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ABSTRACT: To immobilize the activity and bioavailability of soil
Cd, the single treatment only flooding (F) and the combined
treatments with flooding plus bauxite residue (F-B) or lime (F-L)
were designed to investigate the impacts of different treatments on
the toxicity and bioavailability of Cd in contaminated soil.
Compared with the single treatment (F), the combined treatments
(F-B and F-L) improved soil-associated organic functional groups
and aggregated stability in soil. The average particle sizes of soil
aggregates increased from 126 nm (F-treated soil) to 256 and 270
nm following F-B and F-L treatments, respectively. Relative to F
treatment, the combined treatments (F-B and F-L) increased soil
pH, soil EC, and residual Cd content in soil and reduced
exchangeable Cd and acid-soluble Cd content in soil. The exchangeable Cd contents in soils were decreased to 3.17 and 3.42 mg/kg
following F-B and F-L treatments in comparison with F-treated soils (4.31 mg/kg), respectively. For the soils with F-B and F-L
treatments, soil residual Cd contents increased from 54% (F treatment) to 57 and 56%, respectively, and soil acid-soluble Cd
contents decreased from 46% (F treatment) to 37 and 43%, respectively. A negative correlation was found in soil pH versus soil
exchangeable Cd and soil acid-soluble Cd. In addition, the F-B treatment exhibited superiority in suppressing toxicity and
bioavailability of soil Cd, owing to that F-B treatment is easy to induce neutralization reaction and immobilization effect in
contaminated soil. The findings offer evidences that F-B treatment is a facile approach to suppress toxicity and bioavailability of soil
Cd, which shows potential for immobilization of Cd in soil.

1. INTRODUCTION
The rapid advancement of urbanization and industrialization
has led to increased production and mining activities, in which
it is easy to discharge toxic metals such as lead, arsenic, and
cadmium into the environment. This results in significant soil
contamination and poses substantial risks to plants, animals,
and humans who come into contact with or consume products
from the contaminated areas.1 Previous research indicated that
there are over 10 million contaminated sites in the world, with
over 50% being contaminated by toxic metals, which involves
in America, Europe, Japan, Korea, and so forth.2 Recently, the
overall situation of soil contamination in China has not been
enough satisfied. China has a positive effect on the world’s
sustainable development by feeding approximately 20% of the
world’s population with only 9% of the global cultivated land.3

According to a national survey reported in China (2014), the
compositions of inorganic pollutants were mainly caused by
toxic metals. The arable-land soils, taking up 19.4%, were faced
with toxic metal contamination, which occupied nearly 50
million acres.4 Therefore, the toxic metal contamination of soil
in China occupied large-area soil resources. In particular, the
exceedance sites of Cd contamination is as high as 7.0%.5 Also,
Cd has been identified as a carcinogen by the International
Agency for Research on Cancer (IARC). It is urgent and

essential to control Cd contamination.6 It should be noted that
Hunan Province in China is known as the hometown of
nonferrous metals, where the mining and smelting process
caused Cd contamination into the surrounding farmland soil.7

The mining activities in Hunan Province have resulted in toxic
metal contamination up to 28,000 square hectares in soil,
accounting for land areas approximately 13.0% in Hunan
province. Moreover, Cd content of 58% in the paddy soil
exceeded 0.3 mg/kg, achieving the upper threshold of national
standards (0.3 mg/kg, GB 15618-2018) in China.8−11 The
cultivated soils adjacent with the mining regions were severely
contaminated by toxic metals (e.g., Cd contamination). The
regional characteristics of pollutant distribution give a clue for
restoration of soil contamination. For example, the typical Cd
contamination in Hunan province.9
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To immobilize the activity and bioavailability of soil Cd,
many efforts have been implemented, which mainly involves in
physical, biological, and chemical approaches.2,12−14 Among
them, the physical method such as surface capping or soil
replacement owned the high-cost characteristics and larger
labor consumption, being applicable to small contamination
sites.12,15 The biological method could be environmental-
friendly for immobilization of soil Cd without secondary
pollution, while it is not universal application, limited to a
small number of specific plants and functional microorgan-
isms.16 The chemical method is a unique approach to
immobilize soil Cd in the short term via adding substrate or
chemical leachates.2,17 Substrate addition can passivate
activities and regulate forms of Cd in contaminated soil.
Compared with the substrate application, addition of chemical
leachates is easy to bring about secondary pollution, not
conductive to long-term immobilization of Cd in contaminated
soil.2,17 Recently, water management has become a techno-
logically important measure in agricultural production, due to
their advantages of simple operation and environmental-
friendly approach without secondary pollution.18 Our previous
research confirmed that water management such as flooding
(F) treatment could effectively immobilize Cd in paddy soils,
which is desirable in Cd-contaminated soils.18 In previous
research, alkaline substrate addition is a facile way for
immobilizing Cd contamination of acidic soils through acid−
base neutralization stabilization, such as alkaline lime.19,20

