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Arsenic (As) and cadmium (Cd) are among the most common potentially toxic elements (PTEs) found in
paddy soil, where they can easily transfer from soil to rice grains. The widespread contamination of
paddy soil with As and Cd, either individually or in combination, poses a significant threat to food
security and human health in China. As and Cd exhibit different behaviours in soil, making the
simultaneous management of As—Cd composite pollution a major technical challenge for safe rice
production. This review summarizes several practical techniques for synchronously controlling uptake
and translocation of As and Cd in rice plants, including water management, soil passivation, leaching

technology, electrokinetic remediation, phytoremediation, selection of low-accumulation rice varieties,
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manage paddy soil co-contaminated with Cd and As and ensure the safe production of rice.

The remediation of potentially toxic elements (PTEs)in farmland is of paramount importance in environmental science. Firstly, employing methods such as low-
accumulation rice varieties, phytoremediation, and passivation techniques effectively reduces the accumulation of PTEs in crops, thereby ensuring food safety

and protecting human health. Secondly, these techniques decrease the mobility and bioavailability of PTEs in the soil, mitigating the risk of contamination to
groundwater and surrounding ecosystems. Additionally, the application of PTEs remediation technologies restores and enhances soil health, promoting soil

biodiversity and ecosystem stability. Innovations and systematic applications in the remediation process not only improve efficiency but also advance the fields
of materials science, biotechnology, and other disciplines, fostering the sustainable development of environmental technologies. Overall, the remediation of

PTEs in farmland is essential for achieving ecological environmental protection and sustainable agricultural development.

Rice (Oryza sativa L.) is China's most important crop, grown on
about 25% of the cultivated area. The issue of excessive depo-
sition of potentially toxic elements (PTEs) in rice occasionally
poses a direct threat to food safety and human health. In several
major grain-producing regions of China, cadmium (Cd) levels
in rice exceed the standards in 10.3% of cases. Additionally,
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approximately 200 000 km? of paddy fields is contaminated with
PTEs such as cadmium (Cd) and arsenic (As)." The presence of
excessive PTEs in rice is closely related to soil pollution in paddy
fields. In southern China, the rate of Cd contamination in
agricultural land is 41.7%, while in northern China, it increases
to 54.5%. Additionally, the overall rate of As contamination in
farmland is 6.7%.>* In the major grain-producing area of the
Pearl River Delta, more than 50.0% of farmland is threatened by
toxic PTEs such as As and Cd. In the Yangtze River Delta, the
rates of Cd and As contamination in paddy soil are 58.5% and
20.0%, respectively, and the main grain-producing area in
western Chongqing is also threatened by As-Cd contamina-
tion.** This shows that the As and Cd contamination is exten-
sive and widespread across China. Moreover, rice has a strong
ability to accumulate both As and Cd. Once the soil is polluted,
the levels of As and Cd in rice grains can easily exceed the safety
standard (0.2 mg kg™ ").® The situation regarding food safety is
therefore concerning.
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Toxic and hazardous PTEs in the environment inhibit the
growth and development of rice. Cd, a toxic metal, is of
particular concern as it is released into the environment and
bioaccumulates in organisms through the food chain, leading
to severe toxic effects.” Numerous studies have demonstrated
that excessive Cd accumulation in plants inhibits growth,
damages cellular ultrastructure, and alters both primary and
secondary metabolic processes. In soils, Cd exposure results in
stunted rice root systems, leading to reduced plant height,
lower yields, and in severe cases, total crop failure. Fan et al.®
reported that 0.5 M Cd reduced rice root growth by more than
40%, which was attributed to the degradation of the root
cortex under Cd stress. High concentrations of cadmium
(100 uM) are known to disrupt cellular membrane structures,
including the nucleus, vacuoles, and mitochondria, and cause
a reduction in nuclear size. Additionally, Cd-treated cells
exhibit an increase in liposome formation, along with
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morphological deformation of nucleoli and chloroplasts.
Studies also suggest that under flooded conditions, rice
predominantly absorbs the inorganic arsenic species As(im)
from the soil.” Given that rice is typically cultivated under
flooded and anaerobic conditions, prolonged waterlogging
enhances the bioavailability of arsenic, making rice more
susceptible to arsenic accumulation compared to other crops.
When arsenic concentrations exceed 0.8 mg L™, they signifi-
cantly impact rice seed germination and root growth. In rice
roots, 55-92% of the accumulated arsenic is sequestered in the
cell wall rather than entering the vacuole and organelles,
thereby inhibiting nutrient uptake. This disruption of nutrient
absorption markedly impairs rice growth and development,
potentially leading to desiccation and plant death.' Thus, the
safe management and remediation of paddy soil co-
contaminated with As and Cd have become urgent priorities.
This paper will focus on current major inhibition and control
technologies, evaluating their effectiveness in simultaneously
controlling As and Cd. It will specifically discuss the princi-
ples, application effects, and development trends of soil pas-
sivators and foliar inhibitors, which are the most frequently
reported methods in this field. The aim is to provide technical
references for managing soil co-contaminated with As and Cd
in paddy fields.

