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Abstract: In this study, we conducted field experiments to assess the effects of the combined ap-
plication of Chinese milk vetch (Astragalus sinicus L., CMV) and red mud (RM) to remediate the
cadmium-polluted acidic paddy soil. The results showed that the combined application increased the
yield component index and improved the grain yields, compared with the control, RM1, RM2, and
CMYV treatments. However, the increased range of soil pH values in the CMV-RM1 and CMV-RM2
treatments was smaller than that of the RM1 and RM2 treatments at the different rice growth stages.
The soil organic matter (SOM) contents of the RM-only treatments did not differ throughout the whole
period, but were significantly different (p < 0.05) between CMV-RM2 and the control. Compared
with the control, the combined application decreased the concentration of exchangeable Cd in the
early rice soil. The combined application of CMV and RM substantially decreased the rice uptake of
Cd. However, we found no significant difference (p < 0.05) between the CMV-RM1 and CMV-RM2
treatments. Therefore, compared with remediation with RM or CMV alone, we recommend the
combined application of CMV and RM as an economical, highly effective, and replicable amendment
for remediating acidic, Cd-polluted paddy soil. Considering the restorative effect and proper use of
RM, we recommend CMV-RM1 treatment.
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1. Introduction

Cd is highly toxic to humans, and a readily bioconcentrated heavy metal with a
biological half-life of 15-30 years [1]. The harm to human life posed by cadmium (Cd)
contamination is regarded as a major environmental issue on a global scale. At the moment,
Cd contamination is a major issue [2] and has received a lot of attention in several agricul-
tural regions of China [3]. Cd can lead to a variety of diseases by damaging the respiratory,
urinary, and skeletal systems. Consequently, the remediation of Cd-contaminated soils has
become a research focus for scientists worldwide [4]. Many studies have been conducted in
China and globally on remediation techniques for heavy-metal-contaminated soils [5]. As
a result of its ease of use, high efficacy, and cheap cost, in situ stabilization using several
soil amendments is an economical and effective method for treating Cd-contaminated
cultivated land [6].
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Red mud (RM), a potentially harmful byproduct of the manufacturing of alumina, has
the ability to cement porous aerial structures and has very fine dispersion, high specific
surface area, and good adsorption capabilities [7]. RM is an excellent material for reme-
diating the acidic Cd-polluted farmed soil, since it is inexpensive and simple to obtain.
Numerous studies on the use of red mud in agricultural output have been successful [8].
Red mud application has been shown in numerous research, including both laboratory
and field tests, to speed up the chemical conversion of soil Cd into Fe/Mn oxide fractions
and organic matter-bound fractions. RM contains low levels of essential nutrients such
as K, Mg, Cu, Zn, and Mn. Thus, RM application can significantly promote crop growth
and reduce Cd accumulation, which is attributed to the high pH [9]. The addition of
red mud (RM) considerably increases the conversion of heavy metals to a stable state in
farmlands [10-13], showing that the application of RM effectively reduces heavy metal
concentrations in lettuce. However, RM is an industrial solid waste discharged from Al
extraction in the Al industry [14-17] that also contains metals. The main metals in RM
are Cd, Pb, As, Cr, amongst others. Thus, the excessive application of RM poses certain
environmental risks [18].

Compared with physical and chemical methods, phytoremediation is an environ-
mentally friendly, low-cost, and sustainable soil restoration technique, and has gradually
attracted the attention of researchers [18-20]. Organic regulation is one of the most effective
methods of phytoremediation for heavy metal pollution in soil. Chinese milk vetch (Astra-
galus sinicus L., CMV) is commonly used as an organic regulatory plant for the remediation
of heavy-metal-contaminated soils [21]. According to recent studies, the CMV can also
remove heavy metals from contaminated soils [21-23]. CMV is a biennial Astragalus Linn.,
Leguminosae herb that has been widely planted in southern China for centuries as a type
of green manure [22]. As an amendment, it alters the solubility of Cu and Cd in the soil and
reduces their uptake by rice [24]. The introduction of CMV decreased Cd bioavailability
through changing the soil’s physical characteristics and reshaping the microbial population,
ultimately lowering Cd levels in rice grains [23]. However, the use of CMYV still faces some
constraints, as with other phytoremediation techniques, such as with long-term treatment
and the relatively low remediation efficiency.

In this study, we investigated the feasibility of using a combination of CMV and
RM to remediate Cd-polluted soils by performing field experiments. We evaluated the
main effects of the interaction between CMV and RM, focusing on whether the combined
treatment with CMV and RM can be used as an amendment for the remediation of heavy-
metal-polluted farmland.

2. Materials and Methods
2.1. Site Description, Soil, RM and CMV

The experimental field was located in Xiangtan city, Hunan province, China (27°54'50” N,
112°58'30” E). The test area is 1500 m away from the Xiangjiang River, which has rich aquatic
resources. The use of the Xiangjiang River water for irrigation has been the leading cause of
the recent Cd pollution in the area. The soil is a reddish clayey soil, formed from the laterite
parent material of the quaternary period: an acidic fluvo-aquic paddy soil that developed
from river alluvium.

