journal of environmental sciences 104 (2021) 351–364

Available online at www.sciencedirect.com

www.elsevier.com/locate/jes

Review

Research progress and mechanism of
nanomaterials-mediated in-situ remediation of
cadmium-contaminated soil: A critical review
Yuenan Zhang a,b, Yujie Zhang a,b,∗, Ozioma Udochukwu Akakuru a,b,
Xiawei Xu a, Aiguo Wu a,b,∗
a Cixi

Institute of Biomedical Engineering, Chinese Academy of Science (CAS), Key Laboratory of Magnetic Materials
and Devices & Zhejiang Engineering Research Center for Biomedical Materials, Ningbo Institute of Materials
Technology and Engineering, CAS Ningbo, Ningbo 315201, China
b University of Chinese Academy of Sciences, Beijing 100049, China

a r t i c l e

i n f o

a b s t r a c t

Article history:

Cadmium contamination of soil is a global issue and in-situ remediation technology as a

Received 11 September 2020
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have been applied for the in-situ remediation of cadmium-contaminated soil due to their
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excellent properties of the nano-scale size effect. In this work, recent research progress of
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various nanomaterials, including carbon nanomaterials, metal-based nanomaterials and
nano mineral materials, in the removal of cadmium and in-situ remediation of cadmium-
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contaminated soil were systematically discussed. Additional emphases were particularly
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laid on both laboratory and field restoration effects. Moreover, the factors which can affect
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the stability of cadmium, main interaction mechanisms between nanomaterials and cad-
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mium in the soil, and potential future research direction were also provided. Therefore, it is

Mechanism

believed that this work will ultimately contribute to the myriad of environmental cleanup
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advances, and further improve human health and sustainable development.
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Sciences. Published by Elsevier B.V.

Introduction
Cadmium contamination of soil has been a public concern
with increasing risk. Cadmium is highly mobile and can be
absorbed by plants. In the human body, it has long biological and metabolism half-lives of about 15–20 and 10–33 years,
respectively (Chaney et al., 1999; Shaheen et al., 2016). Un-

∗

der the influence of long-term direct exposure to cadmium
in the food chain, the kidney, liver, placenta, lung, bone, etc.
of animals and humans suffer significant harm (Hamid et al.,
2019; Sobha et al., 2007). Cadmium is one of the most common elements of concern in soil remediation (O’Connor et al.,
2018) because cadmium pollution poses a major threat to human and animal health due to its continuous release into
the environment especially soil, even at a low concentrations
(Chary et al., 2008; Flick et al., 1971).
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The typical point sources of cadmium emission include
rainfall, mining, waste treatment, industrial emission and fertilizers, while typical non-point sources are atmospheric deposition and environmental pollution events (Herngren et al.,
2005; Nriagu, 1989). Cadmium and other heavy metals in the
soil generally migrate throughout the ecosystem, and the soil
finally serves as their ultimate sink.
Soil remediation technologies include soil replacement,
phytoremediation (Huang et al., 2016) and chemical immobilization (Liu et al., 2018b). However, currently available soil remediation techniques are either too costly or time-consuming
for meaningful practical application. In-situ chemical immobilization is an appropriate remediation technology for
the current situation of most cadmium-polluted soils, and
can be achieved via changing the patterns of cadmium in
soil environments by using amendments or immobilization
agents to inhibit the mobility and bioavailability of cadmium
(Bolan et al., 2014). In-situ remediation has recently gained
prominence because of its practicability, cost-effectiveness
and rapid implementation. The key of in-situ remediation effect depends on the kind of amendments to be applied. Fortunately, the development of nanotechnology brings new inspiration and ideas for the in-situ remediation of cadmiumcontaminated soil (Ju et al., 2017; Karn et al., 2009; Su et al.,
2019; Sun, 2018).
Nanomaterials with excellent adsorption capacities,
smaller particle size, appreciable stability and environmental
friendliness, have made great progress in capturing heavy
metal ions. Relevant research showed that some nanomaterials used as stabilizers can provide greater reactivity or
adsorption capacity (Adrees et al., 2020; Liu et al., 2018b, ;
2015). The research by Su et al. (2019) showed that nanomaterials can be considerably dispersed in soil, exhibiting
strong affinity toward cadmium, and ultimately convert
cadmium into more stable fractions. Similarly, the study of
Matin et al. (2019) showed that the application of nanomaterials in cadmium-contaminated soil is a promising strategy
to decrease the availability and leachability of cadmium.
In this review, a series of nanomaterials, including carbon nanomaterials, metal-based nanomaterials, nano mineral
materials, which have been studied to alleviate cadmium pollution in soil are summarized in detail. Current research results of the laboratory and field experiments illustrate that
such nanomaterials exhibit great potential in the removal of
cadmium pollutants and in-situ remediation of soil environment. The factors affecting the stability of cadmium and the
main interaction mechanisms between nanomaterials and
cadmium in the soil were also presented. Additionally, the
challenges of in-situ remediation of nanomaterials are discussed to determine future research needs.

1.

Nanomaterials

1.1.

Carbon nanomaterials

1.1.1.

