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Abstract: The concurrent presence of arsenic (As) and cadmium (Cd) contamination in soil is
widespread and severe, highlighting the need for remediation. However, remediating As and Cd
co-contaminated soils is more complex than remediating soils contaminated with a single heavy
metal due to the opposite properties of As and Cd in soil. Thus, the different forms of As and Cd
in co-contaminated soils and their transformation rules have been systematically reviewed in this
paper. Simultaneously, hyperaccumulators and immobilization amendments used in the remediation
of As–Cd co-contaminated soil were reviewed. Moreover, the mechanisms of phytoremediation and
chemical immobilization techniques in the treatment of As and Cd co-contaminated soil and the
remediation effects were expounded in detail. To promote the development of ecological civilization,
this paper proposes further remediation strategies and guidance for the remediation of As–Cd
co-contaminated soil.
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1. Introduction

Regular mining activities have led to notable heavy metal pollution [1,2]. These
heavy metal substances are easily combined with other minerals and are sensitive to
deposition in the atmosphere, and thus exhibit characteristics of co-contamination [1,2].
For example, arsenic (As) and cadmium (Cd), two sulfur-loving elements, often coexist
in sulfide minerals, causing co-contamination problems [3–5]. The sulfide minerals’ high
toxicity, propensity for accumulation, and slow degradation pose significant threats to
the ecological environment [6]. Numerous studies have reported the presence of As and
Cd co-contamination in paddy fields [1]. China is one of the largest industrial producers,
which makes its emission of As and Cd relatively high [7]. The agricultural practices
in China have also aggravated the problem of arsenic and cadmium pollution, such as
the use of fertilizers and pesticides containing As and Cd [5,8]. Long-term intake of rice
contaminated by these elements will cause serious damage to various organs [7,8]. For
instance, arsenic poisoning can lead to various cancers, including skin and lung cancers [3],
while cadmium toxicity can induce pathological changes in multiple organs, including
the kidneys, bones, and lungs [9]. The literature indicates that As and Cd are considered
resistant to degradation under natural conditions [10]. They persist in the environment,
undergoing migration and transformation, and may potentially exacerbate pollution [10].
Therefore, the remediation of soil co-contaminated with As and Cd is urgently needed.

The key to the remediation of soils contaminated by As and Cd lies in reducing their
concentrations in soil to mitigate the risk of uptake by crops, especially in agricultural
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fields [11,12]. Remediation of As and Cd co-contaminated soil is more complex than sin-
gle metal remediation due to the intricate interactions and transformation mechanisms
inherent in such soil [13]. The distinct forms and chemical properties of As and Cd in soil
can vary widely [14,15]. Changes in soil pH or Eh can lead to contrasting transformation
trends for As and Cd, thereby significantly impacting the effectiveness of collaborative
remediation efforts [16]. In recent years, phytoremediation and chemical immobilization
techniques have been widely utilized in the treatment of soil contaminated by As and
Cd [17]. These methods offer numerous advantages, including economic feasibility, simplic-
ity, environmental friendliness, and practicality, while causing minimal soil disruption [18].
Therefore, the two technologies mentioned above contribute to the remediation of As- or
Cd-contaminated soil. Among these, phytoremediation involves utilizing plants’ abilities
to absorb, transport, accumulate, or degrade pollutants to reduce pollutant concentra-
tions in soil [19]. Chemical immobilization involves the application of amendments to
contaminated soil, altering the chemical forms or states of As and Cd [20–23]. However,
achieving collaborative remediation of both As and Cd through these methods remains
challenging [24]. Few plant species can hyperaccumulate both As and Cd, and suitable
amendments for simultaneously immobilizing these two elements are limited by various
factors [25–27].

The purpose of this paper is to review the current status of research on phytore-
mediation and chemical immobilization techniques for the management of As and Cd
co-contaminated soils. We elaborate on the forms of existence and the mechanisms of
transformation of As and Cd in co-contaminated soil. We also summarize the efficiency
and main mechanisms of hyperaccumulators and immobilization amendments in reme-
diating As and Cd co-contaminated soil. Finally, we provide some constructive guidance
for greener, more economical, and more efficient remediation of As and Cd contamination,
aiming to promote the development of ecological civilization.

2. Forms and Transformation Mechanisms of As and Cd in Soil

According to the risk control standard for soil contamination of agricultural land
(China, GB15618-2018) [28], the risk screening values of As and Cd in paddy soil are
30 and 0.4 mg/kg, respectively, while in the other types of soil, they are 40 and 0.3 mg/kg,
respectively. Figure 1 illustrates the extent of As and Cd co-contamination in soils across
various regions, and this As and Cd co-contamination is usually found in rice-growing
areas [29–35]. In several regions, such as Huize County in Yunnan Province, China, and
Jhang, Pakistan, there have been notable instances of arsenic or cadmium pollution sur-
passing acceptable limits [29,33]. Similarly, in locations like Gejiu City, Chenzhou City, and
Shaoguan City in China, Saitama in Japan, and Gyeonggi Province in South Korea, both
arsenic and cadmium have exceeded permissible levels to a significant degree [32–35]. In
particular, in the city of Gejiu, As contamination exceeded the limit by a factor of 7.55 and
Cd exceeded it by a factor of 11.3, resulting in As and Cd exceeding the standards in rice
by 100% and 55%, respectively [30]. In Chenzhou City, As exceeded the pollution limit by
5.35 times, and cadmium exceeded it by 10.7 times [31]. Co-contamination with As and Cd
is widespread and therefore the remediation of As and Cd co-contaminated soil is urgently
needed. However, the forms and transformation mechanisms of As and Cd in the soil are
different. Hence, understanding the forms and the transformation mechanisms of As and
Cd in the soil is a prerequisite for further comprehending remediation techniques for As
and Cd co-contamination.
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Figure 1. As and Cd co-contamination of soil in different regions. The dotted lines represent the
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2.1. Different Forms of As and Cd in Soil

In soils contaminated with both As and Cd, these elements are commonly found in
several forms, including the ionic state, redox state, adsorption state, complexation, and
precipitation [36,37]. The ionic state of As is usually As5+ or As3+, and the ionic state of Cd
is Cd2+ [38]. The redox state of As and Cd mainly includes arsenite, arsenate, and cadmium
oxide, which will change with the redox conditions [39]. The adsorption state of As and
Cd is mainly through interaction with the adsorption sites of minerals in the ionic form,
and thus through adsorption on soil particles, especially on the surfaces of minerals such
as iron oxide and alumina [40]. Bolan et al. [15] showed that soil adsorption of As was
mainly specific, whereas adsorption of Cd was mainly electrostatic. Under appropriate
conditions, As and Cd in the adsorbed state on the surface of soil particles can be re-released
back into the soil solution [12]. In addition, arsenic and cadmium can form complexes
with both organic and inorganic matter present in the soil, giving rise to organic arsenic
complexes, organic cadmium complexes, sulfate complexes, ammonia complexes, and
more [37]. Arsenic and cadmium tend to form different precipitates with other ions in the
soil [41]. For example, in oxygen-deficient conditions, arsenic can react with calcium ions
to produce calcium phosphate precipitates; with iron ions to yield iron–arsenic precipitates;
and with aluminum ions to generate aluminum–arsenic precipitates [39]. Cadmium can
associate with carbonate ions to form insoluble cadmium carbonate precipitates or with
sulfate ions to produce cadmium sulfate precipitates [12]. However, the chemical forms
and transformations of As and Cd depend on the physicochemical properties of the soil, the
environmental conditions, and the properties of the elements themselves [14,42]. Therefore,
the states in which As and Cd exist in the soil are determined by the environmental
conditions of the soil.
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2.2. Transformation Rules of As and Cd in Different pH–Eh Soil

The transformation rules of As and Cd in soil vary depending on the pH and Eh
levels of the soil. [15,16,43]. For example, when soil pH rises, the increased negative
charge leads to Cd cation precipitation, reducing Cd bioavailability [12]. Conversely,
arsenic predominantly exists in the form of anions in soil, and the pH increase enhances
electrostatic repulsion between soil particles and arsenate ions, consequently increasing the
mobility and bioavailability of As [43]. Moreover, soil redox conditions also significantly
impact the bioavailability of As and Cd [12]. For instance, Cd2+ tends to precipitate in the
form of Cd sulfide under reducing conditions; thereby, Cd becomes immobilized [12]. The
reduction of Eh also leads to the reduction of As (V) to As (III), which disrupts the lattice
structure of As and Fe–Mn oxides, resulting in the re-release of As previously adsorbed
on the oxides into the soil solution, thereby increasing the mobility of As and improving
its bioavailability [11,12]. The different transformation rules of As and Cd under varying
pH–Eh conditions increase co-remediation challenges (Figure 2) [44,45]. Some studies have
shown that adjusting paddy soil conditions, such as pH and Eh, can influence As and
Cd transformation through the soil and rice uptake [7,46]. However, the simultaneous
reduction of As and Cd concentrations through pH and Eh manipulation alone remains a
significant challenge. Therefore, understanding the distinct transformation rules of As and
Cd is essential for developing effective remediation strategies for co-contaminated soils.
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3. Phytoremediation Techniques for As and Cd Co-Contaminated Soils

Planting specific plants at contaminated sites to reduce contaminants in the soil
through the actions of specific plants towards contaminants (phytoextraction, phytostabi-
lization, phytovolatilization, and inter-root filtration) is the main principle of phytoreme-
diation [19]. Previous studies have attempted to find plants with strong tolerance to and
hyperaccumulation of heavy metals [47]. To date, a large number of studies have focused
on hyperaccumulators capable of accumulating As or Cd alone [24]. However, few plants
have been reported to be able to hyperaccumulate both As and Cd. Therefore, exploring
more plants with the ability to hyperaccumulate As and Cd is the key to realizing the
remediation of As and Cd co-contaminated soils.