1 Soil co-contaminated with As and
Cd: control technologies

The control of PTEs in farmland soils primarily adheres to three
principles:** (1) altering the chemical forms of PTEs in the soil
to reduce their bioavailability. (2) Using engineering techniques
to lower the concentration or total amount of PTEs in the soil.
(3) Changing the soil-crop system in severely polluted areas by
growing non-food crops to reduce the transfer of PTEs into the
food chain. The main types of technologies for this purpose can
be categorized into physical, chemical, and biological methods.
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1.1 Physical control technologies

1.1.1 Water management. Water management is
a common method for regulating the accumulation of PTEs in
rice grains. The environmental behaviours of As and Cd in
paddy soil during alternating wet and dry periods are almost
completely opposite. During the flooding stage, dissimilatory
sulfate reduction by sulfate-reducing bacteria converts SO,>~ to
$>7, which then precipitates with Cd**, thereby reducing the
bioavailability of Cd>*.? Additionally, under flooded and
reducing conditions, especially when the redox potential is
below —100 mV, Cd is released alongside the dissolution of iron
and manganese oxides. These dissolved metals are absorbed by
rice roots, entering the rice plants. During this process, Mn>*
and Cd*" compete for transport proteins in the rice roots,
resulting in a reduction in the absorption and transport of Cd**
by rice root cells.” During the drying stage, sulfur in CdS is
oxidized to SO,*>”, releasing Cd*>" and increasing its bioavail-
ability. Under these conditions, As(m) is oxidized to As(v), which
is then extensively adsorbed by iron and manganese oxides,
significantly reducing As-bioavailability; the basic mechanism
is shown in Fig. 1. Besides their different responses to changes
in soil redox potential, other factors also influence the activities
of As and Cd. For example, Meng et al.** found that modifying
biochar to be rich in phosphorus to immobilize Cd** and Pb**
actually activated As(u) in the soil. Similarly, Dong et al*
developed Fe,03-coated vermiculite to remediate soil contami-
nated with an As-Cd composite. This approach significantly
reduced the available As content but only partially activated Cd.
Studies have shown that alternating between flooding and
drying conditions can reduce As content in brown rice by 41—
45% compared to continuous flooding. However, this method
can also increase Cd availability by more than 30%.'® Other
research suggested that precise water management during the
rice heading stage could effectively inhibit the accumulation of
both As and Cd in rice grains." Precisely controlling soil Eh to
—73 mV and pH to 6.2 through water management could ach-
ieve the simultaneous immobilization of As and Cd.*®* However,
achieving such precise control was often challenging in large-
scale rice production. Therefore, applying specific passivators
for As and Cd at different stages of water management in paddy
fields could lead to more effective simultaneous treatment.
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Fig. 1 The different chemical behaviours of As and Cd during the
flooding and drying stages in paddy soil.
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1.1.2 Ex situ remediation technologies. The ex situ soil
replacement method involves replacing or diluting the
contaminated in situ soil with uncontaminated soil. This can be
achieved in three ways: first, by covering the contaminated soil
with clean soil to create a new topsoil layer, thereby reducing
the likelihood of crop roots coming into contact with the
polluted soil; second, by thoroughly mixing clean soil with the
original soil to dilute the contaminants to levels below the
standard values; and third, by directly replacing the contami-
nated soil with clean soil.* Additionally, the commonly used
deep plowing method involves mixing uncontaminated subsoil
with contaminated topsoil to reduce the concentration of PTEs
in the plow layer. This method essentially follows the same
principle as the ex situ soil replacement method. Deep plowing
is particularly suitable for soils with mild pollution and signif-
icant surface accumulation of PTEs. The ex situ soil replacement
method for heavy metal remediation has been applied both
domestically and internationally for an extended period,
demonstrating successful outcomes in regions such as the
Zhangshi irrigation district in China and the Kanna River basin
in Japan.” Using the ex situ soil replacement method requires
that the properties of the replacement soil are consistent with
those of the original soil to support healthy crop growth. The
thickness of the replacement soil should generally range from
15 to 30 cm, depending on the specific characteristics of the soil
to address most needs. However, this method often faces limi-
tations such as a shortage of clean soil sources and high costs.
Additionally, it does not fundamentally remove PTEs from the
soil, so it is most effective when combined with other chemical
or biological technologies. For example, after electrokinetic
remediation has concentrated PTEs in specific areas of the soil,
the ex situ soil replacement method can be used to remove small
portions of the contaminated soil. Alternatively, in situ excava-
tion of contaminated soil can be followed by ex situ chemical
remediation, with the remediated clean soil then refilled into
the original site.*

1.2 Chemical treatment technologies

1.2.1 Soil leaching method. Soil leaching, a physico-
chemical remediation technique, involves using leaching
agents or chemical additives to chelate, desorb, dissolve, or fix
contaminants, thereby removing pollutants from the soil and
achieving remediation. This technique is particularly effective
for the rapid removal of total As and Cd PTEs from the soil.*
The commonly used soil leaching agents can be categorized as
follows:**** (1) inorganic leaching agents, such as inorganic
acids and bases; (2) heavy metal chelators, including ethyl-
enediaminetetraacetic acid (EDTA), polyphosphate chelating
agents, N-(2-hydroxyethyl)ethylenediamine triacetic acid
(HEDTA), and dihydroxyethyl glycine (DEG); (3) surfactants,
including inorganic surfactants such as Triton, and bio-
surfactants. Soil pH plays a crucial role in the leaching process
of heavy metals, where an increase in the pH of the leaching
agent typically results in a decrease in heavy metal concentra-
tion. Acidic pH conditions not only facilitate the mobilization of
heavy metals but also inhibit the release of soil precipitates.