Lahori et al. adopted lime to immobilize soil Cd and reported
an improvement in lime-amended soils in comparison with the
virgin soil.21 It was worth noting that bauxite residue is a high
alkaline solid waste, generated in the process from bauxite ore
to alumina production. Bauxite residue is similar to the
characteristics of saline-alkali soil, owning high saline-alkali
properties, such as pH: 9.2−12.8, electrical conductivity (EC)
with 28.4 mS/cm, exchangeable sodium percentage (ESP)
with 42−80%, and sodium absorption ratio (SAR) > 30%.22,23

Moreover, bauxite residue is difficult to dispose due to strong
alkalinity and large-scale production.22 Bauxite residue acts as
substrate addition to immobilize soil Cd, which provides a
optional way for disposal of large-scale solid waste and enriches
the theory of soil formation of bauxite residue.23 Currently,
most of the studies mainly focus on single immobilization
method for soil Cd, such as only water management measure
or substrate addition.2,12 There are a few reports on the
synergic application of water management and substrate
addition.24 Moreover, a better understanding on the
immobilization mechanism of soil Cd is essential due to the
Cd-contaminated characteristics of invisibility, accumulativity,
and irreversibility in soil.
In this work, it is hypothesized that the combined

immobilization method of water management and substrate
addition can effectively promote form transformation and
immobilization of soil Cd, further suppressing the toxicity and
bioavailability of soil Cd. To verify this hypothesis, the
combined immobilization effect of water management (long-
term flooding, F) and substrate addition (bauxite residue, B, or
lime, L) on soil Cd was assessed by soil cultivation experiments
using Cd-contaminated soils. Briefly, the main objectives were
(i) to test the differences of physicochemical properties of soil
Cd and form transformation of soil Cd following different
treatments and (ii) to investigate which treatments will exhibit
superiority in reducing toxicity and bioavailability of Cd in
contaminated soil.

2. MATERIALS AND METHODS
2.1. Materials. The tested soils were collected from a

farmland region near the lead−zinc ore disposal area in
Chenzhou, Hunan province, China (26°10′ N,113°62′ E).
This region belongs to the subtropical monsoon humid climate
zone, with average annual values of temperature of about 17.4
°C and precipitation of approximately 1524.2 mm. The soil
samples, followed by natural drying, obtained basic properties
including pH of 5.45, cation exchange capacity (CEC) of 10.5
cmol/kg, organic matter of 2.0%, and total Cd content of 10.3
mg/kg. Especially, the total Cd content in tested soils exceeds
34 times of the standard value specified by the environmental
quality standard for soil (GB15618-2018, China).10,11 For the
substrate materials, bauxite residue is made up of sand (48.1 wt
%), silt (51.7 wt %), and clay (0.2 wt %). The main minerals in
bauxite residue are hematite, cancrinite, katoite, calcite,
diaspore, gibbsite, and tricalcuium aluminate. The pH value
of bauxite residue is 11.21, and the Cd content of the bauxite
residue is 0.02 mg/kg. Lime is mainly composed of CaCO3,
with a small amount of CaO. The pH value of lime is 8.61, and
no content of Cd was examined in lime.