Biochar

As shown in Fig. 1, biochar is a kind of stable carbon-rich byproduct synthesized through pyrolysis/carbonization of plant
and animal-based biomass (Ahmad et al., 2014). Biochar is the

Fig. 1 – Van Krevelen diagram for various biochar prepared
from different raw materials under different pyrolysis
temperatures (Ahmad et al., 2014).

most commonly used nanomaterials for the remediation of
cadmium-polluted soil. Biochar, as an ecological engineering
tool, can not only improve soil fertility, but also reduce the
emission of nitrous oxide in soil, so as to effectively control
greenhouse gas emissions and play a certain role in mitigating
climate change (Lehmann, 2007). Compared with composts
and manures, biochar has the advantages of stable fixed carbon structure and typical high alkalinity. The large surface
area and generally high pH value of biochar with functional
groups are beneficial for the effective fixation of cadmium in
soil (Beesley et al., 2010).
In recent years, many researchers have made great efforts on mass preparation and modification of biochar. The research by Uchimiya et al. (2011) showed that the sequestration
ability of cadmium in soil was influenced by the surface functional groups of biochar. In addition, biochar prepared from
different raw materials and at various temperatures possess
different properties. For instance, wheat straw biochar (WSB)
was successfully obtained by pyrolysis at temperatures between 350 and 550 °C (Liu et al., 2012).
In a field experiment conducted by Bian et al. (2013) in
South China during 2010–2011, WSB was applied to polluted
rice fields at the rate of 20 to 40 t/ha (tons per hectare) . Cadmium content in rice grains was reduced by 20–90% when
40 t/ha biochar was applied. The study showed that WSB
can prevent cadmium accumulation in rice as a promising
role. Zheng et al. (2012) also prepared biochar from rice plant
(Oryza sativa L.): straw, husk, and bran, and thoroughly homogenized the biochar with soil (5% biochar by weight) in a pot
experiment for two weeks. Cadmium concentration of the rice
shoots decreased by 98% due to the addition of straw biochar.
In a similar study, Zhan et al. (2019) found that the cadmium
contents in maize stems and grains decreased by 26.7% and
24.6%, respectively after applying 1.0% (by weight) of rice straw
biochar in a field experiment. Lucchini et al. (2014) investigated the effect of biochar (25 and 50 tons/ha) and repeated
application of biochar (50 and 100 tons/ha) with the field scale
on the content and distribution of cadmium in soil after two
years. The results showed that the addition of several rela-
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Fig. 2 – Schematic diagram of interaction between sulfur-iron modified biochar and available cadmium in contaminated
soils (Wu et al., 2019).

tively small dosages of the wood-derived biochar was more
effective than that of a large amount addition. In short, the
bioavailability of cadmium in soil can be controlled by varying the amount of biochar used.
To improve the adsorption capacity of biochar,
Wu et al. (2019) prepared sulfur-modified biochar (S-BC)
and sulfur-iron-modified biochar (SF-BC) by stirring the mixture of biochar, sodium hydroxide sulfur dioxide, and ferrous
sulfate as presented in Fig. 2. After 3 months of pot experiment, the content of exchangeable cadmium in soil decreased
by 29.71% and 18.53% when the application rate of S-BC and
SF-BC were 1% (W/W). Rajendran et al. (2019) carefully studied
the effect of SMB from bamboo hardwoods on cadmium
mobility in rhizosphere and nonrhizosphere. The SMB was
obtained by slow pyrolysis of bamboo hardwoods at 550 °C for
5 hr. Application of 1% SMB at the tillering, booting, heading
and maturity stages reduced the cadmium concentration in
the rhizosphere soil by 16.6%, 9.6%, 13.5%, 7.9%, and 9.6%,
respectively. The reason is that sulfur-containing compounds
can coordinate with cadmium, which then inhibits the transportation of cadmium into plants (Na and Salt, 2011). Sulfur
in soil can be divided into organic and inorganic sulfur, and
organic sulfur needs to be converted into inorganic sulfur for
plant absorption and utilization (Tabatabai and Freney, 1986).
The complex of sulfur and cadmium is not easily absorbed
by plants and can finally fix cadmium in soil. Therefore,
cadmium-contaminated soil can be ameliorated by sulfurmodified biochar which can overcome the deficiencies of the
pristine biochar (Wu et al., 2017a). Although biochar has a
certain effect on cadmium removal in soil, the addition of
biochar will lead to the increase of soil pH value, which is
closely related to the availability of soil nutrients, and will
finally affect the growth, development, yield, and quality
of plants (Dai et al., 2018; Straczek et al., 2004). Therefore,
biochar is not suitable for application in alkaline soil of farm-

land alone. However, it can be considered when combined
with other acidic passivators.

1.1.2.

Other carbon nanomaterials

Other carbon nanomaterials such as nano black carbon, multiwalled carbon nanotubes and C60 have also been applied for
cadmium removal from contaminated soil environment.
Carbon nanotubes are cylindrical graphene materials with
unique properties such as ultra-low weight, high mechanical strength, and chemical and thermal stability (Pillay et al.,
2009). Ye et al. (2018) studied the effect of multiwalled carbon nanotubes (MWCNTs) on the bioavailability of cadmium
in paddy soil. The addition of MWCNTs increased the pH value
of soil, but had little effect on the chemical speciation transformation of cadmium in soil. The addition of 50–500 mg/kg
MWCNTs significantly decreased the content of cadmium in
the extracted diethylenetriaminepentaacetic acid (DTPA) by
9.1%−14.5%, which is directly proportional to the added concentration.
The pyrolysis temperature and other preparation conditions are the main factors that affect the surface properties
of carbon nanomaterials. The study by Yi et al. (2013) showed
that the content of bioavailable cadmium in soil decreased by
47.96% after treatment with black carbon produced from rice
straw and camphorwood by controlling pyrolysis temperature
and limited oxygen. Also, Zhou et al. (2010) obtained a kind
of surface-modified nanoscale carbon black by oxidizing the
carbon black with 65% HNO3 . The obtained carbon nanomaterial exhibited high adsorption stability for cadmium in aqueous solution. Based on this research, Sun et al. (2015) used the
surface-modified nanoscale carbon black and Na-bentonite to
remediate cadmium polluted soil, and achieved appreciable
adsorption ability for cadmium. The uptake and transportation properties of cadmium in rice were also evaluated by using different concentrations of C60 as amendment of polluted
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Fig. 3 – Concentrations of Cd in different rice plant tissues under different treatments.(a) grain Cd; (b) husk Cd; (c) straw Cd;
(d) root Cd. Ctr: untreated paddy soil; C: biochar; Fe: zero-valent iron; 0.5 Fe-C: ZVI-biochar with 0.5% Fe; 1.0 Fe-C:
ZVI-biochar with 1% Fe; 2.5 Fe-C: ZVI-biochar with 2.5% Fe; 5.0 Fe-C: ZVI-biochar with 5% Fe (Qiao et al., 2018).