Environ. Sci.; Adv., 2025, 4, 571-583 | 573
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However, the leaching process may have varying degrees of
impact on soil enzyme activity, microbial diversity, and plant
growth. EDTA is a widely used chelating agent, favoured for its
ability to form more stable complexes with metals and its higher
extraction efficiency.” In field trials, following EDTA leaching
treatment, the removal rates of As, Pb, Zn, and Cd reached 60%,
76%, 29%, and 53%, respectively.”**” Additionally, combining
EDTA with other agents can achieve the simultaneous removal
of multiple heavy metals. For instance, compared to individual
treatments (removal rates all exceeding 65%), the combined
treatment of EDTA and tartaric acid improved the removal rates
of Pb and Zn in contaminated farmland to 88.3% and 89.9%,
respectively.”®* Despite its effectiveness, EDTA's low biode-
gradability and prolonged retention in soils pose concerns, as
long-term accumulation may lead to extensive dissolution of
soil minerals and organic matter, potentially altering soil's
physical and chemical properties and, in severe cases, even
causing soil structure collapse, rendering it unsuitable for
vegetation or construction. In contrast, naturally biodegradable
chelating agents can effectively extract heavy metals under
neutral or mildly alkaline conditions. For example, a mixture of
dicalcium phosphate and cow manure significantly reduced the
bioavailability of cadmium and zinc by 60% and 39%, respec-
tively.*® Similarly, the use of dicalcium phosphate mixed with
red soil has been reported for the remediation of Pb- and As-
contaminated soils, with exogenous dicalcium phosphate
promoting the fixation of Pb in red soil. The MPC binder
demonstrated excellent immobilization efficiency for Pb
(99.9%), though it was less effective for As. The addition of red
mud enhanced the immobilization efficiency for As to 80.5%,
due to strong complexation between AsO,~ and Fe*".**

1.2.2 Electrochemical treatment technology. Electro-
chemical control involves inserting electrodes into polluted
soil, applying direct current, and using soil pore water or added
electrolytes to conduct electricity. During this process, pollut-
ants migrate to designated areas through mechanisms such as
electro-osmosis, electrophoresis, and electromigration.**
Currently, electrochemical control technology primarily focuses
on two approaches: one uses conventional electrokinetic
remediation principles to laterally migrate PTEs, thereby
removing soil near the electrodes that is enriched with heavy
metal ions; the other employs the principle of microbial fuel
cells, where electrodes are placed vertically. This setup causes
longitudinal migration of PTEs away from the rice root micro-
environment, thereby reducing crop absorption of these target
heavy metal ions.*® Electrochemical control technology offers
notable advantages in terms of remediation effectiveness and
operability, with removal rates for exchangeable PTEs reaching
up to 95.0%.** However, several limitations arise during the
remediation process. On the one hand, hydrolysis can cause
a “focusing effect” near the electrodes, leading to the crystalli-
zation and precipitation of metal ions.*® This reduces soil
porosity and weakens the electric current intensity, ultimately
impairing the migration of metal ions. On the other hand,
electrodes are susceptible to corrosion under conditions of
excessive acidity or alkalinity.***” To address these issues,
researchers have proposed several optimization methods. For
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instance, using citric acid as a cathodic buffer solution can
enhance the electrochemical effect. Compared to the non-
strengthened group, the addition of citric acid neutralizes the
OH™ produced near the cathode, maintaining an acidic state
throughout. This significantly improves the remediation effec-
tiveness for Cd.*® Using nitric acid to control the pH of the
cathode chamber allows for the recovery of 98.0% of Cd from
kaolin, with a consumption of 13 liters of nitric acid and 30 kW
h™" of electricity per cubic meter of kaolin. This results in costs
of 5.50 dollars per m® for nitric acid and 2.31 dollars per m® for
electricity.* Additionally, some researchers have employed the
cathode proximity method (i.e., continuously approaching the
fixed anode), which creates an alkaline environment that
promotes the migration of As. Conversely, using the anode
proximity method more effectively facilitates the migration of
Cd.* Electrochemical control technology has achieved relatively
high levels of treatment for cations such as Cd>*, Pb*>*, and Cu*>".
However, the treatment effectiveness for variable-valence PTEs
such as As and Hg remains unstable. Additionally, due to the
opposite chemical properties of As and Cd, it is difficult to find
an electrolyte that can simultaneously promote the migration of
both PTEs. Some studies have shown that humic acids (HAs)
can effectively enhance the efficiency of electrokinetic remedi-
ation for As. HAs can dissolve metal oxides that bind As or form
ternary complexes with them, thereby releasing As. Further-
more, HAs can occupy adsorption sites on the solid phase of the
soil through competitive adsorption, which also promotes the
release of As.*>**> While HAs enhance the remediation effect,
they do not alter other soil properties, thus reducing the risk of
secondary pollution. Studies have also reported that low relative
molecular weight fulvic acid (FA) can activate Cd in soil.
Leveraging its ability to activate both PTEs, HAs may serve as an
electrolyte enhancer for simultaneous electrokinetic remedia-
tion of As and Cd. As a new green technology, electrochemical
control has been extensively researched at the laboratory scale
and has shown successful cases in the remediation of site heavy
metal-contaminated soil, sludge, and solid waste disposal.
However, its application in large-scale farmland soil pollution
remediation remains limited. Additionally, with the concept of
carbon neutrality gaining traction, high-energy consumption
methods may need improvement. For instance, using solar
energy or bioelectricity for power supply can reduce energy
consumption and costs, thereby increasing the market
competitiveness of the method.