3.1. Arsenic and Cadmium Hyperaccumulators

Through searching, we found four As and Cd hyperaccumulators, which are Xanthium
strumarium L., Helianthus annuus L., Brassica juncea L., and Pteris vittata L., as shown in
Table 1 [24,48,49].

X. strumarium, belonging to the family Asteraceae, is an annual herbaceous plant
with significant biomass. Research indicates that X. strumarium is efficient in removing
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soil co-contaminated with As and Cd [50]. It exhibited a biological enrichment factor and
biological transfer factor for Cd greater than 1, accumulating a Cd content of 1.84 mg/kg.
Zhang et al. (2022) [48] conducted field trials and determined that the mature plant’s total
dry weight ranged between 440 g and 470 g. The results showed that the accumulation of
As and Cd in a X. strumarium plant could reach 0.85 mg/kg and 0.83 mg/kg, respectively,
with As primarily concentrated in the roots and Cd accumulating mainly in the roots
and stems [48]. While the accumulation levels of As and Cd in X. strumarium may not
be exceptionally high, its biomass surpasses that of other hyperaccumulators [50]. Fur-
thermore, there are also studies showing that the addition of chelating agents and organic
acids can enhance the plant’s ability to accumulate As and Cd [48]. However, long-term
usage of chelating agents and organic acids may impact the forms of As and Cd in the soil,
potentially causing the capability of X. strumarium to accumulate As and Cd to decrease
over time. Therefore, the use of chelating agents and organic acids requires reasonable
control of their dosage.

H. annuus, belonging to the family Asteraceae, is an annual herbaceous plant with
substantial above-ground biomass. Research conducted [51] during a field trial in the
Chenzhou mining area confirmed that H. annuus exhibited a significantly greater capacity
for extracting As compared to maize and rapeseed. Under the rapeseed and H. annuus
planting model, the extraction of heavy metals As and Cd reached 250 g and 659 g per
hectare per year, respectively [51]. Luo et al. (2016) [52] found that H. annuus used to
produce oil has significant enrichment properties for heavy metals such as As and Cd.
The results of a study conducted by Han (2020) [53] on the remediation of an agricultural
field co-polluted with As and Cd showed that the average total dry weight of mature
H. annuus was about 130 g per plant. The total accumulation of As and Cd in H. annuus
was 1.11 mg/kg and 1.59 mg/kg, respectively, with the maximum Cd extraction reaching
2.31 mg/kg [53]. Research revealed that the addition of chelating agents could lead to an
accumulation of Cd exceeding 100 mg/kg in the above-ground parts of H. annuus [54].
In comparison to other hyperaccumulators, H. annuus exhibits a significant advantage in
terms of biomass and heavy metal extraction [51].

B. juncea, a member of the Brassicaceae family, is a fast-growing annual herbaceous
plant with the capacity to accumulate heavy metals such as As, Cd, Cu, Zn, and Pb [55].
Research by Yang et al. [56] demonstrated that B. juncea possesses a strong ability to ac-
cumulate As, with the capability to accumulate and translocate As exceeding 576 mg/kg
from both soil and aquatic systems. Additionally, B. juncea is recognized as a Cd hyper-
accumulator. Experimental findings indicated that the above-ground parts of B. juncea
could accumulate Cd in the range of 0.31 to 2.43 mg/kg, while the below-ground parts
could accumulate Cd in the range of 0.44 to 2.94 mg/kg [57]. B. juncea employs induced
antioxidant defense systems and enhances the activity of antioxidant enzymes to mitigate
the stress imposed by heavy metals like As and Cd [58]. B. juncea can not only co-enrich
As and Cd, but it also has significantly higher biomass and growth rates than singular
hyperaccumulators for As or Cd [59]. These advantages contribute to the effective removal
of As and Cd in co-contaminated soil through the use of B. juncea.

P. vittata, a member of the Pteridaceae family, is a perennial herbaceous plant with
robust adaptability. In 2001, Ma et al. (2001) [60] reported its extraordinary As hyperac-
cumulation capabilities in the United States. Chen et al. (2002) [24] also identified it as a
hyperaccumulator of As, capable of accumulating up to 8406 mg/kg of As, with enrichment
factors reaching 71 for below-ground parts and 80 for above-ground parts. In comparison
to typical plants, multiple phosphate transport proteins within P. vittata exhibit enhanced
abilities for transporting arsenate. Research indicates that P. vittata not only demonstrates
strong As accumulation capabilities, but also exhibits considerable tolerance to Cd [49]. It
can endure high concentrations of soil Cd (reaching up to 301 mg/kg) and accumulate Cd
contents as high as 186 mg/kg in its fronds. Thus, P. vittata is effective in remediating soil
co-contaminated with As and Cd [61].
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Table 1. Enrichment capacity of plants for As and Cd.

Plant Name Family Genus Life Form Plant Biomass Accumulation References

X. strumarium Asteraceae Artemisia Annual 470 g As: 0.85 mg/kg
Cd: 1.84 mg/kg [48]

H. annuus Asteraceae Carthamus Annual 130 g As: 1.11 mg/kg
Cd: 2.31 mg/kg [53]

B. juncea Brassicaceae Raphanus Annual 35.4 g As: 576 mg/kg
Cd: 5.37 mg/kg [56,57]

P. vittata Pteridaceae Pteris Perennial 7.25 g As: 8406 mg/kg
Cd: 186 mg/kg [24,49]

3.2. Enhancement Measures for Phytoremediation

However, the efficiency of phytoremediation of co-contaminated soils is still limited
by factors such as different growth cycles and biomass. The synergistic use of multiple
remediation methods to treat the soil is a more effective approach. The key factors in
phytoremediation are plant biomass and the ability to accumulate heavy metals, which can
be enhanced through the integration of chemical, physical, and microbial methods [62].
Research has shown that in soils co-contaminated with As and Cd, the rational application
of chelating agents and organic acids can significantly improve the absorption efficiency
of plants like X. strumarium. and H. annuus for As and Cd [48]. The combined use of
multiple chelating agents has been found to be more effective than using a single chelating
agent [63]. Research [64] demonstrated that intercropping three plant species (Chinese
brake fern, mulberry tree, and Paulownia tree) increased the absorption of As and Cd by
the Chinese brake fern, leading to a significant increase in biomass.

In addition, the rhizosphere bacterial community plays an important role in the
remediation of As and Cd co-contaminated soil. Researchers primarily investigate sev-
eral aspects, including the diversity and functions of rhizosphere bacterial communities,
bacteria-mediated soil environmental regulation, plant–bacteria symbiotic relationships,
and the involvement of rhizosphere bacteria in biogeochemical processes [65,66]. Certain
microorganisms, such as Shewanella, possess tolerance to heavy metals like As and Cd, and
their cell walls can adsorb significant amounts of these metals. Inoculating kidney beans
with Shewanella has demonstrated potential for remediating As and Cd. The results indi-
cated that the translocation of heavy metals from roots to shoots decreased by 10% to 50%,
while plant biomass increased by 10% to 40% [62]. In another study, Li et al. (2020) [67] inoc-
ulated intestinal bacteria into water pepper (Polygonum hydropiper L.) and pale smartweed
(Polygonum lapathifolium L.), which grew in soils co-contaminated with As and Cd. This
approach enhanced the plants’ antioxidant enzyme activity, alleviating As and Cd stress
and thus improving their remediation efficiency. Therefore, regulating the composition
of the rhizosphere bacterial community reasonably can enhance the effectiveness of the
phytoremediation technique.

4. Chemical Immobilization Remediation for As and Cd Co-Contamination

Chemical immobilization technology involves adding chemical amendments to con-
taminated soil to transform mobile pollutants into precipitates or strongly adsorbed states,
thereby reducing their bioavailability in the soil [20]. Some amendments have a strong
immobilizing effect on As and Cd, such as 10% iron hydroxyapatite and iron sulfate, which
can reduce As by 69% and 64.0%, respectively, and Cd by 44% and 98.4%, respectively [68].
However, for the remediation of As and Cd co-contaminated soil, the mechanism of simul-
taneous immobilization is intricate. Factors such as soil environment, type and dosage
of immobilization amendments, and their stability significantly influence the immobi-
lization effects, and may potentially activate another heavy metal [69]. Utilizing a single
immobilization amendment is challenging when attempting to achieve simultaneous immo-
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bilization and inhibition of multiple heavy metals. Therefore, investigating the mechanism
of immobilization is essential for the remediation of As and Cd co-contaminated soils.

4.1. Mechanisms of Soil Remediation through Immobilization Amendments

Different types of amendments can remediate soil heavy metals to varying degrees.
Exploring their mechanisms can significantly enhance remediation efficiency. However,
the mechanisms of remediation using different types of immobilization amendments vary
(Table 2). Immobilization amendments can achieve the remediation of soils co-contaminated
with As and Cd through the adjustment of soil pH, adjustment of soil CEC, physical–
chemical adsorption, chemical precipitation, complexation and chelation interactions, and
site competition [25–27].