soil, and the exposure of C60 had little effect on the biomass of
rice in the whole life period (Liang et al., 2017). These results
provide new insight for the in-situ remediation of cadmiumcontaminated soil with carbon nanomaterials. Therefore, it is
worthwhile to further investigate their application in soil environment and final ecological risks.

wheat grain decreased, while the iron content increased when
different levels of nZVI (0, 25, 50 and 100 mg/kg) were added
to soil before sowing in a pot experiment (Adrees et al., 2020).
So, it is necessary to carry out field test on the dosage of nZVI
in order to promote its application.

1.2.2.
1.2.

Metal-based nanomaterials

1.2.1. Metallic nanomaterials
1.2.1.1. Nanoscale zero-valent iron (nZVI) The application of
nZVI particles in the environment can be traced back to 1997
(Wang and Zhang, 1997). The nZVI particles have a core-shell
structure with a particle size range of 10–100 nm; the core
is composed of a layer of iron oxide, while the shell is composed of metallic iron (Yirsaw et al., 2016). The structural
properties of nZVI such as particle size and specific surface
area vary with synthesis conditions. nZVI is generally considered as a promising metallic material for the remediation of
cadmium-contaminated soil because of its strong reduction
ability, low operating cost, controllable particle size and high
reactivity (Chen et al., 2008). However, nZVI easily agglomerate due to the lack of effective stabilizer. Therefore, in the
application of nZVI in cadmium contaminated soil, it is either combined with other amendments or modified. In this
regard, Qiao et al. (2018) selected nZVI as soil amendment to
reduce cadmium content in rice grains. The results showed
that the cadmium content in grains decreased by less than
30% after adding nZVI (1%), however, the cadmium concentration in rice grains decreased by 93% after adding biochar
and nZVI (5.0 Fe-C) (Fig 3a). Cadmium concentration in husks,
straw, roots also decreased obviously after adding biochar
and nZVI compared with nZVI (Fig 3b-d). The research by
Adrees et al. (2020) demonstrated that the cadmium content in

Metallic oxide nanomaterials

A variety of metallic oxide nanomaterials, including FeO,
Fe3 O4 , ZnO, and TiO2 , have also been applied to remediation
of cadmium-contaminated soil. Compared with other materials, nano-sized Fe3 O4 can better absorb cadmium and other
potentially toxic elements in soil because of its higher specific surface area (Mahdavi et al., 2012; Matin et al., 2019). A
series of studies have reported the green synthesis of iron oxide nanoparticles by mixing Excoecaria cochinchinensis leaves
extract, sodium acetate and ferric chloride hexahydrate for
two hours, and their use for stabilizing cadmium in polluted soil (Lin et al., 2019; Su et al., 2019; Sun, 2018). For instance, the study by Sun (2018) showed that this kind of greensynthesized iron oxide nanoparticles which was composed
of iron oxide and organic molecules can effectively decrease
the bioavailability of cadmium in soil, with a record cadmium
immobilization of 60% after being treated with 9% iron oxide nanoparticles. Lin et al. (2019) also observed that the cadmium content of exchangeable and carbonate bound forms
decreased by 14.2%−83.5% and 18.3–85.8%, respectively when
iron oxide nanoparticles were mixed with contaminated soil
at the ration of 1%, 3% and 9% (wt%). Along with the increase of
amendments concentration, the decrease range of the available cadmium is greater. Su et al. (2019) evaluated the ability
of green-synthesized iron oxide nanoparticles to immobilize
cadmium in soil under 60 days and 120 days incubation. The
available cadmium (0.1 mol/L CaCl2 ) decreased by 66.7% after 60 days. However, the content of available cadmium in soil
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slightly increased due to the change of the chemical behavior
of ions in soil. In addition, iron oxide nanoparticles were modified and applied to remediation of cadmium-contaminated
soil. For example, Wang (2012) prepared nanoscale Fe3 O4
by chemical co-precipitation method, and obtained corresponding thiolated and coated nanoscaleFe3 O4 ) via humic
acid. The pot experiments were conducted to study the effects of different nanoscale amendments (hydroxyapatite, remud, Fe3 O4 and humic acid modified Fe3 O4 on two kinds of
cadmium-polluted soils. They found that the humic acid modified Fe3 O4 has better adsorption capacity than Fe3 O4 . In
another work, Fe3 O4 magnetic nanoparticles were prepared
by co-precipitation method, and the adsorption capacities
of Fe3 O4 @SiO2 –NH2 and Fe3 O4 @SiO2 -EDTA for cadmium ions
were 27.62 mg/g and 40.93 mg/g, respectively (Cong, 2019).
However, Fe3 O4 @SiO2 -EDTA exhibited a better effect than
Fe3 O4 @SiO2 –NH2 in term of the removal rate of cadmium in
soil. In another study, nano-size manganese hydroxide coated
with poly(acrylamide-co-sodium acrylate) showed high adsorption efficiency in the leaching experiment, which could
effectively purify osmotic solution containing cadmium in soil
(Zhou, 2015). The research by Adrees et al. (2020) showed that
both ZnO and Fe nanoparticles can reduce the accumulation of cadmium in wheat grains, which provides a new perspective for the application of nanotechnology in cadmiumcontaminated soils. Ye et al. (2018) studied the effects of
nanoparticles such as TiO2 (10 nm) and ZnO (20 nm) on the
bioavailability of cadmium in paddy soil. The simulation experiment of flooded drying showed that the contents of cadmium in soil decreased by 8.9% and 18.7% respectively, after
adding TiO2 and ZnO nanoparticles.