1.3 Biological control technologies

1.3.1 Phytoremediation technology. Phytoremediation is
also a current research direction for the remediation of soil co-
contaminated with As and Cd. Plants have various mechanisms
for dealing with pollutants, including absorption, detoxification
or reduction of toxicity, immobilization of pollutants in soil,
promotion of pollutant volatilization, degradation, and desali-
nation.* This technology has the advantages of low cost and
environmental friendliness, making it a highly promising
technique for soil remediation.** In addition to relying on the
inherent abilities of plants, various methods can be employed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to enhance phytoremediation capabilities, further improving
the efficiency and effectiveness of plant-based remediation.

The most widely applied technique in phytoremediation
involves the use of hyperaccumulating plants to extract or
sequester PTEs such as Cd and Pb from soil. However, this
method has limitations, including land occupation, restricted
sources of remediation plants, poor growth adaptability, and
remediation efficiency being affected by soil properties and the
extractability of PTEs. These factors result in long remediation
cycles and high costs. Significant progress has been made in
selecting remediation plants for soils contaminated with
a single heavy metal. In addition to early reports of Cd and As
hyperaccumulating plants such as Sedum alfredii and Solanum
nigrum, many high-biomass ornamental plants and bioenergy
crops are now also used for remediating soil heavy metal
pollution. For instance, dandelion (Taraxacum officinale Hand.-
Mazz.) and black nightshade (Solanum nigrum L.) have
demonstrated effective remediation of Cd-contaminated soil,
with Cd concentration in the shoots of both plants exceeding
100 mg kg '.45

Recently, Ephedra equisetina has been found to exhibit
superior Cd accumulation compared to Sedum alfredii, with
a biomass 59 times greater. Therefore, its total Cd accumulation
surpasses that of Sedum alfredii-like hyperaccumulating
plants.*” Moreover, Ephedra equisetina demonstrates strong
adaptability and stress resistance, offering a promising solution
for remediating heavy metal-polluted soils where other reme-
diation plants may struggle to grow.*® Furthermore, studies
have found that while plants such as okra and grain amaranth
have much lower accumulation rates compared to Sedum
alfredii, and they can potentially match its total accumulation
due to their high biomass. For As-contaminated soil, alternative
plants such as rice, chia sage, and sweet sorghum (Sorghum
bicolor L.) achieve only 15.4%, 38.0%, and 18.6% of the total
accumulation seen in Sedum alfredii, respectively, and thus
cannot replace it. Given the differing transport mechanisms for
As and Cd in plants, finding species that can simultaneously
remediate soil contaminated with both As and Cd remains
a significant challenge. To address the issue and enhance the
accumulation rate of remediation plants, researchers are
developing auxiliary phytoremediation technologies aimed at
finding or engineering plants capable of hyperaccumulating
both As and Cd simultaneously. One approach to enhancing
absorption efficiency is through genetic engineering. Various
genes involved in transportation, metal chelation, compart-
mentalization, antioxidation, and metabolic regulation in
plants affect the absorption, transport, and tolerance of As and
Cd. Research has shown that overexpressing the heterologous
gene PVACE3 (derived from Sedum alfredii, an As efflux trans-
porter) in transgenic Arabidopsis thaliana increases its tolerance
to As and promotes the translocation of As from roots to shoots.
This results in a 7.5-fold increase in the As content in the
aboveground parts compared to wild-type Arabidopsis thaliana.
Additionally, miR156 has been identified as a key regulatory
factor in plant development and stress response.*” Under Cd
stress, overexpression of miR156 in Arabidopsis thaliana
significantly elongates the primary root length, increases

© 2025 The Author(s). Published by the Royal Society of Chemistry
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biomass and chlorophyll content, enhances antioxidant enzyme
activity, reduces the level of reactive oxygen species (ROS), and
decreases Cd accumulation. In contrast, silenced lines exhibit
the opposite phenotype.* Therefore, reducing the expression of
miR156 in Arabidopsis thaliana can significantly enhance its Cd
enrichment. By regulating these genes through genetic engi-
neering, Arabidopsis thaliana may be developed as a preferable
plant for the remediation of soil co-contaminated with As and
Cd.

Another approach is the synergistic interaction between
microorganisms and plants to improve the efficiency of phy-
toremediation. Compared to single-biological remediation
modes, the combined plant-microbe remediation approach has
greater potential. This synergy allows both plants and micro-
organisms to leverage their respective advantages, thereby
improving the overall efficiency of heavy metal remediation.
Rhizosphere microorganisms can directly enhance the phytor-
emediation process by altering soil pH, releasing chelating
agents (such as organic acids, iron carriers, etc.), and partici-
pating in redox reactions.* Li et al.>* used Fusarium solani FS10-
C to enhance the remediation of Cd-contaminated farmland by
Sedum alfredii. After 15 days of growth in simulated soil with
a Cd concentration of 5 mg kg™, the aboveground dry weight of
the plants increased by 21.0%, and the Cd removal rate from the
soil reached 35.3%. The results demonstrated that Fusarium
solani FS10-C primarily promoted the growth of Sedum alfredii,
thereby increasing its biomass and enhancing the absorption of
Cd.*® Other studies have shown that arbuscular mycorrhizal
fungi (AMF) can enhance the absorption of PTEs by hyper-
accumulating plants. AMF improve plant colonization ability,
promote nutrient absorption, and facilitate healthy growth,
thereby increasing crop yield.> The mechanism by which the
mycorrhizal symbiotic system affects the accumulation of As
and Cd in plants is complex. This includes the ability of AMF to
fix As and Cd using mycelium, influence the biosynthesis of
plant root cell wall components, thereby affecting the distri-
bution of As and Cd, and alter the expression of As and Cd
transport proteins.®® Lu et al.*® inoculated Mortierella sp. on the
hyperaccumulating plant Sphagneticola calendulacea, resulting
in an enhanced ability to transport Cd from roots to above-
ground parts. This treatment also assisted Sedum alfredii in
transporting As, thereby promoting the distribution of As to the
aboveground parts.*”