2.2. Experimental Design. The research work was carried
out by using soil cultivation experiments at Chemistry-Life
Building (25°47′ N, 113°05′ E) of Xiangnan University,
located in Chenzhou, Hunan province, China. The soil
samples were cultivated in plastic pots with an inner diameter
of 300 mm and a height of 240 mm, in which each pot
contained 5 kg of soil. The experiments were set with three
treatments of (i) long-term flooding mode (F), maintaining 2−
3 cm water layer at soil surface, continuous flooding
throughout the entire experimental period; (ii) combination
mode of flooding and bauxite residue (F-B, 2% bauxite
residue); (iii) combination mode of flooding and lime (F-L;
2% lime). Each treatment is repeated three times to obtain the
average value, that is, 9 samples in total. To compare with the
short-term immobilization effect of different treatments on soil
Cd, the experimental period of one month was set, and water
addition was conducted every 2 days in this experiment.
Collecting the tested samples with an interval of 6 days for
examination included pH, Eh, exchangeable Cd, and extraction
forms of soil Cd. After the experiment, soil samples were
collected and air-dried naturally. Then, the soil samples were
sieved through 10-mesh and 100-mesh nylon sieves, and the
resultant soil samples were stored for subsequent analysis.

2.3. Experimental Analysis. The compositions of soil
samples with different treatments were examined by X-ray
diffraction instrument (XRD, Rigaku/MiniFlex 600) with Cu
Kα radiation. The scanning speed was controlled at 5°/min
under an accelerating voltage of 40 kV and emission current of
26 mA.25 The chemical structure of the soil-associated organic
functional group was analyzed by using Fourier transformation
infrared spectra (FTIR, Thermo-Fisher Nicolet iS20), and
collection of spectra was ranged between 500 and 4000 cm−1,
along with a resolution of 4 cm−1.26 The morphology
characteristics and aggregate particles in soil samples were
analyzed by a scanning electron microscope (SEM, JSM-
6330F), in which the average size of aggregate particle in soil
samples was obtained via the Gauss distribution fitting.26 In
addition, the soil pH was examined using a pH meter (PHS-
3C, REX, China) with a solid-to-liquid ratio of 1:2.5,27 and the
electrical conductivity (EC) in soil was measured using an
electrode method.28 The cation exchange capacity (CEC) of
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soil was measured by using the ammonium acetate method
after washing with alcohol,18 and the organic matter of soil was
detected by a potassium dichromate oxidation-weighted
method.27 The total amount of soil Cd involved using a
boiling digestion process with aquaregia and perchloric acid as
reagents,27 and a soil sample of 2.00 g was extracted with 20
mL of 0.01 mol/L CaCl2. After extraction, the supernatant was
filtered through a quantitative filter paper.18 The European
community bureau of reference (BCR) sequential extraction
method was used to extract different fractions of Cd present in
soil samples,27 and the extracted forms of Cd in soils involved
in acid-soluble state, Fe−Mn oxidation state, organic-bound
state, and residual state. The measurement analysis for
determining Cd concentrations within digested solutions
obtained from soil samples was performed using an inductively
coupled plasma optical emission spectrometer (ICP-OES,
Optima 8300, PerkinElmer, USA).27 All sample analysis
processes were complied with quality control according to
the national standard substance (GBW(E)-070009) of soil,
with a Cd recovery rate of 95.8−98.8%. Simultaneously, the
blank experiment was set for comparison.

2.4. Data Analysis. All experimental results for data fitting
and image processing were analyzed by using Office 2010 and
Origin 8.5. The SPSS 19.0 software was employed for single-
factor analysis to acquire the significant differences of different
data. Multiple comparisons were carried out at the significance
level of P < 0.05. The Person correlation analysis method was
adopted to the correlation between the soil pH value and the
available Cd content in soil.