This study has shown that the adjustment of soil pH is one of the mechanisms by
which As and Cd are immobilized [70,71]. Soil pH significantly impacts the speciation of
heavy metals such as As and Cd. By using alkaline immobilization amendments, the soil
pH can be increased, increasing the negative electric charge on the soil surface [70,71]. The
increase in negative electric charge enhances Cd2+ adsorption to soil particles and promotes
Cd precipitation [72].

Adjustment of soil CEC is also one of the mechanisms by which As and Cd are immo-
bilized. Certain immobilization amendments can enhance Cd adsorption by increasing soil
colloidal cation exchange CEC [72–74]. Examples include organic fertilizers, phosphorus-
based materials, and lime. Cations such as Ca2+ and Mg2+ in biochar can be exchanged
with Cd2+ from soil particles to form surface or inner layer complexes [73]. Some studies
have shown that zeolite can produce strong ion exchange and adsorption effects on Cd2+

through Si-O tetrahedral and Al-O octahedral structures [74]. It might be attributed to
zeolite containing a large number of ions such as Na+, K+, Ca2+, and Mg2+ that can undergo
an exchange reaction with H+ and Al3+ in soil particles, thereby adjusting soil CEC and
enhancing the adsorption of Cd2+ [75]. Adjustment soil CEC alone is generally used to im-
mobilize Cd, while for the remediation of As and Cd co-contamination, other mechanisms
must be employed.

Physical–chemical adsorption is a way to immobilize As and Cd in co-contaminated
soil. Many immobilization amendments exhibit strong adsorption capacities, stable struc-
tures, and large surface areas [25–27]. These amendments, including silicate calcium
substances, biomass char, clay minerals, and novel materials, can immobilize As and Cd in
soils through physical–chemical adsorption mechanisms [70,71]. The co-sorption of As and
Cd by this type of amendment requires suitable soil environmental conditions and a long
immobilization time. In the future, researching more effective adsorption amendments is
key to managing As and Cd co-contaminated soil.

Chemical precipitation immobilizes As and Cd in the soil. Some immobilization
amendments can chemically precipitate with free As and Cd in the soil to form hydroxides,
carbonate precipitates, metal oxides, etc. [76]. Secondary minerals can co-precipitate with
As in the soil, reducing its bioavailability [77]. Under higher pH conditions, Cd is often
immobilized through precipitation [78]. These studies suggest that soil environmental
conditions are important for the generation of arsenic–cadmium precipitates.

Arsenic and cadmium are also immobilized in the soil through complexation and
chelation. Free As and Cd can complex and chelate with organic matter and humic
substances in the soil [79]. Aromatic functional groups in biochar engage in cation-π
interactions, forming complexes with Cd’s d orbitals [80]. High-molecular-weight humic
acids can also complex with As, consequently lowering the bioavailability of As [81].
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Table 2. Remediation effect of immobilization amendments for As and Cd co-contamination.

Classification Immobilization
Amendments

Immobilization
Mechanism Application Immobiliza-

tion Rates Experiment References

Phosphates

Phosphates,
hydroxyapatite,
phosphate rock

powder,
phosphogypsum,

and phosphate
fertilizers

By forming
insoluble

phosphate
precipitates and

surface adsorption
of heavy metals.

hydroxyapatite
with iron

As: 69%;
Cd: 44% Pot experiment [82–86]

Complexation of
ferric sulfate and
dihydrocalcium

phosphate (7.2:1)

As: 69%;
Cd: 41% Pot experiment [17]

Metals and
Their Oxides

Zero-valent iron,
goethite,
hematite,

magnetite,
acicular goethite,
ferrous sulfate,
and red mud

Adsorption and
co-precipitation

effects.

Ferrous sulfate As: 64%;
Cd: 98% Pot experiment [68,73,87]

Zero-valent iron
(Fe content 98%)

As: 54%;
Cd: 22%

Field
experiment [88]

Steel slag (Fe
content 20%)

As: 33%;
Cd: 56%

Field
experiment [89]

Red mud (Fe
content 21%)

As: 47%;
Cd: 90% Pot experiment [90]

Clay Minerals

Zeolite, bentonite,
loess, kaolinite,
diatomaceous

earth,
montmorillonite,

etc.

Adsorption, ion
exchange, and
coordination

reactions.

Loess As: 18%;
Cd: 41%

Field
experiment [25–27,91]

Limestone,
zeolite, and

ferrous sulfate
(8:4:2)

As: 55%;
Cd: 51% Pot experiment [92]

Limestone,
zeolite, and

titanium dioxide
(8:4:2)

As: 44%;
Cd: 74% Pot experiment [92]

Limestone Quicklime,
hydrated lime

Increasing soil pH,
altering soil CEC,

and changing redox
potential.

Limestone As: 5–60%;
Cd: 5–60%

Field
experiment [93–95]

Organic
Fertilizers

Composting
using animal

manure, biomass
solids, etc.

Adsorption, redox
reactions, organic

complexation
reactions.

Fly ash mixed
composting of

sludge

As: 72%;
Cd: 72%

Column
experiment [96–98]

Biochar Biochar

Raising pH,
adsorption,

complexation,
precipitation, and

ion exchange.

Hydroxyapatite,
zeolite, and

biochar (2:1:2)

As: 55%;
Cd: 33% Pot experiment [70,71,99]

Co-application of
steel slag and

biomass charcoal
(4:1)

As: 20%;
Cd: 42%

Field
experiment [100]

Modified biochar,
acid-modified

zeolite, and
acid-modified

vermiculite
(27:23:50)

As: 99%;
Cd: 81% Pot experiment [101]

Some scholars have suggested that the immobilization of As and Cd may also be due
to site competition [84–86]. Due to the similarity of their ionic structures, phosphate and
silicate ions can compete for active adsorption sites with arsenate or arsenite ions [82],
and Fe2+ and Zn2+ can compete for divalent cation adsorption sites with Cd2+ [84–86].
However, this mechanism is applied to relatively few materials.
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However, an immobilization amendment may contain multiple mechanisms,
Chen et al. [102] successfully prepared a novel coal gangue-based magnetic porous material
(MPCG) that reduced effective As and Cd by 17.94–29.81% and 14.22–30.41%, respectively,
and the remediation mechanism of As by MPCG included adsorption, oxidation, ion ex-
change, complexation, and precipitation. Furthermore, MPCG’s ability to promote the
remediation of As–Cd co-contaminated soil is also achieved by manipulating the abun-
dance of functional genes of relevant microorganisms. MPCG enhances sulfate reduction by
boosting the expression of dsrA genes in the soil, leading to the production of sulfide. This
sulfide then reacts with arsenic and cadmium, facilitating their precipitation and removal
from the soil (Figure 3a). A novel calcium-based magnetic biochar (Ca-MBC) is mainly used
for the simultaneous remediation of As and Cd through the elevation of pH and CEC, the
formation of bidentate chelates and ternary surface complexes on the surface of iron oxides,
and strong adsorption, as shown in Figure 3b [103]. By now, researchers are constantly
working on new materials to keep As and Cd immobilized in the soil at the same time.
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based magnetic biochar (Ca-MBC) for co-remediation of As and Cd. (a) Schematic illustration
of potential mechanisms for remediation of As–Cd co-contaminated soil by coal gangue-based
magnetic porous material [102]. (b) Schematic illustration of mechanisms for remediation of As–Cd co-
contaminated soil by a novel calcium-based magnetic biochar [103]. Figure 3 from the article [102,103].

4.2. Arsenic and Cadmium Co-Immobilization Amendments

Due to the different chemical mechanisms of As and Cd in soil, the use of a single
immobilization amendment is often ineffective in immobilizing both As and Cd, resulting
in limited remediation of As–Cd co-contaminated soil [15,43]. Hence, researchers typically
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modify or combine immobilization amendments based on the degree and characteristics
of As–Cd co-contamination in the soil to achieve improved remediation results [92,101].
Table 2 summarizes commonly used immobilization amendments and their remediation
effects on As–Cd co-contaminated soils. Wu et al. (2015) [17] combined ferric sulfate and
calcium dihydrogen phosphate in a ratio of 7.2:1, achieving 69% and 41% removal rates
for available As and Cd, respectively, after 7 days of immobilization. The combination
of limestone, zeolite, and titanium dioxide reduced exchangeable As and Cd content in
soil by up to 43.8% and 73.7%, respectively, and lowered As and Cd content in rough
rice by 34.1% and 64.7%, respectively [92]. The combination of steel slag and biochar
reduced As and Cd content in rice grown on co-contaminated soil by 20.0% and 41.9%,
respectively [100]. Xiong et al. (2019) [101] found that modified biochar combined with
acid-modified zeolite and acid-modified vermiculite decreased As and Cd content by 99.8%
and 80.8%, respectively. Fly ash mixed with composted sludge also exhibited significant
immobilization effects, reducing the leaching rates of As and Cd by 72.0% and 72.2%,
respectively [98]. While synergistic immobilization amendments for As and Cd have been
identified, their stability, durability, and appropriate application rates are crucial factors that
influence the remediation outcomes. Proper application is necessary to avoid secondary
pollution, and the exploration of more effective, environmentally friendly, and sustainable
novel immobilization amendments is essential.