Due to the difficulty in screening for remediation plants with
the capability to hyperaccumulate both As and Cd, intercrop-
ping, rotation, or relay cropping of heavy metal remediation
plants with cash crops may help mitigate the shortcomings of
single remediation plants.*® Projects have already adopted the
method of intercropping Cd-hyperaccumulating plants with
medicinal herbs such as Radix Paeoniae Alba (white peony root),
achieving simultaneous soil remediation, crop production, and
increased income. The Cd content of white peony root meets the
standard, and the soil Cd content has decreased by more than
15.0%. The annual income is approximately twice that of
planting food crops. Currently, this method has been applied to
an area of 0.667 km” (about 1000 acres) and has shown good
results in Cd pollution remediation. Additionally, employing
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planting methods such as intercropping remediation plants
with crops can address the issue of land occupation to some
extent, alleviating the current pressure on food production in
China while ensuring safe cultivation practices.

1.3.2 Hyperaccumulator plants for extraction of PTEs. In
practical applications, phytoremediation technology primarily
utilizes hyperaccumulator plants to extract PTEs such as Cd and
Pb from the soil. However, this method faces several limita-
tions, including the temporary unavailability of contaminated
arable land for cultivation, limited sources of suitable remedi-
ation plants, poor adaptability of plants to varying growth
conditions, variability in remediation efficiency influenced by
soil properties and heavy metal extractability, as well as long
remediation periods and high costs. Currently, significant
progress has been made in selecting remediation plants for
soils contaminated with a single heavy metal. In addition to
early reported hyperaccumulator plants such as Pteris vittata
and Sedum alfredii for As and Cd, many high-biomass landscape
plants and bioenergy crops have successfully been applied in
practical soil heavy metal remediation.>* These new remedi-
ation plants not only enhance the diversity of plant sources but
also demonstrate significant advancements in growth adapt-
ability and remediation efficiency. For instance, Sedum alfredii
Hance, a hyperaccumulator plant, is utilized for the removal of
PTEs such as zinc (Zn) and Cd from farmland.®* Du et al.*
demonstrated that the addition of the super-engineered bacte-
rium Rhodococcus gingshengii increased the absorption rates of
Zn, Cd, nickel (Ni), and Pb by Sedum alfredii Hance by 112%,
105%, 46%, and 49%, respectively. After inoculation with R.
qingshengii, a significant increase in the expression of all genes
related to Zn, Cd, and Pb was observed, thereby enhancing the
phytoremediation efficiency of Sedum alfredii Hance for these
metals. In practice, hyperaccumulator plants often require the
incorporation of soil amendments (such as biochar and animal
manure) along with phosphate minerals (such as hydroxyapa-
tite). These amendments reduce the potential toxicity of heavy
metals to crops while enhancing the plants' tolerance and
growth capabilities in adverse environments, thereby
promoting and improving their ability to absorb and accumu-
late heavy metals. Salinthip Chunwichit et al® applied
a commercial Calendula variety combined with added earth-
worm compost for the remediation of soil contaminated with
Zn and Cd. Among the varieties tested, the “Dragon Yellow”
variety exhibited the highest accumulation of Zn and Cd,
demonstrating not only its effectiveness in in situ remediation
of soil heavy metal pollution but also its potential to provide
significant income for farmers.

Due to the challenge of selecting remediation plants with
hyperaccumulation abilities for both As and Cd, intercropping,
rotation, or mixed cropping of heavy metal remediation plants
with economic crops may help mitigate the limitations of using
a single remediation plant. An ongoing project has imple-
mented intercropping of Cd-hyperaccumulator plants with the
medicinal herb Bletilla striata, achieving simultaneous soil
remediation, crop production, and increased income.* The Cd
content in Bletilla striata met all standards, and the soil Cd
content decreased by more than 15.0%. Annual income doubled
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compared to growing grain crops, and this method currently
covers an area of 0.667 square kilometres (about 1000 mu),
demonstrating effective Cd pollution remediation. Additionally,
adopting planting methods such as crop rotation and mixed
cropping with remediation plants and agricultural crops helps
address the issue of land occupation. These methods, while
ensuring safe planting practices, also contribute to gradually
reducing heavy metal content in the soil.

2 Synergistic passivation control
materials
2.1 In situ soil passivants

Soil immobilization technology involves adding agents that
immobilize PTEs in the soil, thereby altering conditions such as
soil pH, redox potential, and rhizosphere microbial reactions.
This process aims to reduce the bioavailability of PTEs, thereby
decreasing their uptake by plants. Due to its convenience and
ease of operation, this technique has become a standard prac-
tice in various heavy metal remediation scenarios, including the
remediation of composite pollution involving As and Cd. The
passivation mechanism of common soil passivators for PTEs in
farmland is shown in Fig. 2.