The region has a double-cropping system, with early rice cultivated from April to July
and late rice cultivated from July to October. The average annual temperature of the site is
16.7-17.4 °C, and the total annual precipitation is 1200-1500 mm. The main soil properties
of the 0-200 mm layer in the study field are described in Table 1.

RM, which was produced by a combined Bayer and sintering process, was supplied
by the China Great Wall Aluminum Corporation. The pH of the RM was 11.3. The
concentrations of available nitrogen, available phosphorus and available potassium were
7.21,1.18, and 4.1 mg kg, respectively. The total concentration of Cd in the RM was
0.48 mg kg 1.
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Table 1. Values of main soil properties in this study.
Organic Matter Available N Available P Available K Cation Exchange
pH (OM) (AN) (AP) (AK) Capacity (CEC)
g kg1 mg kg1 mg kg1 mg kg1 mmol kg1
54403 31.6 £1.1 3752 £10.2 72+£08 103.5 +£2.3 154.8 £ 5.6

For CMV, Xiangzi 4 (registration number: XPD015-2015) was the experimental variety,
which was selected and bred at the Hunan Academy of Agricultural Sciences, Chang-
sha, China.

2.2. Experimental Setup and Sampling

We applied six treatments, as follows: (1) control: without RM and without CMV;
(2) RM1: application of 3000 kg hm~2 RM; (3) RM2: application of 4500 kg hm~2 RM;
(4) CMV: application of CMV; (5) CMV-RM1: application of CMV and 3000 kg hm~2 RM;
and (6) CMV-RM2: application of CMV and 4500 kg hm~2 RM. For the trial, we applied a
randomized complete block group design, with three replicates in each treatment group.
We planted all treatments with early rice only. We conducted the field study between April
and July 2019. For our experiment, we divided one experimental field into 18 subplots
(4 x 5 m for each pot), which we separated by a ridge that was 400 mm wide.

The ground was turned and raked, the fresh CMV in the CMV treatment was cut
10 days before early rice transplanting, and 22,500 kg hm 2 was incorporated into the soil in
April 2019, 15 days in advance of rice transplanting. We used the same application rates of
conventional fertilization (N, P, and K of 150.00, 32.75, and K 74.68 kg hm~2, respectively),
in the subplots as a base fertilizer at 18 days before rice transplanting. We transplanted
seedlings (Xiangzaoxian 45, Hunan Rice Research Institute, a conventional rice variety) on
23 April 2019 and harvested them on 29 July 2019 after 96 days of growth. In brief, from the
flowering to the tillering stage, we intermittently applied irrigation to the subplots under
continuously tilling until day 54. The subplots were then drained for 7 days (days 55 to 61),
and were then kept under dry-wet alternations until day 81. Finally, the subplots were
exposed for 82-96 days. Other field management practices during the growing season in
this trial were consistent with those applied in local fields.

We collected soil samples before planting and after harvesting the rice. The fresh
soil sample in each plot for a mixed sample was collected at a depth of 020 cm. Soil
samples were air-dried in the shade and pulverized with an agate mortar. Subsequently,
the sample was passed through 2 mm and 0.149 mm sieves, to determine the basic physical
and chemical properties and the mass ratio of different forms of Cd in the soil. The basic
physical and chemical properties of red mud were determined by conventional methods.
Soil and red mud were digested with HNO3-HCIO4-HF. Wet digestion with HNO3-HCIO4
was used for rice digestion. Poplar leaves (GBW(764) as an internal standard were used for
quality control. After the first soil sample collection, we sowed the rice. During the various
rice growth stages, including at early tillering, active tillering, booting, milk production,
and maturity, we analyzed the soil pH and Cd fraction of the soil samples. After the
samples had been completely digested, we drove the acid to nearly dry, added a small
amount of dilute nitric acid solution to dissolve it, and transferred a fixed volume to be
tested. The method of Tessier [25] was used to determine the content of Cd in the soil. After
harvesting the rice, we measured the index of the yield components, and collected rice
grains to analyze the yield and Cd content. We collected and removed all the rice straw
from the plots, to determine the yield.

2.3. Analytical Methods

We determined the Cd content in rice as follows: we separated brown rice and rice
hulls using a dehusker (JLGJ4.5, Taizhou Food, Taizhou, China). We digested the brown
rice, 0.5 g (dry weight) using HNO3; and HCIOy (4:1, v/v). After cooling, solutions were
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diluted to 25 mL using 2% HNO3. and then filtered. We measured the Cd concentrations in
the digested solutions using a flame atomic absorption spectrometer (AA6300, Shimadzu,
Tokyo, Japan), and calculated the Cd concentrations in the brown rice. We quantified the
SOM content using the K;CryO7 oxidation method. We analyzed the total Cd in the soil,
based on previously reported methods [12,14]. We used a TZS-RHW-4HG device (Zhejiang
Topu Yunnong Technology Co., Ltd., Hangzhou, China) to measure soil pH in the field. All
chemicals and reagents were of analytical grade and provided by Changsha Yufusheng
Chemical Glass Instrument Co., Ltd. (Changsha, China). We determined the fraction of Cd
in the soil following a previously reported method [25]. We used Statistical Product and Ser-
vice Solutions (SPSS, version 21.0, International Business Machines Corporation, Armonk,
NY, USA) to perform a three-way analysis of univariate statistics and correlation analysis.