1.3.

Nano mineral materials

Clay mineral materials such as sepiolite, palygorskite and
bentonite are also used for the remediation of cadmiumcontaminated soil due to their high specific surface area, low
cost and universality in most soils (Bailey et al., 1999). However, the remediation efficiency of clay minerals is limited. As
a consequence, it is very important to modify the minerals to
improve the adsorption efficiency for cadmium.
Diatomite, derived from sedimentary silica, is a kind
of low-cost, environmental-friendly and natural micro/nanostructured material, which has cylindrical and
plate morphologies with well-developed mesoporous structures (Al-Degs et al., 2001). Ye et al. (2015) found that modified
diatomite with acid treatment demonstrated better capturing properties than natural diatomite, and the adsorption
capacity of the natural diatomite could be activated and
enhanced by acid treatment and ultrasound modification.
After 90 days of treatment with modified diatomite (5.0% by
weight), the content of cadmium in contaminated soil decreased by 23.7%. In another study, mercapto-functionalized
sepiolite was prepared by nano-texturization of hydrogels
and utilized for the remediation of cadmium-polluted paddy
soil (Liang et al., 2017). The 0.1%–0.3% dosages of the mercapto functionalized sepiolite could reduce the cadmium
content of husked rice by 65.4%–77.9% in pot trials. These
researchers also found that the mercapto-functionalized sepiolite could enhance the fixation or adsorption of cadmium
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by soil compositions and decrease the cadmium bioavailability. Wang et al. (2020) synthesized mercapto-functionalized
palygorskite and mercapto-functionalized sepiolite by high
speed shear method. Qin et al. (2016) found that nano zeolite
(particle sizes: 60–80 mesh) exhibited enhanced capability
in increasing the biomass of Chinese cabbage as well as
decreasing the accumulation of cadmium in Chinese cabbage
compared with ordinary zeolite (Qin et al., 2016; Xiong et al.,
2015). The researchers believed that the cadmium may have
been transferred to the cabbages from the soil. In accordance
with point-source pollution control, we think that more effort
can be taken directly to reduce the availability of cadmium
in soil, thus ultimately reducing the amount of cadmium
available for plant uptake.

1.4.

Other nanoparticles

1.4.1.

Nano-hydroxyapatite

A significant amount of research has been conducted to evaluate the effectiveness of hydroxyapatite on the immobilization of cadmium in soil environment. The study by Qian and
Chu (2011) confirmed that nano-hydroxyapatite showed excellent adsorption and inactivation properties for cadmium
in contaminated soil. Other studies have demonstrated that
cadmium content could be decreased by directly adding nanohydroxyapatite in-situ soil remediation (Chen et al., 2009;
Cui et al., 2011; Zhang et al., 2010). Nano-hydroxyapatite was
synthesized by neutralization of Ca(OH)2 suspension with
H3 PO4 (Zuo et al., 2017) and the specific surface area, average
particle size, and purity of the obtained nanomaterial were 154
m2 /g, 77 nm, and 96%, respectively. After adding the nanohydroxyapatite into the soil with the doge of 1% (W/W), the
content of cadmium in the aboveground and underground
parts of rape decreased by 95.1% and 86.5%, respectively.
The addition of 0.15% (W/W) commercial nanohydroxyapatite reduced the concentration of cadmium
in potato tubers by 17.4% in a typical potato pot experiment (Liu et al., 2018c). Smiciklas et al. (2006) also found
that the application of nano-hydroxyapatite could alleviate
the adverse effect of cadmium on plants growth. Relevant
research shows that nano-hydroxyapatite (0.5%, W/W), alfalfa
and rhizobium composite system can effectively reduce the
total cadmium content in soil by 16.57% (Lou, 2016). In order
to evaluate the long-term stability of nano-hydroxyapatite
(average particle size: 60 nm) in remediation of cadmiumcontaminated soil, a batch of pot experiments were conducted
(Xing et al., 2016). When nano-hydroxypatite was applied in
the ration of 0.5%, 1%, and 2% (W/W), the available cadmium
concentrations in the soil decreased by 66.6%−98.4% and
62.7%−96.5% for one-year and three-year remediation, respectively. Liu et al. (2018c) investigated the immobilization
and difference of heavy metals in soil by micro- and nanohydroxyapatite. They found that the cadmium concentration
decreased by 54.95% and 59.46% at a dose of 5%. Moreover,
different sizes of hydrated particles and different surface
properties in soil solution resulted in different remediation
effects after extraction by toxicity characteristic leaching
procedure (TCLP).
Differently, Cui et al. (2011) observed that hydroxyapatite can effectively improve the acid buffer capacity of soil
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Fig. 4 – (a) Scheme of the fabrication procedures of nFeS@ lignin hydrogel; (b) Cd removal rates in heavily and slightly
polluted paddy soils by nFeS@ lignin hydrogel (Liu et al., 2020).

and decrease the leaching loss of cadmium in soils under
the condition of simulated acid rain. Until now, the nanohydroxyapatite used could significantly reduce the bioaccumulation of cadmium mostly in pot experiment; the field trials must be complemented before using in agricultural soils.