2.1.1 Inorganic passivation materials. Inorganic composite
passivators primarily include calcium (Ca), magnesium (Mg),
sulfur (S), phosphorus (P), silicon (Si), selenium (Se), and iron
(Fe). Due to the opposite chemical behaviors of As and Cd in the
soil, it is challenging for a single inorganic soil immobilizer to
effectively immobilize both As and Cd simultaneously.®
Common Cd immobilizers typically function by adjusting pH
levels, such as lime and natural minerals like hydrotalcite. By
raising the pH, they generate OH~ or CO;>~ which precipitates
with Cd, thereby reducing its bioavailability.®” Additionally,
hydrotalcite not only alters soil pH but also utilizes Mg®" to
exchange with Cd** through homogeneous exchange, further
reducing Cd bioavailability in the soil. Inorganic phosphorus-
based soil immobilizers immobilize Cd through ion exchange,
coordination bonds, and chemical co-precipitation.®® Studies
have shown that using silicon-containing soil immobilizers can
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Fig. 2 Schematic diagram illustrating the passivation mechanism of
Fe—Mn-based soil passivators for Cd.®*
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increase plant tolerance to Cd. The application of silicon not
only reduces Cd transport in the apoplast and symplast of crops
but also decreases the movement of Cd within plant cells
through adsorption by polysilicic acid and silica gel.** Addi-
tionally, monosilicic acid can directly precipitate Cd ions in soil
solutions and plant tissue fluids. Huang et al.”® reported that
the application of Se-enriched soil immobilizers could effec-
tively reduce Cd content in rice grains by up to 65%. The results
indicated that Se can mitigate the absorption and transport of
Cd in rice plants.”* Se competes with Cd at the root level,
reducing Cd uptake by rice plants. In paddy fields, the chemical
behaviors of As and Cd are opposite; thus, traditional strategies
to reduce Cd by altering pH may inadvertently activate As.
Currently, common methods for immobilizing As focus on
elements such as Fe and Mn.”” These elements can reduce the
bioavailability of As through the positive charges on the surface
of Fe and Mn particles, thereby reducing the bioavailability of
As and other anions. Additionally, the formed Fe-Mn nodules
can adsorb As from the soil, reducing its mobility. The typical
mechanism of immobilization is illustrated in Fig. 3. Wang
et al” reported that oxidation can convert As(m) to As(v),
thereby decreasing the mobility and bioavailability of As.
Silicon-containing materials have a specific adsorption capacity
for As and can regulate gene expression related to As transport,
thus reducing the uptake and translocation of As in crops.” The
enhanced immobilization effect of modified biochar on As is
mainly due to the introduction of elements such as iron and
calcium. Mengyu Ma et al.”® reported that phosphogypsum,
when used as a soil immobilizer, can remediate soil contami-
nated with As and Cd. It reduces the concentration of As in
leachate from 25.75 pg L' to 5.88 pug L' and decreases the
bioavailable content of Cd by 42%. This material decreases the
activity of PTEs in the soil by increasing the specific surface
area, introducing numerous hydroxyl groups, and enhancing
electrostatic adsorption and co-precipitation. It exhibits
different immobilization rates for various PTEs, with rates of Cu
> As > Zn > Ni > Cd. Similarly, Pengle Cao et al.”® utilized nano-
scale silica as a soil heavy metal immobilizer, modifying it with
a silane coupling agent containing mercapto groups and ferrous
(Fe()) salts. This modification resulted in a surface rich in S-
Fe-S functional groups. Experimental results showed that this
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Fig. 3 Simultaneous mitigation of arsenic and cadmium accumulation
in rice seedlings by silicon oxide nanoparticles.”®
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material effectively immobilizes PTEs in the soil, reducing the
bioavailability of Pb, Cd, and As by 97.1%, 85.0%, and 80.1%,
respectively.

2.1.2 Organic soil passivators. In recent years, organic
materials have been widely used in the field of remediation of
soils contaminated with cationic PTEs. Organic matter exhibits
a strong spatial clustering characteristic with cationic PTEs
such as Cd.” Through a series of reactions, including ion
exchange, adsorption, chelation, flocculation, and precipita-
tion, it forms insoluble flocculated substances with Cd. Humic
acid (HA), a natural organic soil passivator, primarily fixes heavy
metal ions in the soil through the adsorption of coordination
compounds formed between humic substances and heavy
metal ions by clay minerals.”® Extensive experiments conducted
by our research group have demonstrated that the molecular
weight of humic acid directly affects the activity of PTEs in the
soil. When the molecular weight of exogenously added humic
acid exceeds 1000, it enhances the adsorption of PTEs by soil
aggregates, thereby passivating the PTEs in the soil. However,
when the molecular weight of exogenously added humic acid is
less than 1000, the small molecules of humic acid can actually
activate PTEs in the soil.”” Studies have indicated that the ratio
of humic acid to fulvic acid (H/F) is a crucial indicator deter-
mining the activation effect of the active components of exog-
enously added humic acid on PTEs.” With a constant content of
exogenously added humic acid, when H/F = 7/3, cationic PTEs
in the soil preferentially convert to organically bound states
with relatively lower activity, whereas when H/F < 5/5, cationic
PTEs in the soil convert to exchangeable and carbonate-bound
states.

However, the effects of HA on As are multifaceted. Research
by Duo-Rui Zhang et al.*® has shown that HA can promote the
bio-oxidation of arsenopyrite surfaces and the immobilization
of As. HA mainly facilitates the formation of flocculated porous
structures composed of microbial cells and jarosite on the
arsenopyrite surface, which can adsorb large amounts of As,
inhibiting its release and activation. Jie Ma et al.** demonstrated
that HA can affect the adsorption of As by ferrous hydroxide gel
in soil. Using a colloid and solute transport model to elucidate
the adsorption mechanism of HA-ferrous hydroxide gel on As in
porous media, they found that under alkaline conditions, HA
forms a chain-like structure that couples with ferrous hydroxide
gel, promoting its adsorption of As. Under neutral conditions,
HA occupies the adsorption sites on the ferrous hydroxide gel
for As, reducing the gel's adsorption capacity for As. Acidic
conditions can disrupt the structure of the ferrous hydroxide gel
itself, making it difficult to adsorb As.