One-way analysis of variance (ANOVA) was used for multiple comparisons of LSD
(p <0.05, p < 0.01). The graphs were generated using the Origin 2021. Pearson’s correlation
coefficients (R values) with the respective probabilities (P) were used to determine the
significance between different parameters (p < 0.05, p < 0.01).

3. Results and Discussion
3.1. Yield Component Characters of Rice

Among the treatments, CMV-RM2 plants were the tallest, had the most effective spikes,
greatest number of grains on the spike, and fruit set, and the highest 1000-grain weight
(Table 2). Plant height was not significantly different between the-CMV-RM2 treatment
and the other treatments (p > 0.05), except for the control group. The effective panicles
and grain number per panicle were significantly different between CMV-RM2 and the
other treatments (p < 0.05), except for the CMV-RM1 treatment. Seed setting significantly
differed between the CMV-RM2 treatment and the other treatments (p > 0.05), except for
the CMV and CMV-RM1 treatment. The 1000-grain weight did not significantly differ
between the CMV-RM2 treatment and the other treatments (p > 0.05), except for the control
and RM1 treatments. Plant height, effective panicles, grain number per panicle, 1000-grain
weight, and seed setting rate, were not significantly different between the CMV-RM1 and
CMV-RM2 treatments (p> 0.05). The combined CMV and RM application increased plant
height, effective panicles, grain number per panicle, 1000-grain weight, and seed setting
rate. These indices demonstrate the positive effect of the combined application of CMV
and RM on increasing rice yield.

Table 2. Plant height, effective panicles, grain number per panicle, seed setting rate, and 1000-grain
weight increases (%) of CMV-RM2 compared with the other treatments.

Compared with
Control RM1 RM2 CMV CMV-RM1
plant height 5.85 3.41 2.78 1.31 0.95
CMV-RM2 effective panicles 24.30 19.82 12.71 10.83 391
increased grain number per panicle 15.36 11.99 6.98 5.80 3.51
% seed setting rate 6.94 4.15 3.29 2.33 1.27
1000-grain weight 4.55 3.69 3.27 2.85 2.43

Note: Control, without RM and without CMV; RM1, application of 3000 kg hm~=2 RM; RM2,: application of
4500 kg hm~2 RM; CMYV, application of CMV; CMV-RM1, application of CMV and 3000 kg hm~2 RM; CMV-RM2,
application of CMV and 4500 kg hm~2 RM.

3.2. Rice and Straw Yield

Rice and straw yields fluctuated for the different treatments (Figure 1). The rice yield
positively correlated with the combined application of CMV and RM. The grain and straw
yields did not significantly differ between the CMV-RM1 and CMV-RM2 treatments. The
grain yields of the CMV-RM1 and CMV-RM2 treatments were significantly (p < 0.05) higher
than those of the control and the RM1, RM2, and CMV treatments by 14.65%, 10.07%,
8.73%, and 4.84%, and by 13.52%, 8.98%, 7.65%, and 3.80%, respectively; however, we
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found no significant difference when comparing the CMV-RM1 and CMV-RM2 treatments
with the CMV treatment. The straw yield in the CMV-RM1 and CMV-RM2 treatments was
significantly higher (p < 0.05) than in the control and the RM1, RM2, and CMV treatments,
by 6.95%, 4.47%, 2.63%, and 0.40%, and 6.59%, 4.12%, 2.29%, and 0.06%, respectively.
However, we found no significant difference between the CMV-RM1 and CMV-RM2
treatments and the CMV treatment.

7500
| u Rice

B Staw " aA 2R

7000 aA

abAB L .AB

6500

6000

The rice and straw yields (mg pot-')

5500

Control RM1 RM2 CMV CMV-RM1 CMV-RM2

Different treatment

Figure 1. Rice and straw yields under different treatments (LSD Test, different letters above the
bars represent statistically significant different, p < 0.05, p < 0.01). Note: Control, without RM and
without CMV; RM1, application of 3000 kg hm~2 RM; RM2,: application of 4500 kg hm~2 RM; CMYV,
application of CMV; CMV-RM1, application of CMV and 3000 kg hm~2 RM; CMV-RM2, application
of CMV and 4500 kg hm~2 RM.

Therefore, we found that the combined application of CMV and RM had a remarkable
effect on early rice and straw yields. Accordingly, we recommend the CMV-RM1 treatment
in terms of rice and straw yields.