5. Conclusions and Outlook

In summary, there exist complex interactions and opposite transformation rules be-
tween the As and Cd elements in co-contaminated soils. Soil environmental factors, such
as changes in pH and Eh, influence the transformation processes of these two elements,
thereby affecting their bioavailability. Neither phytoremediation nor immobilization tech-
niques can remediate As and Cd co-contaminated soils well. In order to better manage As
and Cd co-contaminated soils, the following outlook is proposed in this paper:

Further exploration of novel As–Cd hyperaccumulators and their integration with
other technologies to better improve remediation efficiency should be explored. Despite
the environmental, green, and economic advantages of phytoremediation technology, there
are still challenges in treating As and Cd co-contaminated soils. Currently, the number
of hyperaccumulators capable of simultaneously accumulating both As and Cd heavy
metals is limited, and most of them are confined to the pot experiment stage, and not yet
widely applied in practical remediation projects. Therefore, to address co-contamination,
it is imperative to explore more novel hyperaccumulators, as well as to research how to
combine other techniques—such as the addition of chelating agents and intercropping with
multiple plants—to enhance the remediation efficiency of hyperaccumulators.

Combining phytoremediation and immobilization techniques may be a novel and
effective remediation approach due to the diametrically opposite transformation rules of
As and Cd in soil. Currently, only a few immobilization amendments can simultaneously
immobilize As and Cd. Most immobilization amendments that immobilize one heavy
metal may activate the other, making it difficult to achieve synergistic remediation of As
and Cd, and immobilization merely immobilizes the heavy metals in the soil without com-
pletely removing them. Therefore, using a single phytoremediation technique or chemical
immobilization technique is challenging for the simultaneous remediation of As and Cd
co-contaminated soils. Given the complex interactions and contrasting transformation
rules between As and Cd, a comprehensive system of multiple remediation techniques
should be adopted based on their environmental behavior characteristics and the extent of
As and Cd co-contamination. For instance, raising soil pH or lowering Eh can reduce the
mobility of Cd cations, thereby decreasing the bioavailability of Cd. Conversely, increasing
soil pH or lowering Eh can activate As, enhancing its mobility and bioavailability. Due
to the opposite transformation rules of As and Cd, a directional remediation approach
(immobilization + phytoremediation) can be chosen. For example, arsenic is immobilized in
the soil through the application of immobilization amendments, but the amendments either
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have no immobilizing effect on Cd or have an activating effect on Cd, and then the Cd is
taken up and transported by planted cadmium hyperaccumulators. This approach leads to
opposite transformation directions of As and Cd in the soil, as shown in Figure 4. This can
effectively reduce the content of bioavailable As and Cd in the soil, enhance the remediation
efficiency, and provide new environmentally friendly guidance for the remediation of As
and Cd co-contaminated soils through the integrated use of multiple strategies.

Sustainability 2024, 16, x FOR PEER REVIEW 11 of 16 
 

 

shown in Figure 4. This can effectively reduce the content of bioavailable As and Cd in the 
soil, enhance the remediation efficiency, and provide new environmentally friendly guid-
ance for the remediation of As and Cd co-contaminated soils through the integrated use 
of multiple strategies. 

 
Figure 4. Remediation of As–Cd co-contaminated soil through phytoremediation and immobiliza-
tion. 

Author Contributions: M.L.: investigation, writing—original draft; S.M.: data curation, resources, 
writing—review and editing; J.L.: supervision, funding acquisition; X.J.: data curation, formal anal-
ysis; D.D.: validation. All authors have read and agreed to the published version of the manuscript. 
All authors have read and agreed to the published version of the manuscript. 

Funding: This research was supported by the Natural Science Foundation of China (32271700), and 
the Key projects of Guangxi Natural Science Foundation (2020GXNSFDA297018). 

Acknowledgments: We express our sincere gratitude to the Guangxi Key Laboratory of Theory and 
Technology for Environmental Pollution Control, Guilin University of Technology, Guilin, 541006, 
China. We also thank the Collaborative Innovation Center for Water Pollution Control and Water 
Safety in Karst Area, Guilin University of Technology, Guilin, 541006, China. 

Conflicts of Interest: The authors have no relevant financial or non-financial interests to disclose. 

References 
1. Yang, Q.; Li, Z.; Lu, X.; Duan, Q.; Huang, L.; Bi, J. A review of soil heavy metal pollution from industrial and agricultural regions 

in China: Pollution and risk assessment. Sci. Total Environ. 2018, 642, 690–700. https://doi.org/10.1016/j.scitotenv.2018.06.068. 
2. Mohammadi, A.A.; Zarei, A.; Esmaeilzadeh, M.; Taghavi, M.; Yousefi, M.; Yousefi, Z.; Sedighi, F.; Javan, S. Assessment of heavy 

metal pollution and human health risks assessment in soils around an industrial zone in Neyshabur, Iran. Biol. Trace Elem. Res. 
2020, 195, 343–352. https://doi.org/10.1007/s12011-019-01816-1.  

3. Cao, Z.-Z.; Qin, M.-L.; Lin, X.-Y.; Zhu, Z.-W.; Chen, M.-X. Sulfur supply reduces cadmium uptake and translocation in rice 
grains (Oryza sativa L.) by enhancing iron plaque formation, cadmium chelation and vacuolar sequestration. Environ. Pollut. 
2018, 238, 76–84. https://doi.org/10.1016/j.envpol.2018.02.083. 

4. Dixit, G.; Singh, A.P.; Kumar, A.; Singh, P.K.; Kumar, S.; Dwivedi, S.; Trivedi, P.K.; Pandey, V.; Norton, G.J.; Dhankher, O.P.; et 
al. Sulfur mediated reduction of arsenic toxicity involves efficient thiol metabolism and the antioxidant defense system in rice. 
J. Hazard. Mater. 2015, 298, 241–251. https://doi.org/10.1016/j.jhazmat.2015.06.008. 

5. Delang, C.O. Heavy metal contamination of soils in China: Standards, geographic distribution, and food safety considerations. 
A review. DIE ERDE J. Geogr. Soc. Berl. 2018, 149, 261–268. http://doi.org/10.12854/erde-2018-397. 

Figure 4. Remediation of As–Cd co-contaminated soil through phytoremediation and immobilization.

Author Contributions: M.L.: investigation, writing—original draft; S.M.: data curation, resources,
writing—review and editing; J.L.: supervision, funding acquisition; X.J.: data curation, formal analy-
sis; D.D.: validation. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Natural Science Foundation of China (32271700), and
the Key projects of Guangxi Natural Science Foundation (2020GXNSFDA297018).

Acknowledgments: We express our sincere gratitude to the Guangxi Key Laboratory of Theory and
Technology for Environmental Pollution Control, Guilin University of Technology, Guilin, 541006,
China. We also thank the Collaborative Innovation Center for Water Pollution Control and Water
Safety in Karst Area, Guilin University of Technology, Guilin, 541006, China.

Conflicts of Interest: The authors have no relevant financial or non-financial interests to disclose.

References
1. Yang, Q.; Li, Z.; Lu, X.; Duan, Q.; Huang, L.; Bi, J. A review of soil heavy metal pollution from industrial and agricultural regions

in China: Pollution and risk assessment. Sci. Total Environ. 2018, 642, 690–700. [CrossRef] [PubMed]
2. Mohammadi, A.A.; Zarei, A.; Esmaeilzadeh, M.; Taghavi, M.; Yousefi, M.; Yousefi, Z.; Sedighi, F.; Javan, S. Assessment of heavy

metal pollution and human health risks assessment in soils around an industrial zone in Neyshabur, Iran. Biol. Trace Elem. Res.
2020, 195, 343–352. [CrossRef] [PubMed]

3. Cao, Z.-Z.; Qin, M.-L.; Lin, X.-Y.; Zhu, Z.-W.; Chen, M.-X. Sulfur supply reduces cadmium uptake and translocation in rice grains
(Oryza sativa L.) by enhancing iron plaque formation, cadmium chelation and vacuolar sequestration. Environ. Pollut. 2018, 238,
76–84. [CrossRef] [PubMed]

4. Dixit, G.; Singh, A.P.; Kumar, A.; Singh, P.K.; Kumar, S.; Dwivedi, S.; Trivedi, P.K.; Pandey, V.; Norton, G.J.; Dhankher, O.P.;
et al. Sulfur mediated reduction of arsenic toxicity involves efficient thiol metabolism and the antioxidant defense system in rice.
J. Hazard. Mater. 2015, 298, 241–251. [CrossRef] [PubMed]

5. Delang, C.O. Heavy metal contamination of soils in China: Standards, geographic distribution, and food safety considerations. A
review. DIE ERDE J. Geogr. Soc. Berl. 2018, 149, 261–268. [CrossRef]