3. RESULTS AND DISCUSSION
As shown in Figure 1, XRD results suggested that the Cd-
contaminated soils with different treatments are mainly

composed of quartz (JCPDS Card No. 46-1045) and other
minerals, in which the compounds are in the form of poly
crystalline structure.29 Similar results were reported by Liu et
al.29 Compared with the F-treated soil, the soils following F-B
and F-L treatments occurred a weak diffraction peak
approximately 6° due to the existence of calcium silicate,30

which may be ascribed to that bauxite residue and lime
introduced Ca2+ to silicon compounds, promoting the
formation of calcium silicate.31 Calcium silicate in XRD
characterization is in accordance with Ca2SiO4 (JCPDS Card
No. 24-0034), belonging to the orthorhombic structure.30

Furthermore, XRD characterization of the soils with F-B
treatment indicated the presence of a significant diffraction
peak nearly 10° with high relative-diffraction intensity,

corresponding to calcium aluminum silicate,32 which is
attributed to that bauxite residue owns higher concentration
of aluminum element.33 Calcium aluminum silicate in XRD
patterns is in coincidence with Ca3Al6Si2O16 (JCPDS Card No.
23-0105), belonging to the hexagonal structure.32 In addition,
the diffraction peaks located in the 15−20° ranges were
matched with JCPDS Card No. 40-0760, in accordance with
cadmium hydroxide. The weak peaks with low relative-
diffraction intensity of cadmium hydroxide suggested lower
contents as compared with other minerals in soil. The
diffraction peaks corresponding to cancrinite and hematite
could be matched with JCPDS Card No. 48-0733 and JCPDS
Card No. 52-1449, respectively.23

Figure 2 displays the FTIR spectra of Cd-contaminated soils
with different treatments. It can be seen that the four

distinctive peaks (3692, 3612, 3525, and 3442 cm−1) at higher
wavenumber ranges can be assigned to the −OH stretching
vibration mode of hydroxyl groups,26,34,35 and the two weak-
signal peaks (2912 and 2852 cm−1) are in accordance with C−
H stretching bands.36 The absorption bands located at 1634,
1391, and 1028 cm−1 can be ascribed to the C−C/C−O
stretching vibration mode, C−H stretching vibration mode,
and C−O stretching vibration mode, respectively.26 The peak
with 909 cm−1 maybe attributed to the Al−Al−OH or Al−
OH−Al stretching vibration mode from aluminum-based
minerals.37,38 The three peaks at lower wavenumber ranges
with 785, 690, and 556 cm−1 can be assigned to the Si−O, Si−
O−Si, and O−Si−O stretching vibration modes from quartz in
soil, respectively.37,38 The intensity of the absorption bands in
Figure 2 reflected soil-associated organic functional group
characteristics (i.e., amounts and quantities), and the results
indicated reasonable differences for soils following different
treatments in spite of similarity in FTIR spectra shape for all
treatments, especially significant intensity in F-B mode, which
revealed that amounts of organic functional groups in soil are
affected by the substrate application.
Figure 3 shows the morphology characteristics of soil

aggregates through SEM observation, in which the aggregate
structure occurred evolution following different treatments. As
can be seen, F-treated soils presented that small aggregates
exhibited dispersedly distribution. According to the SEM
characterization, the sizes of aggregate particles were obtained,
and the average particle size of soil aggregates with F treatment
was approximately ∼126 nm (Supporting Information Figure
S1). However, bigger soil aggregates could be formed following

Figure 1. XRD patterns of soil samples following different treatments.

Figure 2. FTIR spectra of soil samples following different treatments.
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F-B and F-L treatments in Figure 3. The corresponding
average sizes of aggregates following F-B and F-L treatments
were about to be ∼256 and ∼270 nm, respectively (Supporting
Information Figure S1). SEM characterization results sug-
gested that F-B and F-L treatments can enhance aggregate size,
further improving aggregate stability and soil quality.39 In
general, toxic metals (e.g., Cd) in soil preferred to accumulate
in fine soil aggregate, and accumulation factors for soil Cd

assessment in microaggregates were high.40 Therefore, the
enhancement of aggregate sizes easily forms macroaggregates,
further changing the distribution and accumulation of Cd in
soil aggregates.
As shown in Figure 4, the impacts of different treatments on

the physicochemical properties of soil leachate were inves-
tigated. Figure 4a illustrates that the pH of soil leachate
increased as the flooding time increased for all treatments,

Figure 3. Morphology characteristics of soil samples following different treatments: (a) F, (b) F-B, and (c) F-L treatments.