1.4.2.

FeS nanoparticles

FeS nanoparticles have the characteristics of small particle
size, large specific surface area, and high reactivity (Gong et al.,
2016; Liu et al., 2015). They are very effective in immobilizing
cadmium due to their unique molecular structure and surface chemical properties. In a recent study, FeS nanoparticles
were synthesized inside lignin hydrogels and with high sorption capacity of 833.3 g/kg. The prepared nFeS@ lignin hydrogel is shown in Fig. 4a. The addition (1‰) FeS nanoparticles
reduced the fixed cadmium in contaminated paddy soils by
16.6%−40.1% (Fig. 4b) (Liu et al., 2020) .

1.4.3.

Nano magnesium hydroxide

Nano magnesium hydroxide with particle sizes from 82 to
127 nm has great adsorption capacity for cadmium in the
soil. After the application of nano magnesium hydroxide,

the contents of cadmium in potato plant leaves decreased
by 5.3%−19.2% while the contents of cadmium in soil decreased by 8.2%−41.5% (Liu et al., 2018a). Moreover, the research demonstrated that the cadmium-reduction effect by
nano magnesium hydroxide is obviously better than that by
common magnesium hydroxide with the same application
rate. Another recent study reported that the percentage of exchangeable cadmium in soil decreased by 67.7% after 28 days
of continuous cultivation with nano-magnesium hydroxide
(1 mg/kg) (Deng et al., 2020).
Nano-chlorapatite, nano-chitosan, humic nanoparticles,
etc. were also used for effective removal of cadmium in
the soil. For instance, Wan et al. (2018) developed a kind of
rhamnolipid-stabilized nano-chlorapatite for the efficient immobilization of cadmium (Fig. 5). The research demonstrated
that the combination of rhamnolipid and nano-chlorapatite
can enhance the immobilization efficiency of cadmium. Chitosan nanoparticles were prepared via ionic cross-linking
with tripolyphosphate and the possible effect of the resultant
nanoparticles on the growth of wheat seedlings under cadmium stress was studied (Zhao, 2010). The study found that
low concentration of cadmium can promote the germination
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Fig. 5 – The laboratory flowchart about the synthesis of rhamnolipid nano-chlorapatite (Wan et al., 2018).

of wheat seeds to some extent. Bi et al. (2018) found that humic nanoparticles produced from leonardite can be used as
adsorbent to immobilize cadmium in a silt-loam soil. In addition, porous ceramic nano-material with lime exhibited the
best effect on remediation of the wheat field polluted lightly
by cadmium, and reduced the content of DTPA-Cd by 43.7%
(Yang et al., 2019). In another study porous ceramics nanomodified materials with specific surface area of 184.34–189.59
m2 /g was used, and the content of available cadmium in soil
showed a decreasing trend as the amount of porous nanomodified materials increased (Li, 2015).

1.4.4.

Composite nanomaterials

Composite nanomaterials were also used for in-situ remediation of contaminated soil (Wang et al., 2019). The combination of remediation amendments provides synergistic effect on the fixation of cadmium in soil. For example, nZVI
has not been fully applied owing to its intrinsic limitations,
while carbon-enriched biochar can overcome the limitations
of nZVI and improve the adsorption capacity for cadmium.
Chen et al. (2017) explored the co-transport behaviors of cadmium in paddy and red soil with biochar-Fe3 O4 nanocomposites as amendments (Chen et al., 2017, 2019). A new kind
of nanocomposites were produced from wood chip or wheat
straw by premixing 1% wt Fe2 O3 , which was selected as a
source to be reduced to Fe3 O4 during biomass pyrolysis process. The application of biochar (produced from pol palm
fibers in Malaysia) and nZVI in the remediation of cadmiumcontaminated paddy field are shown in Fig. 6 (Qiao et al.,
2018). They found that the cadmium content in rice grains
decreased by 93% with simultaneous application of equivalent biochar (0.05%) and nZVI (0.05%). However, it might increase the bioavailability of arsenic in cadmium and arsenic
co-contaminated paddy fields. In another study, the effect of
nano hybrid materials (HMs) and phosphate on the immobilization of cadmium was investigated by pot-culture experiment (Lin et al., 2011). The HMs used in the study are a kind of
organic-inorganic porous material with high specific surface

Fig. 6 – Transport of cadmium facilitated by biochar-Fe3 O4
nanocomposites in water-saturated natural soils
(Chen et al., 2019).

area, which were prepared based on a mesoporous material
and co-polycondensation method. It was demonstrated that
the concentration of cadmium in the aboveground (Brassica
chinensis) decreased by 66.79% with the treatment of different
mass fraction HMs.