6. Wei, Y.; Zheng, X.; Shohag, J.I.; Gu, M. Bioaccessibility and human exposure assessment of cadmium and arsenic in pakchoi
genotypes grown in co-contaminated soils. Int. J. Environ. Res. Public Health 2017, 14, 977. [CrossRef]

https://doi.org/10.1016/j.scitotenv.2018.06.068
https://www.ncbi.nlm.nih.gov/pubmed/29909337
https://doi.org/10.1007/s12011-019-01816-1
https://www.ncbi.nlm.nih.gov/pubmed/31317472
https://doi.org/10.1016/j.envpol.2018.02.083
https://www.ncbi.nlm.nih.gov/pubmed/29547864
https://doi.org/10.1016/j.jhazmat.2015.06.008
https://www.ncbi.nlm.nih.gov/pubmed/26073379
https://doi.org/10.12854/erde-2018-397
https://doi.org/10.3390/ijerph14090977


Sustainability 2024, 16, 687 12 of 15

7. Zhao, F.-J.; Wang, P. Arsenic and cadmium accumulation in rice and mitigation strategies. Plant Soil 2020, 446, 1–21. [CrossRef]
8. Rahaman, S.; Rahman, M.; Mise, N.; Sikder, T.; Ichihara, G.; Uddin, K.; Kurasaki, M.; Ichihara, S. Environmental arsenic exposure

and its contribution to human diseases, toxicity mechanism and management. Environ. Pollut. 2021, 289, 117940. [CrossRef]
9. Satarug, S.; Garrett, S.H.; Sens, M.A.; Sens, D.A. Cadmium, environmental exposure, and health outcomes. Environ. Health

Perspect. 2010, 118, 182–190. [CrossRef]
10. Feng, C.; Li, J.; Liu, J.; Chen, Z.; Jiang, W.; Huang, X.; Xue, Q. Mechanical properties evolution and microscopic mechanisms of

arsenic and cadmium co-contaminated clayey soils. Bull. Eng. Geol. Environ. 2023, 82, 229. [CrossRef]
11. Bakhat, H.F.; Zia, Z.; Fahad, S.; Abbas, S.; Hammad, H.M.; Shahzad, A.N.; Abbas, F.; Alharby, H.; Shahid, M. Arsenic uptake,

accumulation and toxicity in rice plants: Possible remedies for its detoxification: A review. Environ. Sci. Pollut. Res. 2017, 24,
9142–9158. [CrossRef] [PubMed]

12. Honma, T.; Ohba, H.; Kaneko-Kadokura, A.; Makino, T.; Nakamura, K.; Katou, H. Optimal soil Eh, pH, and water management
for simultaneously minimizing arsenic and cadmium concentrations in rice grains. Environ. Sci. Technol. 2016, 50, 4178–4185.
[CrossRef] [PubMed]

13. Islam, S.; Chen, Y.; Weng, L.; Ma, J.; Khan, Z.H.; Liao, Z.; Magid, A.S.I.A.; Li, Y. Watering techniques and zero-valent iron biochar
pH effects on As and Cd concentrations in rice rhizosphere soils, tissues and yield. J. Environ. Sci. 2021, 100, 144–157. [CrossRef]
[PubMed]

14. Liu, J.D.; Feng, C.; Li, J.S.; Wang, K.K. Soil-water characteristic and microscopic mechanism of arsenic and cadmium composite
heavy metal contaminated soil. Rock Soil Mech. 2022, 43, 2841–2851. [CrossRef]

15. Bolan, N.; Mahimairaja, S.; Kunhikrishnan, A.; Naidu, R. Sorption–bioavailability nexus of arsenic and cadmium in variable-
charge soils. J. Hazard. Mater. 2013, 261, 725–732. [CrossRef]

16. Shen, B.; Wang, X.; Zhang, Y.; Zhang, M.; Wang, K.; Xie, P.; Ji, H. The optimum pH and Eh for simultaneously minimizing
bioavailable cadmium and arsenic contents in soils under the organic fertilizer application. Sci. Total Environ. 2020, 711, 135229.
[CrossRef] [PubMed]

17. Wu, B.L.; Yang, Z.H.; Cai, L.Y.; Liu, L.; Liao, Y.P. Remediation effect of phosphorus and ferric amendments on the soil complexly
contaminated by Pb, Cd and Ad and the process optimization. J. Saf. Environ. 2015, 15, 314–319. [CrossRef]

18. Komarek, M.; Vanek, A.; Ettler, V. Chemical stabilization of metals and arsenic in contaminated soils using oxides—A review.
Environ. Pollut. 2013, 172, 9–22. [CrossRef]

19. Marques, A.P.; Rangel, A.O.; Castro, P.M.L. Remediation of heavy metal contaminated soils: Phytoremediation as a potentially
promising clean-up technology. Crit. Rev. Environ. Sci. Technol. 2009, 39, 622–654. [CrossRef]

20. Lin, H.; Pan, H.L.; He, Y.H.; Dong, Y.B.; Li, B. Research advances of remedying arsenic-contaminated farmland soil by chemical
techniques. Environ. Pollut. Control 2020, 42, 780–787. [CrossRef]

21. Bosso, L.; Scelza, R.; Testa, A.; Cristinzio, G.; Rao, M.A. Depletion of pentachlorophenol contamination in an gricultural soil
treated with Byssochlamys nivea, Scopulariopsis brumptii and urban waste compost: A laboratory microcosm study. Water Air
Soil Pollut. 2015, 226, 183. [CrossRef]

22. Tomasini, A.; León-Santiesteban, H. The role of the filamentous fungi in bioremediation. Fungal Bioremediat. Fundam. Appl. 2019,
1, 3–21.

23. Gao, Y.; Wu, P.; Jeyakumar, P.; Bolan, N.; Wang, H.; Gao, B.; Wang, S.; Wang, B. Biochar as a potential strategy for remediation of
contaminated mining soils: Mechanisms, applications, and future perspectives. J. Environ. Manag. 2022, 313, 114973. [CrossRef]
[PubMed]

24. Chen, T.B.; Fan, Z.L.; Lei, M.; Wei, C.Y.; Huang, Z.C. Arsenic super-enriched plant Centipede grass and its enrichment characteris-
tics for arsenic. Chin. Sci. Bull. 2002, 47, 207–210.

25. Wang, H.Y.; Wen, S.L.; Chen, P.; Zhang, L.; Cen, K.; Sun, G.X. Mitigation of cadmium and arsenic in rice grain by applying
different silicon fertilizers in contaminated fields. Environ. Sci. Pollut. Res. 2016, 23, 3781–3788. [CrossRef] [PubMed]

26. Yao, A.; Wang, Y.; Ling, X.; Chen, Z.; Tang, Y.; Qiu, H.; Ying, R.; Qiu, R. Effects of an iron-silicon material, a synthetic zeolite and
an alkaline clay on vegetable uptake of As and Cd from a polluted agricultural soil and proposed remediation mechanisms.
Environ. Geochem. Health 2017, 39, 353–367. [CrossRef] [PubMed]

27. Otunola, B.O.; Ololade, O.O. A review on the application of clay minerals as heavy metal adsorbents for remediation purposes.
Environ. Technol. Innov. 2020, 18, 100692. [CrossRef]

28. GB15618-2018; Soil Environmental Quality Risk Control Standard for Soil Contamination of Agricultural Land. Ministry of
Ecology and Environment of the People’s Republic of China: Beijing, China, 2018.

29. Li, P.; Lin, C.; Cheng, H.; Duan, X.; Lei, K. Contamination and health risks of soil heavy metals around a lead/zinc smelter in
southwestern China. Ecotoxicol. Environ. Saf. 2015, 113, 391–399. [CrossRef]

30. Ran, J.W.; Ning, P.; Sun, X.; Liang, D.L. Heavy metal pollution characteristics and potential risks of soil and crops in gejiu, yunnan.
Environ. Monit. China 2019, 35, 62–68. [CrossRef]

31. Xu, J.; Zeng, M.; Wang, G.J.; Zhou, H.; Yang, W.T.; Gu, J.F.; Liao, B.H. Remediation of paddy soil complexly polluted with
cadmium and arsenic using 2 combined amendments. Acta Sci. Circumstantiae 2018, 38, 2008–2013. [CrossRef]

32. Yun, S.-W.; Park, C.-G.; Jeon, J.-H.; Darnault, C.J.; Baveye, P.C.; Yu, C. Dissolution behavior of As and Cd in submerged paddy
soil after treatment with stabilizing agents. Geoderma 2016, 270, 10–20. [CrossRef]

https://doi.org/10.1007/s11104-019-04374-6
https://doi.org/10.1016/j.envpol.2021.117940
https://doi.org/10.1289/ehp.0901234
https://doi.org/10.1007/s10064-023-03238-9
https://doi.org/10.1007/s11356-017-8462-2
https://www.ncbi.nlm.nih.gov/pubmed/28160172
https://doi.org/10.1021/acs.est.5b05424
https://www.ncbi.nlm.nih.gov/pubmed/26999020
https://doi.org/10.1016/j.jes.2020.07.002
https://www.ncbi.nlm.nih.gov/pubmed/33279027
https://doi.org/10.16285/j.rsm.2021.1827
https://doi.org/10.1016/j.jhazmat.2012.09.074
https://doi.org/10.1016/j.scitotenv.2019.135229
https://www.ncbi.nlm.nih.gov/pubmed/32000353
https://doi.org/10.13637/j.issn.1009-6094.2015.05.066
https://doi.org/10.1016/j.envpol.2012.07.045
https://doi.org/10.1080/10643380701798272
https://doi.org/10.15985/j.cnki.1001-3865.2020.06.022
https://doi.org/10.1007/s11270-015-2436-0
https://doi.org/10.1016/j.jenvman.2022.114973
https://www.ncbi.nlm.nih.gov/pubmed/35398638
https://doi.org/10.1007/s11356-015-5638-5
https://www.ncbi.nlm.nih.gov/pubmed/26498817
https://doi.org/10.1007/s10653-016-9863-8
https://www.ncbi.nlm.nih.gov/pubmed/27530933
https://doi.org/10.1016/j.eti.2020.100692
https://doi.org/10.1016/j.ecoenv.2014.12.025
https://doi.org/10.19316/j.issn.1002-6002.2019.05.08
https://doi.org/10.13671/j.hjkxxb.2017.0420
https://doi.org/10.1016/j.geoderma.2015.11.036


Sustainability 2024, 16, 687 13 of 15

33. Khan, Z.; Ahmad, K.; Ashraf, M.; Parveen, R.; Mustafa, I.; Khan, A.; Bibi, Z.; Akram, N. Bioaccumulation of heavy metals and
metalloids in luffa (Luffa cylindrica L.) Irrigated with domestic wastewater in jhang, pakistan: A prospect for human nutrition.
Pak. J. Bot. 2015, 47, 217–224.