The essence of soil passivation technology lies in adjusting
the state of PTEs such as As and Cd in the soil through various
mechanisms to reduce their bioavailability.*” However, it is
important to note that this technology cannot fundamentally
reduce the total amount of PTEs in the soil. Moreover, with
changes in soil properties, there is a risk of PTEs being re-
released. Bashir et al® mentioned that rice fields, as highly
complex systems, often have additional fertilizers applied
besides the passivators. In this process, passivated As and Cd
are prone to secondary release. Furthermore, the market offers
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a wide variety of soil passivators, and China's soil types are
extremely complex. There is still a lack of long-term effective-
ness assessments and systematic evaluations of soil passivators,
which severely restricts the choice and use by agricultural
technicians. Therefore, it is necessary to propose scientifically
reasonable and appropriate soil passivators tailored to specific
conditions.

2.2 Leaf resistance and control of PTEs (As and Cd)

Foliar inhibitor technology involves applying physiological
antagonistic elements or physiologically active substances, such
as humic acid, directly to crop leaves. This method aims to alter
the transport and distribution of PTEs within the plant, thereby
preventing their translocation to the edible parts and improving
the safety and quality of agricultural products. Not only is this
approach easy to implement and suitable for large-scale field
application, but it also demonstrates significant blocking
effects.®® When applied appropriately, soil immobilization
technology can also increase crop yield, making it a promising
method for the safe utilization of farmland contaminated with
PTEs. With the rapid development of drone technology, the cost
of foliar application has decreased, making it a popular tech-
nique in field applications.®*® In the national key research
project undertaken by our research group (Demonstration of
Comprehensive Prevention and Remediation Technologies for
PTEs and Agricultural Non-Point Source Pollution in South-
western  Grain-Producing Areas, 2018YFD0800600), we
combined foliar blocking agents with low-accumulation rice
varieties, reducing Cd content in brown rice by 27-89%. The
field demonstration maintained costs between 20 and 2000
yuan per mu, with a demonstration area in Chongqing covering
1200 mu and an extension area of 90 000 mu.

2.2.1 Traditional solution-based foliar spraying agents. At
present, the main foliar spraying agents are inorganic solutions,
such as Si, Se, P, S, Mg, and Zn. Foliar spray agents are typically
applied during the seedling stage, tillering stage, and flowering
stage of rice, though there are reports indicating that they can
also be applied during the grain-filling stage.*® These agents
enhance the negative charge of plant cell walls, thereby
increasing the plant's ability to fix PTEs. This process inhibits
the translocation of PTEs between different tissues of the plant
or forms compounds with PTEs in specific parts (such as roots,
leaves, or stems) to co-precipitate.?” Additionally, it activates the
plant's antioxidant defense mechanisms against PTEs. This
mitigates the damage caused by PTEs to plant cells, improves
photosynthesis, and enhances the absorption and transport of
nutrients. Numerous reports have documented the remediation
of farmlands contaminated with both As and Cd. For instance,
Cui et al.*” reported that foliar spraying with a blocking agent
containing Zn and Ge not only alleviated the toxicity of As and
Cd to rice but also reduced their accumulation in rice grains.
David Alexander et al.*® planted low-accumulation rice varieties
in fields contaminated with Cd, Cu, Pb, and Zn. They sprayed
the crops with a foliar blocking agent containing Si during the
seedling, tillering, and flowering stages. After three applica-
tions, the results showed a significant reduction in the levels of
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Fig. 4 The migration and transformation process of solid granular
foliar control agents in plant leaves.®*

Cd, Cu, Pb, and Zn in the rice grains, with Cd levels decreasing
by 62%, effectively alleviating the stress of PTEs on the rice
plants.

Additionally, the foliar application of trace elements such as
boron (B), molybdenum (Mo), and selenium (Se) can not only
effectively supplement the essential trace elements needed by
crops and improve the quality of agricultural products but also
exert antagonistic effects on PTEs, thereby mitigating their
stress effects and reducing their accumulation in crops. For
example, an appropriate concentration of selenium foliar
fertilizer can inhibit the levels of Cd, Pb, and mercury (Hg) in
strawberry and persimmon varieties. The mechanism involves
effectively isolating heavy metal elements within the leaf cell
walls through the foliar application of blocking agents,
enhancing the resistance of rice to PTEs, and reducing or even
blocking the transfer of PTEs into the food chain, as illustrated
in Fig. 4. This method not only supplements trace elements but
also provides a beneficial strategy for alleviating the problem of
heavy metal pollution.*

Despite the simplicity, environmental friendliness, and
relatively low cost of directly spraying foliar blocking agents,
there are some limitations. First, plant leaves have a waxy
cuticle, and when using ordinary inorganic solutions, over 95%
of the foliar fertilizer does not enter the plant and is wasted.”
Additionally, high concentrations of inorganic solution-based
foliar blocking agents can cause leaf burn, negatively impact-
ing the plant's photosynthetic efficiency. Conversely, low
concentrations of foliar fertilizers fail to achieve effective
blocking, severely restricting the promotion and use of inor-
ganic foliar blocking agents.”