2.
Interaction mechanisms between
nanomaterials and cadmium in soil
The interaction mechanism between nanomaterials and
cadmium is complex physical and chemical process, including adsorption, ion-exchange, precipitation, and so on
(Braunschweig et al., 2013; Zhang et al., 2017; Zou et al., 2016).
As shown in Fig. 7, some researches have been focused on the
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Fig. 7 – (1) Possible pathways of cadmium stabilization by GION in soil (Lin et al., 2019); (2) Postulated mechanisms of the
interactions between biochar and organic contaminants (Ahmad et al., 2014).

mechanisms of remediating contaminants in soil by nanomaterials.
It is well known that adsorption can be divided into physical and chemical adsorption according to the nature of the
intermolecular binding force (Chen et al., 2019).The adsorption reaction is one of the main mechanism for the removal of
cadmium from contaminated soil because the specific surface
area of nanoparticles is higher than that of common materials
(Van Koetsem et al., 2016). Higher surface area, more abundant adsorption sites and functional groups lead to higher
cadmium adsorption efficiency. The composite treatment of
HMs and phosphates is the most effective treatment method
for the immobilization of cadmium in contaminated soils, and
HMs inactive cadmium in soil mainly through special chemical adsorption with high specific surface area (Lin et al., 2011).
Similarly, the functional group of porous ceramics nanomodified materials is primarily Si-O with rich basic groups
and large polarity. This kind of porous ceramics nanomaterials exhibits natural adsorption properties for heavy metal
ions with positive charge in their own structure and nature

(Li, 2015). Adsorption is the main mechanism for cadmium
removal by iron oxide nanoparticles during a long-term incubation (Lin et al., 2019). Specific adsorption occurs in the
form of crystalline or amorphous oxides and hydroxides in
soil clay, but non-specific adsorption takes place in the form of
exchange state into the soil environment. Moreover, the speed
of specific adsorption is faster than that of non-specific adsorption (Shuang et al., 2012). It was confirmed that the adsorption of cadmium ions on the surface of nanoparticles was
the primary mechanism.
Another mechanism is ligand complexion. Cadmium complexes are relatively stable in the soil environment and thus
significantly improving the immobilization of cadmium in
contaminated soils. Ligands such as carboxyl, alcoholic hydroxyl or phenolic hydroxyl groups can mediate complexation
reactions with cadmium by the electrostatic attraction and inner sphere specific surface complexations (Qiao et al., 2018).
Complexation and electrostatic interactions are the main adsorption mechanisms of rice bran-derived biochar for cadmium removal (Xu and Chen, 2015). Related investigations
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have shown that the oxygen-containing functional groups on
the surface of fresh biochar can react with cadmium and reduce the toxicity of the latter. Consequently, cadmium was
immobilized by the oxygen-containing functional groups and
mineral components of the biochar (Qian et al., 2016). The iron
oxide shell can adsorb and complex metal ions on its surface,
which plays an important role in the removal and immobilization of contaminant (Xue et al., 2018).
Many studies had illustrated the multiple mechanisms of
cadmium stabilization by nanomaterials. It is noteworthy that
in most cases, the interaction mechanism between nanomaterials and cadmium in soil is not a single process but also
accompanied by other processes. It has been found that the
main mechanism of cadmium stabilization is surface complexation and ion diffusion in lattices by studying the relationship between nano-hydroxyapatite and heavy metals
(Zhang et al., 2010).
The immobilization mechanism of the combined amendments also involved ion-exchange, surface complexation reaction, soil-colloid sorption, and so on (Liang et al., 2017;
Zhou et al., 2014). Cd2+ was mainly adsorbed on the surface of soil particles through electrostatic action. However,
when mineral amendments are used, there is strong adsorption and ion-exchange capacity between cadmium ions and
amendments due to the large surface area and rich negative charges on the surfaces of materials (Guan and Ji, 2016).
The application of biochar applied in cadmium-polluted soil
can be attributed to ion-exchange with Ca2+ , Mg2+ , and other
cations, and surface inner sphere complex or co-precipitation
with biochar resulted. The possible mechanisms of cadmium removal from soil by FeS nanoparticles include adsorption, reduction, ion-exchange, surface complexation, and coprecipitation. Fe2+ and S2− in FeS can donate electrons to contaminants and act as reducing agents to reduce the pollutants
(Wu et al., 2017b). There may be other mechanisms that need
to be further explored. The interaction mechanisms between
nanomaterials and cadmium in soil demand an in depth understanding in order to guide the synthesis of nanomaterials.

3.
Influencing factors of soil remediation
effect
The effect of soil remediation is influenced by many factors, including the surface area and stability of nanomaterials,
plant type, soil pH, soil organic matter, soil types, and so on.

3.1.

Physical and chemical properties of soil

3.1.1.

Soil pH value and Eh

Soil pH and Eh are important factors affecting the availability of cadmium in soil and the effect of soil remediation (Bjerre and Schierup, 1985; Hooda and Alloway, 1998).
Zhu et al. (2011) discovered that the amount of cadmium extracted by DTPA positively correlated with Eh and negatively
correlated with pH. Different pH values can also affect the
precipitation and dissolution of heavy metals in the soil. Under the indirect action of flooding condition (low Eh), sulfate ions are reduced to sulfides, which may form complexes
with cadmium and are finally immobilized in the form of CdS
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(Berg et al., 1998; Kashem and Singh, 2001). The pH value of
nanomaterials affects the adsorption of cadmium by affecting
the hydrolysis of the latter, as well as the type and charge of
adsorption surface. There is a close relationship between pH
and the adsorption amount of cadmium (Zhang et al., 2005). At
high pH, Cd2+ is hydrolyzed to form Cd(OH)+ , and the affinity
between Cd and soil sites is enhanced (Elliott et al., 1986). The
addition of nano magnesium hydroxide increased the pH values of acidic and alkaline soils, which increased as the amount
of nano magnesium hydroxide increased. There was a negative linear correlation between pH and exchangeable cadmium content in acidic and alkaline soils (Zhang, 2019).
In China, many weak alkaline farmland is polluted by high
concentration of cadmium, which may pose a risk to human
health via the consumption of the polluted crops and vegetables (Liang et al., 2019; Zhou et al., 2018). However, little attention has been given to alkaline soils in terms of the safety of
agricultural products compared with acidic soils.

