exchangeable (5.48%)
and carbonate-bounded Co (46.30%) indicated that a half of
Co did not enter the LDH structure. The low proportion of
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Figure 3. Variation of morphology of the original, oxidised, and reduced CoAl-LDH and NiFe-LDH.

Table 1. Redox ratio of Co and Fe in each redox reaction

Sample Total Co or Fe (mg/g) Co(II) or Fe(II) (mg/g) Co(III) or Fe(III) (mg/g) Co(II)/Co(III) or Fe(II)/Fe(III) Redox ratio (%)

Co
CoAl-LDH 370.7 368.3 2.4 153.5 –
CoAl-LDH-FO 367.0 277.5 89.5 3.1 24.4
CoAl-LDH-FR 366.6 360.8 5.8 62.2 93.5
CoAl-LDH-SO 361.5 205.7 155.8 1.3 43.0
CoAl-LDH-SR 360.9 338.1 22.8 14.8 85.4
Fe
NiFe-LDH 174.8 0.0 174.8 0.0 –
NiFe-LDH-FR 171.3 64.8 106.5 0.6 37.1
NiFe-LDH-FO 171.2 11.5 159.7 0.1 82.3
NiFe-LDH-SR 166.7 92.3 74.4 1.2 53.4
NiFe-LDH-SO 166.8 7.4 159.4 0.0 92.0

residual Al (66.11%) and high carbonate-bounded Al (33.89%)
also suggested a third of the Al was not involved in the for-
mation of CoAl-LDH. These results indicated that the original
CoAl-LDH is a mixture of metal carbonate and LDHs. It can
be seen that after multiple cycles of oxidative–reductive evolu-
tion, the carbonate-bounded Co and Al significantly transformed
into the residual state (increased from 66.11% to 99.05% for Al,
and 48.22% to 87.22% for Co), indicating that redox evolution
contributed to a more stable state of heavy metal. This result
demonstrated that the redox evolution of CoAl-LDH would result

in a more secure fixation of Co and a significant reduction in its
bioavailability.

Regarding NiFe-LDH, redox evolution caused a gradual
decrease of carbonate-bounded Fe (from 3.91% to 0), and a slight
increase of residual form of Fe (from 96.09% to 99.50%, Fig.
5c). Meanwhile, redox evolution led to a decrease of exchange-
able Ni (from 4.53% to 1.85%) and a slight increase of residual
form of Ni (from 79.51% to 87.63%, Fig. 5d). But reduction would
result in the increase of carbonate-bounded Ni (from 15.96% to
24.82%), whereas oxidation caused a contrary tendency. Overall,
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Figure 4. Leaching percentage of heavy metals during oxidation–reduction alternating evolution process: (a) leaching of Co in CoAl-LDH; (b) leaching of Ni in
NiFe-LDH. Co content in the original CoAl-LDH is 370.7 mg/g LDH; Ni content in the original NiFe-LDH is 345.2 mg/g LDH.

Figure 5. The occurrence of forms of Al, Co, Fe and Ni in the original, oxidised and reduced LDH: (a) Al in CoAl-LDH; (b) Co in CoAl-LDH; (c) Fe in NiFe-LDH; (d) Ni
in NiFe-LDH.
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Figure 6. Variation of adsorptive performance to Cd(II) of the CoAl-LDH and NiFe-LDH after oxidation–reduction alternating evolution: (a) CoAl-LDH and its oxidised
and reduced products; (b) NiFe-LDH and its oxidised and reduced products.

redox evolution can also result in a more secure fixation of Ni and
a reduction in its bioavailability.

Combining the above results, it can be concluded that redox
evolution leads to a tighter binding of heavy metal ions with the
LDH structure or solid phase, resulting in a decrease in the content
of bioavailable heavymetals. But it will also cause a small amount of
heavy metal to transfer from a solid phase to a liquid phase during
the redox process.

Impact of redox evolution on the adsorptive ability of LDHs

The redox evolution of the LDH affected not only the locking
performance of heavy metal ions in their structure but also their
adsorption ability for fixing heavy metal ions. The Cd(II) adsorp-
tion isotherms of CoAl-LDH, FeNi-LDH, and their oxidised and
reduced products indicated that the redox evolution significantly
decreased the adsorption capacity of the LDH (Fig. 6). For the
original CoAl-LDH and its first oxidation product, they showed
comparable adsorption performance to Cd(II) with maximum
adsorption capacities of ca. 14 and 12 mg/g. This result should be
due to their similar LDH structure, morphology, and zeta potential
in pH 7 (Figs 1–3). The subsequent oxidative or reductive evolu-
tion stronglyweakened the adsorption ability of the LDH (decrease
from ca. 14 to 1mg/g of themaximumadsorption capacity, Fig. 6a),
which should be resulting mainly from the destruction of the
LDH structure and formation of a denser aggregation of sheets
and dense blocks (Figs 1 and 3). Similar results were observed for
NiFe-LDH. The original NiFe-LDH exhibited the best adsorption
performance for Cd(II), and the subsequent oxidative–reductive
evolution greatly reduced the adsorption performance (decrease
from c.a. 13 to 6 mg/g of the maximum adsorption capacity, Fig.
6b).The combination of variation of layered structure and decrease
of zeta potentialmay be themain reason for the decrease of adsorp-
tive ability (Figs 1 and 2). Considering the above experimental
results, it can be concluded that the oxidative–reductive evolution
is not conducive to LDHs exerting a fixation effect on surrounding
heavy metal ions.