Figure 4. Variations of (a) pH, (b) EC, and (c) Eh of soil leachates following different treatments.

Figure 5. Variations of (a) soil pH, (b) soil EC, and (c) soil exchangeable Cd contents following different treatments.
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exhibiting time-dependent characteristics irrespective of differ-
ent treatments. This result maybe because of gradual
consumption of H+ during the continuous flooding process,
and the flooding mode increases the pH value.41 Compared
with F-treated leachate pH, the values of leachate pH following
F-B and F-L treatments can be significantly enhanced, which is
due to that bauxite residue of F-B treatment and lime of F-L
treatment are high alkaline characteristics, further mediating
pH of soil leachate in terms of neutralization reaction.22,42

Particularly, for the F-B treatment, the pH variation of soil
leachate is most significant, owing to that bauxite residue of F-
B treatment has extreme alkalinity.22 In Figure 4b, the leachate
EC values exhibited an obvious fluctuation with increasing
leachate time, while the values of leachate EC at the same time
can follow the order of F-B > F-L > F. This result can be
attributed to that the addition of bauxite residue or lime can
introduce cations into soil solution, and more cation types
were introduced following F-B treatment relative to F-L
treatment.22,43,44 As depicted in Figure 4c, irrespective of
different treatments, Eh value of soil leachate increased with
increasing leachate time, and insignificant differences following
different treatments were found due to that soil leachate always
maintained reduction potential after the flooding state.18

The physicochemical properties of soils following different
treatments were also studied, as shown in Figure 5. Figure 5a
presents the variations of soil pH following different treat-
ments, where F-B and F-L treatments increased soil pH due to
the alkaline characteristics of bauxite residue and lime.22,42

Usually, the increase of soil pH can decrease the concentration
of soil Cd.45,46 Sun et al. investigated the sepiolite material for
Cd-polluted soil restoration and reported that the addition of
sepiolite material increased soil pH and decreased the toxicity
characteristic leaching procedure-Cd (TCLP-Cd) concentra-
tion.45 Also, Novak et al. adopted the substrate addition
method with biochar and lime amendments to dispose mine
spoil soil and reported that substrate application can increase
soil pH, further reducing the extractable metal concentrations
in soil.46 Furthermore, soil EC values with different treatments
were investigated and are shown in Figure 5b. It is evident that
F-B treated soils achieved an obvious increase of EC value
compared with other treatments because of that bauxite
residue of F-B treatment contains more cation types.22,43,44 In
addition, the exchangeable Cd content in contaminated soil is
related to activity and mobility of soil Cd, which can endanger
plant growth and human health.18 As displayed in Figure 5c,
compared with F treatment (4.31 mg/kg), soil exchangeable
Cd contents were decreased to 3.17 and 3.42 mg/kg following
F-B and F-L treatments, respectively. Among them, the F-B
treatment exhibited superiority for the reduction of exchange-
able Cd in contaminated soil, which provides potential for
immobilizing Cd in contaminated soil.
To better understand the form transformation of soil Cd

following different treatments, the distribution of soil Cd with
various fractions was studied, as depicted in Figure 6. It is clear
that soil Cd is mainly in the form of residual Cd (O−Cd) and
acid-soluble Cd (AC-Cd), and a small quantity of organic-
bound Cd (Org-Cd) and Fe/Mn-bound Cd (Fe/Mn−Cd) was
found. Compared with soil residual Cd content in the F
treatment (54%), the proportions of soil residual Cd contents
increased to 57 and 56% following F−B and F-L treatments,
respectively, which indicated that F−B treatment can more
effectively immobilize soil Cd bioavailability.29 In contrast, as
compared to soil acid-soluble Cd content in the F-treatment