3.3. Change in Soil pH

The soil pH values of the different treatments and stages in the early rice seasons
fluctuated (Figure 2). Compared with the control and CMYV treatments, the pH value of
the soil increased as the RM application rate increased at the different rice growth stages.
The pH in the RM treatment decreased as the growth period progressed. However, the
soil pH of the CMV-RM1 and CMV-RM2 treatments was lower than that of the RM1 and
RM2 treatments at the different rice growth stages. The soil pH of the CMV treatment
was generally the lowest among all the treatments at the different rice growth stages. At
the different growth stages, the pH value of the soil treated with RM was higher than in
the control group, mainly because the RM was alkaline, and an acid-base neutralization
reaction occurred when the RM was applied to acidic soil, which increased the soil pH.
Over time, the soil pH value gradually decreased during the tillering and booting stages,
and tended to stabilize during the milk and mature stages. We provide the following
explanations as a possible reason for this decrease: we incorporated the CMYV into the
paddy soil before we transplanted the rice and prepared the field, and CMV had a phased
effect on soil pH. The pH of the CMV decreased in the early to middle stages. Decreasing
soil pH after plant material addition has also been reported previously. In the later stages,
the pH of the CMYV increased in the treatments, compared with the control group [26,27].
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Figure 2. Soil pH value of different treatments and different stages (data are represented as
average £ SD, n = 3). Note: control, without RM and without CMV; RM1, application of
3000 kg hm~—2 RM; RM2; application of 4500 kg hm~2 RM; CMV, application of CMV; CMV-RM1,
application of CMV and 3000 kg hm~2 RM; CMV-RM2, application of CMV and 4500 kg hm~2 RM.

The soil has a self-buffering capacity. The pH of the soil tended to return to its initial
level. In contrast, rice roots produce secretions during growth, containing large amounts
of H* and organic acids (such as lactic, oxalic, malic, and formic acids). These secretions
increase the concentration of H* in the soil, acidify the rhizosphere soil, and decrease
soil pH. In the tillering and booting stages, rice grows vigorously, the production of root
exudates is relatively high, and the soil pH is also relatively strongly regulated. Except
for the control and CMYV treatments, the pH values of all soils in the RM treatments were
higher than those of the background soil at different rice growth stages, which indicated
that the application of RM increased the soil pH value in a short time and that this increase
was sustainable. Considering the effects on soil pH, when applied to remediate heavy-
metal-contaminated soils, RM may provide beneficial long-term results.

3.4. Soil Organic Matter in Paddy Soil

The SOM content is a critical factor affecting crop productivity because of its essen-
tial role in maintaining the physical, chemical, and biological [28-30] properties of the
soil [31-34]. In this study, the SOM content decreased throughout the growth period
(Figure 3). The SOM content of the different treatments changed minimally over the entire
growth period, with a maximum change of only 3.4 g kg~!. The SOM content did not differ
significantly between the RM-only and control groups (p > 0.05). The SOM content differed
significantly between the CMV treatment and the control treatment, but not significantly
amongst the CMV, CMV-RM1, and CMV-RM2 treatments in the early tillering stage. Except
for the CMV-RM2 treatment, the SOM content did not differ significantly amongst the
other treatments during the active tillering stage (p > 0.05). Except for the CMV-RM1 and
CMV-RM2 treatments, the SOM content did not differ significantly amongst the different
treatments in the booting, milk, or maturity stages (p > 0.05). Therefore, treatment with RM
alone produced no differences in the SOM over the entire period. We observed a significant
difference between the CMV-RM2 treatment and control groups (p < 0.05), potentially
related to the composition of the RM. Moreover, as a type of green manure, the use of
CMYV in soil is a beneficial practice for agricultural production. Sustainable cultivation
systems can be enhanced by improving soil nutrients [31,33,34], stimulating microbial
activity [35,36], and reducing weed density and abundance [37].
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Figure 3. The SOM of different treatments and different stages (standard error). Note: control, without
RM and without CMV; RM1, application of 3000 kg hm—2 RM; RM2; application of 4500 kg hm 2
RM; CMYV, application of CMV; CMV-RM1, application of CMV and 3000 kg hm~—2 RM; CMV-RM2,
application of CMV and 4500 kg hm~2 RM.

3.5. Cd Fractions

We used the continuous extraction method to analyze the effectiveness of the combined
CVM-RM application in remediating the soil. The five forms of Cd in soil are exchangeable
(EXC), carbonate (CA), manganese oxide (Fe-Mn), organic matter bound (OM), and residual
(RES) [38]. Normally, metals in the aqueous phase are directly uptaken by field crops. In
addition, field crops prefer to uptake EXC when both EXC and CA are present. The
other three forms are unavailable components and difficult for field crops to take up. The
structure and distribution of the Cd forms in the soil are shown in Figure 4.

The exchangeable forms accounted for less than 30% of the Cd in the soil during the
early rice cultivation stage. Compared with that in the control, the concentration of EXC-Cd
decreased in the early tillering stage by 11.46% (RM1), 17.01% (RM2), 4.31% (CMV-RM1),
and 9.12% (CMV-RM2). Except for CMV, EXC-Cd decreased in the active tillering stage by
14.84% (RM1), 20.04% (RM2), 4.93% (CMV-RM1), and 8.69% (CMV-RM2). Except for CMV,
EXC-Cd decreased in the booting stage by 4.81% (RM1), 20.01% (RM2), 9.03% (CMV-RM1),
and 13.44% (CMV-RM2). Except for CMV, EXC-Cd decreased in the milk stage by 6.84%
(RM1), 11.21% (RM2), 4.28% (CMV), 16.21% (CMV-RM1), and 22.44% (CMV-RM2), and in
the maturity stage by 13.67% (RM1), 21.53% (RM2), 18.39% (CMV), 24.82% (CMV-RM1),
and 30.85% (CMV-RM2). Exchangeable Cd is the most toxic form. With the combined
application of CMV and RM, EXC-Cd transformed into CA-Cd, Fe-Mn-Cd, and Res-Cd.