3.1.2.

Others

Some other factors should also be considered in the process of
remediation, such as cation exchange capacity (CEC), moisture
level, cadmium concentration in soil, and other ions. CEC is
an important property of soil. Pu and Fu (2008) found that the
increase of CEC and clay content decrease the exchangeable
cadmium in soil, which may be related to the strong specific
adsorption and fixation of heavy metals in soil. The high CEC
of soil may change the permeability parameters and hydraulic
conductivity of soil, and the adhesion of soil to cadmium ion
will be enhanced (Covelo et al., 2007), thus affecting the remediation effect of soil remediation agents.
Moisture level has an impact on the remediation effect.
Cadmium concentration increased significantly in control
treatment under water-limited condition as compared to the
control under normal water conditions (Adrees et al., 2020).
Soil remediation effect really varies with different cadmium contents. Tsang et al. (2007) found that the adsorption
behavior of cadmium varied with different concentrations of
cadmium, and the adsorption of cadmium was dominated
by specific adsorption under low mass concentration of cadmium, with non-specific adsorption under high mass concentration (Tsang et al., 2007).
Other ions in soil also affect the remediation of
cadmium-polluted soil, mainly calcium and chloride ion.
Garrido et al. (2005) found that calcium ions competed with
cadmium in the adsorption process, which finally improved
the mobility and bioavailability of cadmium. Chloride ions
in soil affect a series of physical and chemical properties
of soil, including crop growth and crop quality. The high
concentration of chloride ions may lead to the desorption
of cadmium, which will increase the concentration of cadmium in the solution greatly and the mobility of cadmium
in the soil (Doner, 1978). Zhao et al. (2004) also found that
the bioavailability of cadmium increased with the increase
of chloride ions in soil. (Mclaughlin et al., 1994) found that
soil salinity can increase the absorption of cadmium by
potato. Cadmium concentration in potato tubers exceeded
the maximum allowable concentration, which had a significant positive correlation with chloride ions concentration in
the soil. The accumulation of cadmium in hard wheat grain
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was closely related to the soil salinity, and positively related
to the soluble chloride ions in the soil according to a study by
Norvell et al. (2000).

4.2.

Plant type

The accumulation and transportation of cadmium in plants
is the key link to control cadmium entering human body
through the food chain. According to the experiment on the
difference of cadmium absorption abilities of vegetable varieties by Guo (2009), the accumulation of cadmium in legume,
tomato and bitter melon was lower, while that in cucumber, eggplant and summer squash was much higher. Similarly,
Liu et al. (2011) found that leafy vegetables had stronger ability
to absorb and transfer cadmium, while tomato had the weakest ability. Also, Li et al. (2003) found that the eggplant had a
weak ability to accumulate cadmium.
Different types of the same plant is an important factor affecting cadmium enrichment ability. Zeng et al. (2006) proved
that difference rice varieties have different migration ability to cadmium by pot experiment. Different varieties of the
same plant have different abilities to transfer cadmium. The
study of Xu et al. (2002) indicates that the resistant cultivar Teqing-60 accumulated fewer cadmium in shoots than
Chixin-2 among different varieties of Brassica parachinensis.
Zeng et al. (2006) investigated cadmium contents in brown
rice of various rice varieties. They found that the difference
of cadmium content in the various rice varieties was significant. When the cadmium content in soil was about 2 mg/kg,
the change range of cadmium content in brown rice of those
rice varieties was 1–2 mg/kg. Numerous research also have
found that different varieties of Chinese cabbage have different cadmium transfer ability (Chen et al., 2009; Liu et al., 2008;
Ru et al., 2010).
The absorption and accumulation of cadmium in plants
are also different at different growth periods. It has been illustrated that the adsorption ability of cadmium by plants is
different at young panicle stages, growth stages and heading
stage (Wang, 1996). The main reason is that the deposition
of cell wall and the distribution of heavy metals in the plant
storage area are different (De Vos et al., 1992; Shkolnik, 1984).
Shi et al. (2019) presented that the accumulation, distribution,
and redistribution of cadmium in wheat plants vary at different development stages when wheat plants are grown in cadmium and arsenic co-contaminated soil.
Therefore, it is generally believed that the effective application of nanomaterials in cadmium-contaminated soil may
affect the distribution of cadmium in plants. Moreover, the
role of nanomaterials, soil and plants should be considered
comprehensively in the process of remediating cadmiumcontaminated soil, and the migration mechanism of cadmium
in different plants needs to be studied.

3.3.