The relationship between the variation of structure
characteristics and the fixation performance of heavy metals

As mentioned earlier, for CoAl-LDH, the alternating oxidative–
reductive evolution caused the disappearance of all characteristic
diffraction peaks belonging to LDHs after multiple oxidation and
reduction cycles, the positive charge content of the structure signif-
icantly decreases (from 20–27 mV to 0–5 mV), and the sheet-like
morphology of the LDH was remarkably destroyed. These results
indicated that the oxidative–reductive evolution led to significant
structural damage to CoAl-LDH. The structural damage resulted
in a significant change in the occurrence formof heavymetal cobalt
ions in the structure. In detail, the structural damage caused some
cobalt ions to transform into an exchangeable form, and with the
progression of the oxidative–reductive evolution, the exchangeable
content gradually increased, suggesting an increase in the most
bioavailable form. However, from Fig. 5b, it can be seen that the
exchangeable cobalt mainly comes from the transformation of the
carbonate-bounded state. At the same time, after the oxidative–
reductive evolution, most of the carbonate-bounded state trans-
formed into the residual state. Overall, the content of bioavailable
heavy metals (exchangeable and carbonate-bounded states) grad-
ually decreases with the progression of the oxidative–reductive
evolution. However, considering the evolution of the CoAl-LDH
structure, the increase in the content of residual state heavy met-
als is positively correlated with the structural damage of the LDH,
indicating that the increase in the residual state may be due to
the formation of cobalt oxides and/or hydroxides. Additionally,
the evolution (damage) of the structure significantly reduced the
purification ability of CoAl-LDH for surrounding heavy metal
ions.The adsorption activity of a LDH for heavy metal ions mainly
originates from structural hydroxyl groups, isomorphic substitu-
tion, and the availability of interlayer ions (Liang et al., 2013, He
et al., 2018, Laipan et al., 2023).The structural damage to the LDH
would lead to a significant reduction in the content of structural
hydroxyl groups, the number of octahedral vacancies in the LDH
structure, and the content of interlayer anion active sites (Yang
et al., 2002). These are likely to be the reasons for the significant
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decrease in the adsorption capacity for heavy metals of CoAl-LDH
after redox evolution.

ForNiFe-LDH, as analysed earlier, the oxidative–reductive evo-
lution did not cause significant damage to the LDH structure;
instead, it helped the growth of LDH crystals. The oxidative–
reductive evolution to some extent sharpens the diffraction
peaks belonging to LDHs (Fig. 1), and the structural charge
increases (Fig. 2), indicating that the evolution contributed to the
formation of the LDH structure. The improvement of LDH struc-
ture and increase of structure charge led to a decrease in the content
of exchangeable heavy metals and an increase in the content of
the residual state. In an open system, the formation and growth
of a LDH can promote the conversion of carbon dioxide in the
air into carbonate ions, which then enter the interlayers of a LDH
as balancing anions (Laipan et al., 2018, Laipan et al., 2023). This
may be the reason for the increase in the content of carbonate-
bounded state heavymetals during evolution.This also reflects that
the oxidative–reductive evolution contributes to the improvement
of the NiFe-LDH structure. Similar to CoAl-LDH, the oxidative–
reductive evolution helps to more securely lock the heavy metal
ions in the LDH structure. However, the redox evolution also
caused a decrease of the adsorptive ability of NiFe-LDH for sur-
rounding heavymetals.The increase in surface positive chargemay
be an important reason for the decrease in its adsorption capacity.
The electrostatic repulsion to some extent inhibits the contact of
Cd(II) with the LDH surface. Overall, the fixation performance of
LDHs for heavy metal ions in the structure and the surrounding
environment is closely related to its structural evolution.

Conclusion

This study investigated the influence of the change in metal oxi-
dation states of the structural metal compositions of LDHs on the
migration and transformation of structural and surface-adsorbed
heavy metals, as well as the surface reactivity of LDHs towards
surrounding heavymetals.The results indicated that the oxidative–
reductive alternating evolution of LDHs constrained the trans-
formation of heavy metals, as well as their bioavailability greatly.
On the one hand, the alternating oxidative–reductive evolution
helps LDHs to reduce the content of bioavailable heavy metals
such as exchangeable and carbonate-bounded states, andmakes the
binding of heavy metal ions to LDHs more secure. The alternat-
ing oxidative–reductive evolution promoted the transformation of
exchangeable and carbonate-bounded heavy metals into a resid-
ual state, reducing their mobility and bioavailability. Therefore,
the alternating oxidative–reductive evolution enhanced the LDH’s
ability in the locking of its structural heavymetal ions. On the other
hand, the oxidative–reductive evolution of the LDHs reduced their
surface adsorption ability of surrounding heavy metals, thereby
reducing their interfacial locking capacity for surrounding heavy
metal ions. In the long run, this may reduce the environmental
purification performance of LDHs for surrounding contaminants.
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