When applied to rice soils as green manure, CMV not only enhances fertility but also
improves the structure of soil macroaggregates and stimulates microbes. Many organic
acids and polysaccharides are produced and released by enhanced microbial activity in fer-
tilized soil [31,38—40]. In addition, the micropores in soil macroaggregates are transformed
into macropores by organic acids and polysaccharides [41]. The accumulation of Zn and
Cd in wheat straw or cereals does not increase following the application of organic manure
or compost, part of which can be attributed to the dilution of these two elements in the
larger biomass [42,43]. The results of this experiment are consistent with those reported by
Jarrell and Beverly [44]. Treatment with CMV decreased the amount of available Cd.



Sustainability 2022, 14, 13192

8of 11

100% -

80%

60% 18 & = — I ———————————— I
40% - II
20% - I

The percentage of soil fraction

B EXC 352232352233353253333532352533
-y EFEPIERELEF P IEIE EFF P IEE E I 1 1F 1 CF
e iV sl Sz sz sls sl
e [ |G O &) oo (OS]
o)
= RES Early tillering | Active tillering Booting Milk Maturity
100%
= ]
=]
Eso%-
T 60% R . o 1.
1]
—_ B
o I
!@40%-
v
% 20% -
w
E 0%
gl.gl.s1Z1-E].sel.el.g1= 1-El.el.el.g1=1EL =] el.81=2 1EL. 2l el 8= 1EL el .2l 81E]-
el -1 = L ELEE = B E E E E B E i [ E B E i E E B E E B E B E
mCA =__o :c==0 «==o eu_._=o e=='_.o ea‘._._o <
=|=|| E.....r.n 2-—.-::: 2:.—!:: E....::m zzcm -
M Fe-Mn 2 2 2 2 2 =
] 2 ER= = = s = = = 5 =
= o < 9 < 3]
OM 53] l-i-l< l-l-l< I-I-I< H-I< I-l-l<
W RES
Control RM1 CMV CMV-RMI | CMV-RM1 | CMV-RM2

Different treatment and Rice gowth stages

Figure 4. Geochemical fractions of soil Cd at early tillering, active tillering, booting, milk, maturity
and different stages of rice growth: EXC, CA, Fe-Mn, OM and Res are exchangeable, carbonate
bound, iron-manganese oxide bound, organic and residual fraction. Note: control, without RM and
without CMV; RM1, application of 3000 kg hm~2 RM; RM2; application of 4500 kg hm~2 RM; CMV,
application of CMV; CMV-RM1, application of CMV and 3000 kg hm~2 RM; CMV-RM2, application
of CMV and 4500 kg hm~2 RM.

The Fe and Al oxides in RM contain surface-active sites that are associated with heavy
metals. The general combination fixes heavy metals, thus forming iron aluminum oxide
combined with heavy metals, which are difficult for field crops to take up and use [45].
Fe and Al oxides introduce new adsorption surfaces to the soil, which can stabilize heavy
metals through physisorption, chemisorption, or physicochemical adsorption. An increase
in pH is the most direct reason for decreases in Cd activity in the soil. Of the five Cd species,
four (all except OM-Cd) were affected by the change in soil pH in this study. As RM was
alkaline, once we applied the RM to the soil the increase in soil pH caused a large amount
of soluble Cd to enter the insoluble state.

Therefore, compared with the CMV-only and RM-only methods, the combined appli-
cation/repair of CMV and RM prevented both the pH decrease produced by CMV and
decomposition, increased the pH with the addition of RM, and improved the structure of
the soil aggregates.
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3.6. Cd Concentration of Brown Rice

We also observed a reduction in the total Cd concentration in rice in this study
(Figure 5). Compared with the control, the Cd concentrations in the RM1, RM2, CVM,
CVM-RM1, and CVM-RM2 treatments decreased by 13.79%, 41.38%, 20.69%, 44.83%, and
55.18%, respectively. Thus, the Cd reduction with the combined application in the CMV-
RM1 and CMV-RM2 treatments was greater than in the other treatments. However, we
observed no significant difference. This result suggests that the combined application of
CVM and RM as a soil remediation method substantially reduced the uptake of Cd by rice.

0.40
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Figure 5. Total Cd concentration of different treatments in rice (LSD Test), defferent letters above the
bars represent statistically significant different, p < 0.05. Note: control, without RM and without CMV;
RM1, application of 3000 kg hm 2 RM; RM2: application of 4500 kg hm 2 RM; CMYV, application of
CMV; CMV-RM], application of CMV and 3000 kg hm~2 RM; CMV-RM2, application of CMV and
4500 kg hm 2 RM.

4. Conclusions

The combined application of Chinese milk vetch (Astragalus sinicus L.) and red mud
decreased Cd bioavailability and the Cd content of rice. The application of a certain amount
of red mud in acid tide mud fields with moderate and mild Cd pollution can significantly
improve rice yield, while significantly increasing soil pH value and SOM; reducing the
available Cd mass ratio in soil reduced the Cd mass ratio in brown rice. The use of joint
repair technology overcomes the shortcomings of using red mud or Chinese milk vetch to a
certain extent, improves the repair efficiency, and reduces the repair cost and risk from only
red mud or Chinese milk vetch. The results of the field trials showed that the combined
application of CMV and RM is an economical, efficient, and replicable amendment for the
remediation of Cd-contaminated fields. We found no significant differences between the
CMV-RM1 and CMV-RM2 treatments. Given the restorative effect, and with an appropriate
use of RM, we recommend the CMV-RM1 treatment. In future studies, researchers should
widen the selection of CMV species from a set of joint remediation models, and apply them
to the remediation and protection of contaminated farmland soil after testing.