2.2.2 Nanometer-scale solid foliar blocking agents. With
the continuous development and advancement of nanotech-
nology, nanometer-scale solid foliar blocking agents can be
absorbed by plants and slowly released within the plant,
achieving a slow-release effect. This approach aims to enhance
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rice's resistance to PTEs while reducing the frequency of spray
applications, as depicted in Fig. 4,** which illustrates the
migration and transformation process of solid particulate foliar
blocking agents within plant leaves. Nanometer-scale foliar
blocking agents currently reported include ZnO-NPs, CuO-NPs,
AgO-NPs, and CeO,-NPs. Marta Marmiroli et al.®* reported the
use of CuO-NPs as a foliar blocking agent sprayed on zucchini
leaves. CuO-NPs were detectable in the leaves from germination
to flowering (within 60 days). This indicates that, compared to
solution-based foliar blocking agents, solid nanometer-scale
foliar blocking agents are more effectively retained in the
leaves and can continuously release target elements, thereby
affecting the plant throughout its lifecycle. Peng Zhang et al.*®
demonstrated that CeO,-NPs help alleviate the stress of PTEs on
rice. The continuous release of Ce** within the plant effectively
enhances rice's resistance to extreme environments, such as low
pH, prolonged flooding, or drought. Thea L. Read et al*'
compared the absorption and transport of ZnCl, solution, Zn-
EDTA, and ZnO-NPs as foliar blocking agents sprayed on
wheat leaves. The results showed that inorganic ionic ZnCl, is
most easily absorbed and transported by the plant but can cause
leaf burn, thereby reducing the photosynthetic capacity of the
wheat leaves. Zn-EDTA adheres well to the leaf surface but lasts
only 3-5 days, falling off to the ground after 7 days. ZnO-NPs can
be absorbed by wheat leaves and stored in the mesophyll cells,
continuously releasing Zn ions that are absorbed and trans-
ported by the wheat plant during growth. Currently, the physi-
ological mechanisms by which foliar blocking agents alleviate
the absorption and transport of PTEs in plants are not well
understood, and their effectiveness is unstable. They are
significantly influenced by plant species and weather condi-
tions, and there is still a lack of feasibility reports for large-scale
promotion.

In summary, multiple practical techniques have been
explored for mitigating As and Cd contamination in rice, each
with distinct mechanisms and efficacies. Table S11 summarizes
the primary mechanisms and characteristics of these control
methods.

3 Outlook

The effectiveness of different technologies varies based on their
mechanisms, adaptability to soil-crop-climate conditions, and
their impact on cost, implementation difficulty, and environ-
mental friendliness. Overcoming these differences and maxi-
mizing the strengths of various technologies while addressing
their limitations is crucial for the concurrent management of As
and Cd in rice plants. For low-accumulation rice varieties, the
focus lies in innovating selection methods and applying them
systematically. This involves integrating modern molecular
biology techniques with traditional botany and cultivation
practices to rapidly screen for low-accumulation rice varieties
while maintaining genetic stability. In plant remediation tech-
nology, efforts are directed towards enhancing efficiency, inte-
grating remediation with utilization, reducing costs, and
standardizing the entire process from seedling cultivation to
post-harvest disposal and resource utilization. This includes
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developing comprehensive management techniques, reinforc-
ing remediation methods, combining Cd and As remediation
plant technologies, and implementing crop rotation and inter-
cropping techniques involving remediation plants and rice. The
development goal of immobilization technology is to achieve
widespread application, high efficiency, low cost, environ-
mental friendliness, long-term efficacy, and synergistic immo-
bilization of multiple targets. Material modification, composite
materials, and the development of new nano-materials are the
primary means to achieve this goal. The efficacy of immobili-
zation agents is closely related to soil properties. Therefore, in-
depth research on the mechanisms of immobilization materials
and the main soil property factors influencing their efficacy is
crucial for selecting and applying these materials effectively.
The application of foliar inhibitor materials is convenient and
has seen rapid development in recent years. Key areas of focus
include elucidating the physiological mechanisms of different
types of materials, enhancing their adhesion and sustained
release capabilities of active substances, and evaluating their
safety.

4 Conclusion

(1) In summary, there are numerous technologies and methods
available for the control and remediation of soil As and Cd, as
well as their combined pollution. Among these, the main
methods suitable for field-scale application include phytor-
emediation, water management, immobilization technology,
plant remediation technology, screening and application of low-
accumulation rice varieties, and foliar inhibitor technology.
Techniques such as soil washing and electrokinetic remedia-
tion show potential for application but are mostly at the labo-
ratory stage, with several feasibility issues to address before
practical field-scale application.

(2) It is worth noting that soil PTEs pollution exhibits
significant regional characteristics, influenced by variations in
soil types, properties, pollution levels, climatic conditions,
cropping systems, and cultivation practices across different
regions. Therefore, directly applying highly effective technolo-
gies or models from one region to another is generally chal-
lenging. Additionally, different control technologies vary in
mechanisms and efficiencies. A single technology may not fully
achieve control objectives, especially in cases of severe or
combined soil pollution, where multiple technologies are often
required for synergistic benefits. Hence, the trend in compre-
hensive management of regional heavy metal pollution is to
develop targeted technology models with high adaptability,
based on regional habitat conditions and pollution
characteristics.

Data availability

The data underlying this review paper, titled “A Review of
Research Progress on Prevention and Control Technologies for
Arsenic and Cadmium Composite Pollution in Paddy Soil”
consist of previously published studies and publicly available
datasets. All relevant data sources and references are cited
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