34. Wang, X.Q.; Liu, C.P.; Du, Y.H.; Liu, X.W.; Tan, J.; Liu, D.H.; Li, F.B. Effects of stabilizing remediation of Cd and As in paddy rice
by applying combined zero-valent iron and humus. Ecol. Environ. Sci. 2018, 27, 2329–2336. [CrossRef]

35. Arao, T.; Kawasaki, A.; Baba, K.; Mori, S.; Matsumoto, S. Effects of water management on cadmium and arsenic accumulation
and dimethylarsinic acid concentrations in Japanese rice. Environ. Sci. Technol. 2009, 43, 9361–9367. [CrossRef] [PubMed]

36. Cui, J.; Jing, C. A review of arsenic interfacial geochemistry in groundwater and the role of organic matter. Ecotoxicol. Environ. Saf.
2019, 183, 109550. [CrossRef] [PubMed]

37. Heidari, M. Plant responses to arsenic: Uptake, metabolism and resistance to arsenic toxicity—A review. Zemdirb. Agric. 2017,
104, 369–376. [CrossRef]

38. Jonnalagadda, S.; Rao, P. Toxicity, bioavailability and metal speciation. Comp. Biochem. Physiol. Part C Pharmacol. Toxicol.
Endocrinol. 1993, 106, 585–595. [CrossRef] [PubMed]

39. Zhuang, F.; Huang, J.; Li, H.; Peng, X.; Xia, L.; Zhou, L.; Zhang, T.; Liu, Z.; He, Q.; Luo, F.; et al. Biogeochemical behavior and
pollution control of arsenic in mining areas: A review. Front. Microbiol. 2023, 14, 1043024. [CrossRef]

40. Panthri, M.; Gupta, M. An insight into the act of iron to impede arsenic toxicity in paddy agro-system. J. Environ. Manag. 2022,
316, 115289. [CrossRef]

41. Porter, S.K.; Scheckel, K.G.; Impellitteri, C.A.; Ryan, J.A. Toxic metals in the environment: Thermodynamic considerations for
possible immobilization strategies for Pb, Cd, As, and Hg. Crit. Crit. Rev. Environ. Sci. Technol. 2004, 34, 495–604. [CrossRef]

42. Suda, A.; Makino, T. Functional effects of manganese and iron oxides on the dynamics of trace elements in soils with a special
focus on arsenic and cadmium: A review. Geoderma 2016, 270, 68–75. [CrossRef]

43. Bandara, T.; Franks, A.; Xu, J.; Bolan, N.; Wang, H.; Tang, C. Chemical and biological immobilization mechanisms of potentially
toxic elements in biochar-amended soils. Crit. Rev. Environ. Sci. Technol. 2020, 50, 903–978. [CrossRef]

44. Bolan, N.S.; Makino, T.; Kunhikrishnan, A.; Kim, P.-J.; Ishikawa, S.; Murakami, M.; Naidu, R.; Kirkham, M.B. Cadmium
contamination and its risk management in rice ecosystems. In Advances in Agronomy; Sparks, D.L., Ed.; Elsevier: Amsterdam, The
Netherlands; Volume 119, pp. 183–273. [CrossRef]

45. Naidu, R.; Bolan, N.; Kookana, R.S.; Tiller, K. Ionic-strength and pH effects on the sorption of cadmium and the surface charge of
soils. Eur. J. Soil Sci. 1994, 45, 419–429. [CrossRef]

46. Yu, H.Y.; Li, F.B.; Liu, C.S.; Huang, W.; Liu, T.X.; Yu, W.M. Iron redox cycling coupled to transformation and immobilization
of heavy metals: Implications for paddy rice safety in the red soil of South China. In Advances in Agronomy; Sparks, D.L., Ed.;
Elsevier: Amsterdam, The Netherlands, 2016; Volume 137, pp. 279–317. [CrossRef]

47. Tassi, E.; Pouget, J.; Petruzzelli, G.; Barbafieri, M. The effects of exogenous plant growth regulators in the phytoextraction of
heavy metals. Chemosphere 2008, 71, 66–73. [CrossRef] [PubMed]

48. Zhang, Y.-R.; Huang, Y.-Z.; Bao, Q.-L.; Wei, X.-D.; Tie, B.-Q.; Zhang, S.-N.; Han, N.; Huang, Y.-C. Effect of chelating agents and
organic acids on remediation of cadmium and arsenic complex contaminated soil using xanthium sibiricum. Environ. Sci. 2022,
43, 4292–4300. [CrossRef]

49. Zhu, H.Y.; Yang, A.J.; Hu, X.; Deng, Q.J.; Fan, J.Y. Study on enrichment effect and the vivo existing form in vivo of As, Sb and Cd
in Pteris vittata L. Guangdong Agric. Sci. 2019, 46, 68–78. [CrossRef]

50. Chen, C.D.; Zhang, A.N.; La, M.; Qi, G.; Zhao, G.Q.; Chu, C.J. Soil heavy metal contamination and enrichment of dominant plants
in coal waste piles in Pingdingshan area. Ecol. Environ. Sci. 2019, 28, 1216–1223. [CrossRef]

51. Yang, Y.; Chen, Z.; Li, H.; Liao, B.; Zeng, Q. Study of the potential of two agricultural cropping patterns for remediating heavy
metals from soils. Acta Ecol. Sin. 2016, 36, 688–695. [CrossRef]

52. Luo, Q.; He, L.Q.; Yang, W.M. Research progress of oil sunflower repairing heavy metals contaminated farmland. Mod. Agric. Sci.
Technol. 2016, 1, 225–226+232.

53. Han, N. Effect of chelating agent on phytoremediation of cadmium and arsenic compound contaminated farmland. Chin. Acad.
Agric. Sci. 2020. [CrossRef]

54. Chen, H.; Cutright, T. EDTA and HEDTA effects on Cd, Cr, and Ni uptake by Helianthus annuus. Chemosphere 2001, 45, 21–28.
[CrossRef] [PubMed]

55. Sun, T.; Zhang, Y.X.; Chai, T.Y. Research progress on tolerance of Indian mustard (Brassica juncea L.) to heavy metal. Chin. J.
Eco-Agric. 2011, 19, 226–234. [CrossRef]

56. Yang, W.; Luo, L.; Bostick, B.C.; Wiita, E.; Cheng, Y.; Shen, Y. Effect of combined arsenic and lead exposure on their uptake and
translocation in Indian mustard. Environ. Pollut. 2021, 274, 116549. [CrossRef] [PubMed]

57. Gurajala, H.K.; Cao, X.; Tang, L.; Ramesh, T.M.; Lu, M.; Yang, X. Comparative assessment of Indian mustard (Brassica juncea L.)
genotypes for phytoremediation of Cd and Pb contaminated soils. Environ. Pollut. 2019, 254, 113085. [CrossRef]

58. Khan, I.; Ahmad, A.; Iqbal, M. Modulation of antioxidant defence system for arsenic detoxification in Indian mustard. Ecotoxicol.
Environ. Saf. 2009, 72, 626–634. [CrossRef]