Author Contributions: Conceptualization, M.F,; methodology, M.F,; resources, Y.L.; software, M.F.
and L.H.; writing—original draft, M.F. and X.L.; writing—review and editing, X.L., Y.Z., AN.-D.,
L.L,S.L., HH. and Y.L. All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by the Joint Fund Project of National Natural Science Founda-
tion of China (No. U19A2046), the National Key Research and Development Program of China
(2021YFD1700200), the Natural Science Foundation of Hunan Province, China (No. 2019]]J70015), Key
Research and Development Program of Hunan Province (2021NK2029).

Institutional Review Board Statement: Not applicable.



Sustainability 2022, 14, 13192 10 of 11

Informed Consent Statement: Not applicable.

Data Availability Statement: The experimental data and materials during the current study are
available from the first author on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chiarelli, R.; Roccheri, M. Marine invertebrates as bioindicators of heavy metal pollution. Open |. Met. 2014, 4, 93-106. [CrossRef]

2. Karimi, R.; Ayoubi, S.; Jalalian, A.; Sheikh-Hosseini, A.R.; Afyuni, M. Relationships between magnetic susceptibility and heavy
metals in urban topsoils in the arid region of Isfahan, central Iran. J. Appl. Geophys. 2011, 74, 1-7. [CrossRef]

3. Wang, Y.; Xu, Y,; Liang, X.; Sun, Y.; Huang, Q.; Qin, X.; Zhao, L. Effects of mercapto-palygorskite on Cd distribution in soil
aggregates and Cd accumulation by wheat in Cd contaminated alkaline soil. Chemosphere 2021, 271, 129590. [CrossRef] [PubMed]

4. Huang, R.; Li, Y;; Li, F; Yin, X,; Li, R;; Wu, Z,; Liang, X.; Li, Z. Phosphate fertilizers facilitated the Cd contaminated soil remediation
by sepiolite: Cd mobilization, plant toxicity, and soil microbial community. Ecotoxicol. Environ. Safe 2022, 234, 113388. [CrossRef]
[PubMed]

5. Zhang, J.; Shi, Z,; Liu, S.; Ni, S.; Wang, X.; Huang, W. Evaluation of the Effectiveness of Composite Mineral Remediation Agents
on Cd Immobilization in Soils and Rice. Soil Sediment Contam. 2022, 31, 386—403. [CrossRef]

6. Li, E; Ai, S; Wang, Y,; Tang, M.; Li, Y. In Situ Field-Scale Remediation of Low Cd-Contaminated Paddy Soil Using Soil
Amendments. Water Air Soil Pollut. 2016, 227, 342. [CrossRef]

7. Yang, D.; Wang, R.; Feng, X.; Chu, Z.; Wei, W.; Zheng, R.; Zhang, ]J.; Chen, H. Transferring waste red mud into ferric oxide
decorated ANA-type zeolite for multiple heavy metals polluted soil remediation. J. Hazard. Mater. 2022, 424, 127244. [CrossRef]

8.  Wang, C,; Zhang, X.; Sun, R.; Cao, Y. Neutralization of red mud using bio-acid generated by hydrothermal carbonization of waste
biomass for potential soil application. J. Clean. Prod. 2020, 271, 122525. [CrossRef]

9. Xu, Z; Zhang, Y,; Wang, L.; Liu, C,; Sun, W,; Wang, Y.; Long, S.; He, X,; Lin, Z; Liang, ].; et al. Rhizobacteria communities
reshaped by red mud based passivators is vital for reducing soil Cd accumulation in edible amaranth. Sci. Total Environ. 2022,
826, 154002. [CrossRef]

10. Gu, H.; Zhou, Z.; Gao, Y. The influences of arbuscular mycorrhizal fungus on phytostabilization of lead/zinc tailings using four
plant species. Int. ]. Phytoremediat. 2017, 19, 739-745. [CrossRef]

11. Guo, B, Yao, L.; Liu, Z. Environmental residues of veterinary antibiotics in Guangzhou city, China. J. Agro-Environ. Sci. 2011, 30,
938-945.