(46%), the proportions of soil acid-soluble Cd contents
decreased to 37 and 43% following F-B and F-L treatments,
respectively, which further confirmed that the combined
treatments (F-B and F-L) can suppress the bioavailability of
soil Cd, and the F-B treatment achieved a better immobiliza-
tion effect of Cd in contaminated soil.
Correlation analysis from Figure 7 indicated that a negative

correlation was observed between soil pH and soil exchange-

able Cd (R = −0.883, P < 0.05), and the relationship between
soil pH and soil acid-soluble Cd also exhibited a negative
correlation (R = −0.636, P < 0.05). Therefore, it can be
concluded that variation of pH is easy to change soil
exchangeable Cd content and soil acid-soluble Cd content,
and pH regulation is beneficial for immobilization of Cd in soil.
Substrate applications such as bauxite residue and lime can
increase soil pH in suitable ranges during the flooding state
(Figure 5), which provides a feasible approach to immobilize
soil Cd.
Based on the aforementioned analysis and discussion, we

proposed the interference mechanism of Cd-contaminated
soils following F-B and F-L treatments, as shown in Figure 8.
On the one hand, the neutralization reaction can be occurred
in Cd-contaminated soils following F-B and F-L treatments,
because bauxite residue/lime is easy to release OH− due to
their alkaline characteristics and the untreated soil tends to be
acidic (containing H+).22,42 Therefore, the F-B and F-L
treatments can increase soil pH (Figure 5) and decrease soil
exchangeable Cd content and soil acid-soluble Cd content
(Figure 7), further immobilizing Cd and suppressing the
toxicity and bioavailability of Cd in soil. On the other hand, the

Figure 6. Effects of different treatments on the distribution of Cd
fractions in soil (O−Cd: residual Cd, Org-Cd: organic-bound Cd, Fe/
Mn−Cd: Fe/Mn-bound Cd, and AC-Cd: acid-soluble Cd).

Figure 7. Correlations analysis of soil pH versus exchangeable Cd
contents and acid-soluble Cd contents in soil.
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concentrations of cations can be modulated by bauxite residue
of F-B treatment and lime of F-L treatment, which promotes
the immobilization of soil Cd.20,47 For the F-L treated soils,
more Ca2+ could be generated in soil owing to lime addition,
and the Cd contaminant was embedded in the interstices of
the soil calcium interfaces, making them inert and immobile.20

For the F-B treated soils, Cd ions were immobilized by means
of ion exchange effect, in which the cadmium ions in soil could
be adsorbed and trapped by bauxite residue via the cation
exchange process.47 In this experiment, bauxite residue of F-B
treatment is a high-alkalinity substance,22 which can increase
pH under the flooding mode by means of neutralization
reaction. The increase of soil pH can reduce the exchangeable
Cd content in contaminated soil.48 In addition, incorporating
bauxite residue of F-B treatment can induce the release of
more cations (i.e., Al3+, Ca2+, and Fe3+),22 and these cations
into soil can promote the immobilization of soil Cd in terms of
cation exchange effect.21,46−48 Moreover, bauxite residue owns
more cation types and higher EC value (Figure 5), which
results in that more cadmium ions in soil were immobilized.
Therefore, the neutralization and immobilization effects of Cd
in F-B-treated soils are more forceful relative to F-L treatment,
which caused that F-B treatment exhibits superiority in
suppressing toxicity and bioavailability of soil Cd.

4. CONCLUSIONS
The results obtained in the present study demonstrated that F-
B and F-L treatments can regulate the amounts of organic
functional groups and the aggregate stability in Cd-
contaminated soil. Both F-B and F-L treatments were
considerably effective in regulating leachate pH, leachate EC,
soil pH, soil EC, exchangeable Cd content, and acid-soluble Cd
content in soil. The relationship of negative correlation was
found in soil pH versus exchangeable Cd content and acid-
soluble Cd content in soil. It is worthy to mention that F-B
treatment performed superiority in suppressing toxicity and
bioavailability of soil Cd, which can be attributed to that F-B
treatment easily induces neutralization reaction and immobi-
lization effect in Cd-contaminated soils. These findings provide
valuable insight into the immobilization of soil Cd and the
suppression of the toxicity and bioavailability of Cd in
contaminated soil.
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