59. Kang, H.; Yang, Z.; Wang, H.L.; Li, B.W. Study on the absorption accumulation characteristics of Indian mustard to heavy metals
Pb, Cd and Zn in soil. J. Anhui Agric. Sci. 2010, 38, 19378–19381. [CrossRef]

https://doi.org/10.16258/j.cnki.1674-5906.2018.12.020
https://doi.org/10.1021/es9022738
https://www.ncbi.nlm.nih.gov/pubmed/20000530
https://doi.org/10.1016/j.ecoenv.2019.109550
https://www.ncbi.nlm.nih.gov/pubmed/31419698
https://doi.org/10.13080/z-a.2017.104.047
https://doi.org/10.1016/0742-8413(93)90215-7
https://www.ncbi.nlm.nih.gov/pubmed/7905798
https://doi.org/10.3389/fmicb.2023.1043024
https://doi.org/10.1016/j.jenvman.2022.115289
https://doi.org/10.1080/10643380490492412
https://doi.org/10.1016/j.geoderma.2015.12.017
https://doi.org/10.1080/10643389.2019.1642832
https://doi.org/10.1016/B978-0-12-407247-3.00004-4
https://doi.org/10.1111/j.1365-2389.1994.tb00527.x
https://doi.org/10.1016/bs.agron.2015.12.006
https://doi.org/10.1016/j.chemosphere.2007.10.027
https://www.ncbi.nlm.nih.gov/pubmed/18037469
https://doi.org/10.13227/j.hjkx.202112012
https://doi.org/10.16768/j.issn.1004-874X.2019.06.010
https://doi.org/10.16258/j.cnki.1674-5906.2019.06.018
https://doi.org/10.5846/stxb201405040883
https://doi.org/10.27630/d.cnki.gznky.2020.000799
https://doi.org/10.1016/S0045-6535(01)00031-5
https://www.ncbi.nlm.nih.gov/pubmed/11572587
https://doi.org/10.3724/SP.J.1011.2011.00226
https://doi.org/10.1016/j.envpol.2021.116549
https://www.ncbi.nlm.nih.gov/pubmed/33529900
https://doi.org/10.1016/j.envpol.2019.113085
https://doi.org/10.1016/j.ecoenv.2007.11.016
https://doi.org/10.13989/j.cnki.0517-6611.2010.34.040


Sustainability 2024, 16, 687 14 of 15

60. Ma, L.Q.; Komar, K.M.; Tu, C.; Zhang, W.; Cai, Y.; Kennelley, E.D. A fern that hyperaccumulates arsenic. Nature 2001, 411, 438.
[CrossRef]

61. Xiao, X.; Chen, T.; An, Z.; Lei, M.; Huang, Z.; Liao, X.; Liu, Y. Potential of Pteris vittata L. for phytoremediation of sites
co-contaminated with cadmium and arsenic: The tolerance and accumulation. J. Environ. Sci. 2008, 20, 62–67. [CrossRef]

62. El Aafi, N.; Brhada, F.; Dary, M.; Maltouf, A.F.; Pajuelo, E. Rhizostabilization of metals in soils using Lupinus luteus inoculated
with the metal resistant rhizobacterium Serratia sp. Msmc541. Int. J. Phytorem. 2012, 14, 261–274. [CrossRef]

63. Han, N.; Huang, Y.Z.; Wei, X.D.; Tie, B.Q.; Zhang, S.N.; Wang, B.S.; Bao, Q.L.; Huang, Y.C. Effect of chelating agents on remediation
of cadmium and arsenic complex contaminated soil using oil sunflower. J. Agro-Environ. Sci. 2019, 38, 1891–1900. [CrossRef]

64. Zeng, P.; Guo, Z.; Xiao, X.; Peng, C.; Feng, W.; Xin, L.; Xu, Z. Phytoextraction potential of Pteris vittata L. co-planted with woody
species for As, Cd, Pb and Zn in contaminated soil. Sci. Total Environ. 2019, 650, 594–603. [CrossRef] [PubMed]

65. Huang, L.; Wang, X.; Chi, Y.; Huang, L.; Li, W.C.; Ye, Z. Rhizosphere bacterial community composition affects cadmium and
arsenic accumulation in rice (Oryza sativa L.). Ecotoxicol. Environ. Saf. 2021, 222, 112474. [CrossRef] [PubMed]

66. Wang, X.; Zhou, C.; Xiao, X.; Guo, Z.; Peng, C.; Wang, X. Phytoextraction potential of arsenic and cadmium and response of
rhizosphere microbial community by intercropping with two types of hyperaccumulators. Environ. Sci. Pollut. Res. 2022, 29,
91356–91367. [CrossRef] [PubMed]

67. Li, Y.; Wang, B.S.; Huang, Y.Y.; Yao, Y.W.; Lin, J.M.; Liu, K.H.; Yu, F.M. Mechanism study on the phytoremediation of cadmium-
and arsenic-contaminated soil by polygonaceae plants with Enterobacter sp. J. Agro-Environ. Sci. 2020, 39, 304–312. [CrossRef]

68. Jiang, K.; Zhou, K. Chemical immobilization of lead, cadmium, and arsenic in a smelter-contaminated soil using 2,4,6-
trimercaptotriazine, trisodium salt, nonahydrate and ferric sulfate. J. Soils Sediments 2018, 18, 1060–1065. [CrossRef]

69. Cui, H.; Fan, Y.; Xu, L.; Zhou, D.; Mao, J.; Fang, G.; Cang, L.; Zhu, Z. Sustainability of in situ remediation of Cu- and Cd-
contaminated soils with one-time application of amendments in Guixi, China. J. Soils Sediments 2016, 16, 1498–1508. [CrossRef]

70. Beesley, L.; Moreno-Jiménez, E.; Gomez-Eyles, J.L.; Harris, E.; Robinson, B.; Sizmur, T. A review of biochars’ potential role in the
remediation, revegetation and restoration of contaminated soils. Environ. Pollut. 2011, 159, 3269–3282. [CrossRef]

71. Harvey, O.R.; Herbert, B.E.; Rhue, R.D.; Kuo, L.-J. Metal Interactions at the Biochar-Water Interface: Energetics and Structure-
Sorption Relationships Elucidated by Flow Adsorption Microcalorimetry. Environ. Sci. Technol. 2011, 45, 5550–5556. [CrossRef]

72. Zhang, H.M.; Xu, M.G.; Lv, J.L.; Li, J.M. A review of studies on effects of pH on cadmium sportion and desorption in soil.
J. Agro-Environ. Sci. 2005, 24, 320–324.

73. Qiao, J.-T.; Liu, T.-X.; Wang, X.-Q.; Li, F.-B.; Lv, Y.-H.; Cui, J.-H.; Zeng, X.-D.; Yuan, Y.-Z.; Liu, C.-P. Simultaneous alleviation of
cadmium and arsenic accumulation in rice by applying zero-valent iron and biochar to contaminated paddy soils. Chemosphere
2018, 195, 260–271. [CrossRef]

74. Lin, C.-F.; Lo, S.-S.; Lin, H.-Y.; Lee, Y. Stabilization of cadmium contaminated soils using synthesized zeolite. J. Hazard. Mater.
1998, 60, 217–226. [CrossRef]

75. Xiong, S.J.; Huang, X.C. Research progress of zeolite in cadmium-contaminated soil remediation. Contemp. Hortic. 2017, 1, 8–9+56.
[CrossRef]

76. Liu, C.H.; Yi, X.; Zhou, J.; Xu, L. Application of passive materials in remediation of heavy metal contaminated soils. Anhui Agric.
Sci. Bull. 2017, 23, 74–77+85. [CrossRef]

77. Wan, X.; Lei, M.; Chen, T. Review on remediation technologies for arsenic-contaminated soil. Front. Environ. Sci. Eng. 2019, 14, 24.
[CrossRef]

78. Chen, S.; Xu, M.; Ma, Y.; Yang, J. Evaluation of different phosphate amendments on availability of metals in contaminated soil.
Ecotoxicol. Environ. Saf. 2007, 67, 278–285. [CrossRef]

79. Karlsson, T.; Elgh-Dalgren, K.; Björn, E.; Skyllberg, U. Complexation of cadmium to sulfur and oxygen functional groups in an
organic soil. Geochim. Cosmochim. Acta 2007, 71, 604–614. [CrossRef]

80. Wang, R.-Z.; Huang, D.-L.; Liu, Y.-G.; Zhang, C.; Lai, C.; Zeng, G.-M.; Cheng, M.; Gong, X.-M.; Wan, J.; Luo, H. Investigating the
adsorption behavior and the relative distribution of Cd2+ sorption mechanisms on biochars by different feedstock. Bioresour.
Technol. 2018, 261, 265–271. [CrossRef] [PubMed]

81. Tu, C.Y.; Jiang, L.L.; Zhang, C.L.; Zhou, Y.X.; Xie, T.; Liao, C.J. Passivation effects of silkwo202rm organic fertilizer and iron base
compound material on heavy metals in contaminated soil by cadmium, arsenic and zinc. J. South. Agric. 2019, 50, 2436–2442.
[CrossRef]

82. Fu, D.; He, Z.; Su, S.; Xu, B.; Liu, Y.; Zhao, Y. Fabrication of α-FeOOH decorated graphene oxide-carbon nanotubes aerogel and its
application in adsorption of arsenic species. J. Colloid Interface Sci. 2017, 505, 105–114. [CrossRef]

83. Warren, G.P.; Alloway, B.J. Reduction of arsenic uptake by lettuce with ferrous sulfate applied to contaminated soil. J. Environ.
Qual. 2003, 32, 767–772. [CrossRef]

84. Liang, Y.; Li, F.Y.; Yang, F.; Shi, W.L. Immobilization and its mechanisms of heavy metal contaminated soils by phosphate-
containing amendment and biochar. J. Agro-Environ. Sci. 2013, 32, 2377–2383. [CrossRef]

85. Lei, M.; Zeng, M.; Liao, B.-H.; Hu, L.-Q.; Zhou, H.; Long, S.-B. Effects of phosphorus-containing substances on arsenic uptake by
rice. Environ. Sci. 2014, 35, 3149–3154. [CrossRef]