12.  Lee,S; Lee,].; Choi, Y. In situ stabilization of cadmium-, lead-, and zinc-contaminated soil using various amendments. Chemosphere
2009, 77, 1069-1075. [CrossRef] [PubMed]

13. Shaheen, S.; Shams, M.; Ibrahim, S. Stabilization of sewage sludge by using various by-products: Effects on soil properties,
biomass production, and bioavailability of copper and zinc. Water Air Soil Poll. 2014, 225, 1-13. [CrossRef]

14. Nie, Q.; Hu, W.,; Huang, B.; Shu, X.; He, Q. Synergistic utilization of red mud for flue-gas desulfurization and fly ash-based
geopolymer preparation. . Hazard. Mater. 2019, 369, 503-511. [CrossRef]

15. Garau, G,; Castaldi, P.; Santona, L. Influence of red mud, zeolite and lime on heavy metal immobilization, culturable heterotrophic
microbial populations and enzyme activities in a contaminated soil. Geoderma 2007, 142, 47-57. [CrossRef]

16. Garau, G,; Silvetti, M.; Deiana, S. Long-term influence of red mud on As mobility and soil physico-chemical and microbial
parameters in a polluted sub-acidic soil. . Hazard. Mater. 2011, 185, 1241-1248. [CrossRef]

17. Ok, Y,; Lim, J.; Moon, D. Stabilization of Pb and Cd contaminated soils and soil quality improvements using waste oyster shells.
Environ. Geochem. Health 2011, 33, 83-91. [CrossRef]

18. Etim, E. Phytoremediation and Its Mechanisms: A Review. Int. |. Environ. Bioenergy 2012, 2, 120-136.

19. Lone, M.; He, Z.; Stoffella, P; Yang, X. Phytoremediation of heavy metal polluted soils and water: Progresses and perspectives. J.
Zhejiang Univ.-Sci. B 2008, 9, 210-220.

20. Wang, Y,; Ma, E; Zhang, Q. An evaluation of different soil washing solutions for remediating arsenic-contaminated soils.
Chemosphere 2017, 173, 368-372. [CrossRef]

21. Qin, J,; Long, J.; Peng, P.; Huang, J.; Tang, S.; Hou, H. Regrow Napier grass—-Chinese milk vetch relay intercropping system:
A cleaner production strategy in Cd-contaminated farmland. J. Clean. Prod. 2022, 339, 130724. [CrossRef]

22. Zhang, S.; Deng, Y.; Fu, S;; Xu, M,; Zhu, P; Liang, Y.; Yin, H,; Jiang, L.; Bai, L.; Liu, X,; et al. Reduction mechanism of Cd
accumulation in rice grain by Chinese milk vetch residue: Insight into microbial community. Ecotoxicol. Environ. Safe 2020, 202,
110908. [CrossRef] [PubMed]

23. Liang, T.; Zhou, G.; Chang, D.; Wang, Y.; Gao, S.; Nie, ].; Liao, Y.; Lu, Y.; Zou, C.; Cao, W. Co-incorporation of Chinese milk vetch
(Astragalus sinicus L.), rice straw, and biochar strengthens the mitigation of Cd uptake by rice (Oryza sativa L.). Sci. Total Environ.
2022, 850, 158060. [CrossRef] [PubMed]

24. i, P; Wang, X.; Zhang, T.; Zhou, D.; He, Y. Distribution and accumulation of copper and cadmium in soil-rice system as affected
by soil amendments. Water Air Soil Pollut. 2009, 196, 29-40. [CrossRef]

25. Tessier, A.; Campbell, P; Bisson, M. Sequential extraction procedure for the speciation of particulate trace metals. Anal. Chem.

1979, 51, 844-851. [CrossRef]


http://doi.org/10.4236/ojmetal.2014.44011
http://doi.org/10.1016/j.jappgeo.2011.02.009
http://doi.org/10.1016/j.chemosphere.2021.129590
http://www.ncbi.nlm.nih.gov/pubmed/33460894
http://doi.org/10.1016/j.ecoenv.2022.113388
http://www.ncbi.nlm.nih.gov/pubmed/35272193
http://doi.org/10.1080/15320383.2021.1960795
http://doi.org/10.1007/s11270-016-3041-6
http://doi.org/10.1016/j.jhazmat.2021.127244
http://doi.org/10.1016/j.jclepro.2020.122525
http://doi.org/10.1016/j.scitotenv.2022.154002
http://doi.org/10.1080/15226514.2017.1284751
http://doi.org/10.1016/j.chemosphere.2009.08.056
http://www.ncbi.nlm.nih.gov/pubmed/19786291
http://doi.org/10.1007/s11270-014-2014-x
http://doi.org/10.1016/j.jhazmat.2019.02.059
http://doi.org/10.1016/j.geoderma.2007.07.011
http://doi.org/10.1016/j.jhazmat.2010.10.037
http://doi.org/10.1007/s10653-010-9329-3
http://doi.org/10.1016/j.chemosphere.2017.01.068
http://doi.org/10.1016/j.jclepro.2022.130724
http://doi.org/10.1016/j.ecoenv.2020.110908
http://www.ncbi.nlm.nih.gov/pubmed/32800243
http://doi.org/10.1016/j.scitotenv.2022.158060
http://www.ncbi.nlm.nih.gov/pubmed/35981578
http://doi.org/10.1007/s11270-008-9755-3
http://doi.org/10.1021/ac50043a017

Sustainability 2022, 14, 13192 11 of 11

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Wang, Y.; Liu, X,;Butterly,C.; Tang, C.; Wu, J.; Xu, J. pH change, carbon and nitrogen mineralization in paddy soils as affected by
Chinese milk vetch addition and soil water regime. J. Soils Sediments 2013, 13, 654-663. [CrossRef]