Properties of nanomaterial remediation agents

Nanomaterials exhibit unique properties because of their
large surface-to-volume ratio and an increase in the proportion of atoms on and near the surface (Crane and Scott, 2012;

Zhang and Jin, 1997). Consequently, they have been recommended as promising and effective materials for in-situ remediation of cadmium-polluted soil. Many factors which affect the fixation effect should be noted, such as surface area,
active sites, the addition rate, addition time, and so on. The
study of Bian et al. (2013) showed that the biochar which was
produced from wheat draw by pyrolysis has a surface area of
8.92 m2 /g with a bulk density of 0.59 g/cm3 . The average pore
diameter and BET surface area of the rice raw biochar were
204.732 m2 /g and 2.161 nm, respectively. The prepared biochar
decreased the cadmium contents in maize stems and grains
by 26.7% and 24.6% at a dosage of 1.0% before the plantation of
maize (Zhan et al., 2019). In a related study, biochar with a large
specific surface area, thousands of times greater than the uncharred source material was prepared and tested for cadmium
removal in soil, the result showed that cadmium content in
soil pore water was reduced by 10 times (Beesley et al., 2010).
The structural properties of nZVI such as size and surface area
may vary depending on the synthesis conditions (Yirsaw et al.,
2016). In a recent study, iron nanoparticles with particle size
of 50 - 100 nm, and surface area of about 20˜50 m2 /g were prepared to a decrease the cadmium content in wheat grain from
1.26 mg/kg to 0.26 mg/kg in the soil (100 mg/kg) (Adrees et al.,
2020).
Different application amounts of nanomaterials will lead
to different remediation effects of cadmium contaminated
soil. Generally speaking, the more effective cadmium content
in the soil decreases with the increase of nanomaterial.
Sun (2018) found that the rate of 3% (weight ratio of nanomaterials to soil) is less effective for cadmium fixation in
soil than 9% after adding GION to cadmium-contaminated
soil in six different areas. Xing et al. (2016) also found that
different rates (0.5%, 1%, 2%) of nano zeolite applied to
remediate contaminated soils, decreased the content of
available cadmium by 66.6%, 82.3% and 91.9%, respectively.
It was reported that the addition of soil amendments promoted the formation of large soil aggregates (0.2–2 and
0.02–0.2 mm) and increased the mass load of cadmium (total
cadmium or DTPA-extractable cadmium) (Li et al., 2018).
Field experiments were conducted to study the effects of
nano magnesium hydroxide (2.25, 4.50, and 6.75 kg/hm2 )
on vegetable yield in Zhang’s work (Zhang, 2019). It was
found that nano magnesium hydroxide had the best effect in
reducing the content of available cadmium in the soil when
the application rate was 6.75 kg/hm2 . However, comprehensively considering the factor of increasing yield, the effect
of low application amount (2.25 kg/hm2 ) was the best. With
the remediation effect of cadmium-contaminated soil, the
addition amounts of different nanomaterials still need to be
studied.
Due to lack of in-situ experimental studies on the remediation of cadmium-contaminated soil with nanomaterials, few
data are available to prove their effectiveness (Hamid et al.,
2019). In addition to the aforementioned factors, other factors should also be considered in the application of nanomaterials in large-scale farmland or field remediation, such
as cost effectiveness, impact on soil organisms, economic
cost, toxicity, and so on(Shen et al., 2015; Zhang et al., 2016;
Zhu et al., 2016).
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4.

Conclusions and future perspectives

In recent years, more and more attention has been paid to
the research of cadmium-contaminated soil, and the remediation of cadmium-polluted soil by nanomaterials has attracted
worldwide attention. With large specific surface area, abundance of surface-active sites, high removal rate, and good utilization, nanomaterials have excellent adsorption capacity for
cadmium ions in the soil. In this work, a series of nanomaterials, including biochar, carbon nanomaterials, metal-based
nanomaterials, and nano mineral materials were discussed in
detail. This review focused on the main interaction mechanisms between nanomaterials and cadmium in the soil. The
results of laboratory and little field experiments illustrated
that nanomaterials have great potential in the removal of cadmium and in-situ restoration of the environment.
However, in order to use cadmium-polluted soil safely,
there are still some limitations and challenges that need to
be addressed. Further research in some aspects is needed as
follows:

(1) Some nanomaterials are unstable and easy to aggregate,
which will form larger particles in practical applications,
and reduce the removal capacity and cause secondary pollution. Especially, the surface of some nanomaterials (such
as sulfur nanomaterials) are easy to be oxidized. Therefore,
stabilization and dispersion of composite nanomaterials
should be explored extensively.
(2) When the nanomaterials are added into the soil, the interface between the soil and nanomaterials, the plant roots
and soil will change. Our environmental knowledge about
the application of nanomaterials in soil and cadmium adsorption properties of nanomaterials is extremely limited.
Therefore, comprehensive, and multidisciplinary research
are required to be carried out in this regard. Special attention should also be paid to the mechanism of the interaction between cadmium and nanomaterials in soil-root system.
(3) Most studies on the application of nanomaterials in
cadmium-contaminated soils were limited to the laboratory scale, however, there are few studies on field scale.
Long-term stability of immobilized cadmium needs to be
studied, especially under field conditions.
(4) When the nanomaterials are applied as soil amendments
for the treatment of cadmium-polluted soil, they may have
some environmental risks causing secondary pollution.
On the one hand, nanomaterials may migrate to surface
runoff and groundwater with soil colloid. On the other
hand, nanomaterials may enter the human body through
the food chain and accumulate to a certain amount, causing potential harm to human health.

According to the research status of cadmium removal by
nanomaterials worldwide, large scale field or commercialization application are limited because of less production equipment, high cost and other factors. Finally, there is still a long
way to go to further overcome these drawbacks and achieve
the goals of commercial scale applications.
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