86. Yuan, Y.; Chai, L.; Yang, Z.; Yang, W. Simultaneous immobilization of lead, cadmium, and arsenic in combined contaminated soil
with iron hydroxyl phosphate. J. Soils Sediments 2017, 17, 432–439. [CrossRef]

https://doi.org/10.1038/35078151
https://doi.org/10.1016/S1001-0742(08)60009-1
https://doi.org/10.1080/15226514.2011.604693
https://doi.org/10.11654/jaes.2019-0568
https://doi.org/10.1016/j.scitotenv.2018.09.055
https://www.ncbi.nlm.nih.gov/pubmed/30205349
https://doi.org/10.1016/j.ecoenv.2021.112474
https://www.ncbi.nlm.nih.gov/pubmed/34214770
https://doi.org/10.1007/s11356-022-21994-1
https://www.ncbi.nlm.nih.gov/pubmed/35896877
https://doi.org/10.11654/jaes.2019-1006
https://doi.org/10.1007/s11368-017-1822-1
https://doi.org/10.1007/s11368-015-1317-x
https://doi.org/10.1016/j.envpol.2011.07.023
https://doi.org/10.1021/es104401h
https://doi.org/10.1016/j.chemosphere.2017.12.081
https://doi.org/10.1016/S0304-3894(98)00092-2
https://doi.org/10.14051/j.cnki.xdyy.2017.15.003
https://doi.org/10.16377/j.cnki.issn1007-7731.2017.05.029
https://doi.org/10.1007/s11783-019-1203-7
https://doi.org/10.1016/j.ecoenv.2006.06.008
https://doi.org/10.1016/j.gca.2006.10.011
https://doi.org/10.1016/j.biortech.2018.04.032
https://www.ncbi.nlm.nih.gov/pubmed/29673995
https://doi.org/10.3969/j.issn.2095-1191.2019.11.08
https://doi.org/10.1016/j.jcis.2017.05.091
https://doi.org/10.2134/jeq2003.7670
https://doi.org/10.11654/jaes.2013.12.010
https://doi.org/10.13227/j.hjkx.2014.08.044
https://doi.org/10.1007/s11368-016-1540-0


Sustainability 2024, 16, 687 15 of 15

87. Casiot, C.; Egal, M.; Elbaz-Poulichet, F.; Bruneel, O.; Bancon-Montigny, C.; Cordier, M.-A.; Gomez, E.; Aliaume, C. Hydrological
and geochemical control of metals and arsenic in a Mediterranean river contaminated by acid mine drainage (the Amous River,
France); preliminary assessment of impacts on fish (Leuciscus cephalus). Appl. Geochem. 2009, 24, 787–799. [CrossRef]

88. Li, G.; Khan, S.; Ibrahim, M.; Sun, T.-R.; Tang, J.-F.; Cotner, J.B.; Xu, Y.-Y. Biochars induced modification of dissolved organic
matter (DOM) in soil and its impact on mobility and bioaccumulation of arsenic and cadmium. J. Hazard. Mater. 2018, 348,
100–108. [CrossRef] [PubMed]

89. Makino, T.; Nakamura, K.; Katou, H.; Ishikawa, S.; Ito, M.; Honma, T.; Miyazaki, N.; Takehisa, K.; Sano, S.; Matsumoto, S.; et al.
Simultaneous decrease of arsenic and cadmium in rice (Oryza sativa L.) plants cultivated under submerged field conditions by the
application of iron-bearing materials. Soil Sci. Plant Nutr. 2016, 62, 340–348. [CrossRef]

90. Yang, J.; Guo, Q.; Zhou, X.; Ren, H.; Zhang, H.; Xu, R.; Wang, X.; Peters, M.; Zhu, G.; Wei, R.; et al. Red mud (RM)-Induced en-
hancement of iron plaque formation reduces arsenic and metal accumulation in two wetland plant species. Int. J. Phytoremediation
2015, 18, 269–277. [CrossRef]

91. Zotiadis, V.; Argyraki, A.; Theologou, E. Pilot-scale application of attapulgitic clay for stabilization of toxic elements in contami-
nated soil. J. Geotech. Geoenviron. Eng. 2012, 138, 633–637. [CrossRef]

92. Wang, Y.-J.; Zou, J.-L.; Yang, W.-T.; Zhou, H.; Liao, B.-H. Synergetic control of bioavailability of Pb, Cd and As in the rice paddy
system by combined amendments. Environ. Sci. 2016, 37, 4004–4010. [CrossRef]

93. Wilson, S.C.; Leech, C.D.; Butler, L.; Lisle, L.; Ashley, P.M.; Lockwood, P.V. Effects of nutrient and lime additions in mine site
rehabilitation strategies on the accumulation of antimony and arsenic by native Australian plants. J. Hazard. Mater. 2013, 261,
801–807. [CrossRef]

94. Liu, Y.; Liu, Y.; Zhu, G.X.; Wu, T.L.; Liang, Q.; Wang, X.X. Effects of lime on chemical forms of heavy metals under combined
pollution of Cu, Cd, Pb and Zn in soils. Environ. Eng. 2019, 37, 158–164. [CrossRef]

95. Sun, L.J.; Qin, Q.; Song, K.; Qiao, H.X.; Xue, Y. The remediation and safety utilization techniques for Cd contaminated farmland
soil: A review. Ecol. Environ. Sci. 2018, 27, 1377–1386. [CrossRef]

96. Silver, S.; Phung, L.T. A bacterial view of the periodic table: Genes and proteins for toxic inorganic ions. J. Ind. Microbiol. Biotechnol.
2005, 32, 587–605. [CrossRef] [PubMed]

97. Zeng, Y.; Luo, L.Q. Research progress on the application and interaction mechanism between specific microorganisms and heavy
metals in soil. Rock Miner. Anal. 2017, 36, 209–221. [CrossRef]

98. Zhao, S.; Zhang, T.; Chen, Z.; Pan, W. Solidification /stabilization treatment of gold mining waste residue. Chin. J. Environ. Eng.
2013, 7, 4951–4957.

99. Gu, J.-F.; Zhou, H.; Yang, W.-T.; Peng, P.-Q.; Zhang, P.; Zeng, M.; Liao, B.-H. Effects of an additive (hydroxyapatite–biochar–zeolite)
on the chemical speciation of Cd and As in paddy soils and their accumulation and translocation in rice plants. Environ. Sci.
Pollut. Res. 2018, 25, 8608–8619. [CrossRef]

100. Cao, J.; Chen, Z.; Wu, Q.; Wu, Z.H.; Dong, H.Y.; Qiu, R.L.; Wang, S.Z.; He, E.K.; Tang, Y.T. Mitigation of cadmium and arsenic
in rice plant by soil application of steel slag and/or biochar with water management. J. Agro-Environ. Sci. 2018, 37, 1475–1483.
[CrossRef]

101. Xiong, J.; Guo, L.L.; Li, S.P.; Lin, Q.M.; Chen, Y.J. Optimizing the formulation and stabilization effects of an amendment for
cadmium and arsenic contaminated soil. J. Agro-Environ. Sci. 2019, 38, 1909–1918. [CrossRef]

102. Chen, M.; Zhou, Y.; Sun, Y.; Chen, X.; Yuan, L. Coal gangue-based magnetic porous material for simultaneous remediation of
arsenic and cadmium in contaminated soils: Performance and mechanisms. Chemosphere 2023, 338, 139380. [CrossRef]

103. Wu, J.; Li, Z.; Huang, D.; Liu, X.; Tang, C.; Parikh, S.J.; Xu, J. A novel calcium-based magnetic biochar is effective in stabilization
of arsenic and cadmium co-contamination in aerobic soils. J. Hazard. Mater. 2020, 387, 122010. [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.apgeochem.2009.01.006
https://doi.org/10.1016/j.jhazmat.2018.01.031
https://www.ncbi.nlm.nih.gov/pubmed/29422192
https://doi.org/10.1080/00380768.2016.1203731
https://doi.org/10.1080/15226514.2015.1085830
https://doi.org/10.1061/(ASCE)GT.1943-5606.0000620
https://doi.org/10.13227/j.hjkx.2016.10.044
https://doi.org/10.1016/j.jhazmat.2013.01.033
https://doi.org/10.13205/j.hjgc.201902030
https://doi.org/10.16258/j.cnki.1674-5906.2018.07.023
https://doi.org/10.1007/s10295-005-0019-6
https://www.ncbi.nlm.nih.gov/pubmed/16133099
https://doi.org/10.15898/j.cnki.11-2131/td.201701170009
https://doi.org/10.1007/s11356-017-0921-2
https://doi.org/10.11654/jaes.2018-0719
https://doi.org/10.11654/jaes.2019-0629
https://doi.org/10.1016/j.chemosphere.2023.139380
https://doi.org/10.1016/j.jhazmat.2019.122010

	Introduction 
	Forms and Transformation Mechanisms of As and Cd in Soil 
	Different Forms of As and Cd in Soil 
	Transformation Rules of As and Cd in Different pH–Eh Soil 

	Phytoremediation Techniques for As and Cd Co-Contaminated Soils 
	Arsenic and Cadmium Hyperaccumulators 
	Enhancement Measures for Phytoremediation 

	Chemical Immobilization Remediation for As and Cd Co-Contamination 
	Mechanisms of Soil Remediation through Immobilization Amendments 
	Arsenic and Cadmium Co-Immobilization Amendments 

	Conclusions and Outlook 
	References