Xu, Y,; Tang, H.; Xiao, X.; Li, W.; Li, C.; Cheng, K. Effects of long-term fertilization management practices on soil microbial carbon
and microbial biomass in paddy soil at various stages of rice growth. Soil Biol. Rev. Bras. Ciéncia Solo. 2018, 42, 1-12. [CrossRef]
Havaee, S.; Ayoubi, S.; Mosaddeghi, M.; Keller, T. Impacts of land use on soil organic matter and degree of compactness in
calcareous soils of central Iran. Soil Use Manag. 2014, 30, 2-9. [CrossRef]

Falahatkar, S.; Hosseini, S.; Salman, A.; Ayoubi, S.; Wang, S. Soil organic carbon stock as affected by land use/cover changes in
the humid region of northern Iran. J. Mt. Sci.-Engl. 2014, 11, 507-518. [CrossRef]

Ajami, M.; Heidari, A.; Khormali, F.; Gorji, M.; Ayoubi, S. Environmental factors controlling soil organic carbon storage in loess
soils of a subhumid region, northern Iran. Geoderma 2016, 281, 1-10. [CrossRef]

Astier, M.; Maass, ].; Etchevers, B.; Pena, ].; de Leén Gonzalez, F. Short-term green manure and tillage management effects on
maize yield and soil quality in an Andisol. Soil Tillage Res. 2006, 88, 153-159. [CrossRef]

Sarker, J.; Singh, B.; Dougherty, W.; Fang, Y.; Badgery. W.; Hoyle, E; Dalal, R.; Cowie, A. Impact of agricultural management
practices on the nutrient supply potential of soil organic matter under long-term farming systems. Soil Tillage Res. 2018, 175,
71-81. [CrossRef]

Xie, Z.; Tu, S.; Shah, F; Xu, C.; Chen, J.; Han, D.; Liu, G.; Li, H.; Muhammad, I.; Cao, W. Substitution of fertilizer-N by green
manure improves the sustainability of yield in double-rice cropping system in south China. Soil Tillage Res. 2016, 188, 142-149.
[CrossRef]

Yang, Z.; Zheng, S.; Nie, ].; Liao, Y,; Jian, X. Effects of Long-Term Winter Planted Green Manure on Distribution and Storage of
Organic Carbon and Nitrogen in Water-Stable Aggregates of Reddish Paddy Soil Under a Double-Rice Cropping System. . Integr.
Agric. 2014, 13, 1772-1781. [CrossRef]

Elfstrand, S.; Hedlund, K.; Martensson, A. Soil enzyme activities, microbial community composition and function after 47 years
of continuous green manuring. Appl. Soil Ecol. 2007, 35, 610-621. [CrossRef]

Kataoka, R.; Nagasaka, K.; Tanaka, Y. Hairy vetch (Vicia villosa), as a green manure, increases fungal biomass, fungal community
composition, and phosphatase activity in soil. Appl. Soil. Ecol. 2017, 117, 16-20. [CrossRef]

Zhou, G,; Gao, S.; Xu, C.; Zeng, N.; Robert, M.; Cao, W. Co-incorporation of Chinese milk vetch (Astragalus sinicus L.) and rice
(Oryza sativa L.) straw minimizes CH, emissions by changing the methanogenic and methanotrophic communities in a paddy
soil. Eur. J. Soil Sci. 2020, 71, 924-939. [CrossRef]

Bedini, S.; Avio, L.; Sbrana, C. Mycorrhizal activity and diversity in a long-term organic Mediterranean agroecosystem. Biol. Fertil.
Soils 2013, 49, 781-790. [CrossRef]

Kumar, S.; Patra, A.; Singh, D. Long-Term Chemical Fertilization Along with Farmyard Manure Enhances Resistance and
Resilience of Soil Microbial Activity against Heat Stress. J. Agron. Crop Sci. 2014, 200, 156-162. [CrossRef]

Mohanty, S.; Nayak, A.; Kumar, A. Carbon and nitrogen mineralization kinetics in soil of rice-rice system under long term
application of chemical fertilizers and farmyard manure. Eur. J. Soil Biol. 2013, 58, 113-121. [CrossRef]

Agbede, T.; Ojeniyi, S.; Adeyemo, A. Effect of poultry manure on soil physical and chemical properties, growth and grain yield of
sorghum in southwest, Nigeria. American-Eurasian. J. Sustain. Agric. 2008, 2, 72-77.

Li, B.; Zhou, D.; Cang, L.; Zhang, H.; Fan, X.; Qin, S. Soil micronutrient availability to crops as affected by long-term inorganic
and organic fertilizer applications. Soil Tillage Res. 2007, 96, 166—173. [CrossRef]

Tlustos, P.; Hejecman, M.; Hidlka, M.; Patakovda, M.; Kunzov4, E.; Szdkovd, ] Mobility and plant availability of risk elements in soil
after long-term application of farmyard manure. Environ. Sci. Pollut. Res. 2016, 23, 23561-23572. [CrossRef]

Wang, Y.; Liang, H.; Li, S.; Zhang, Z.; Liao, Y.; Lu, Y.; Zhou, G.; Gao, S.; Nie, J.; Cao, W. Co-utilizing milk vetch, rice straw, and
lime reduces the Cd accumulation of rice grain in two paddy soils in south China. Sci. Total Environ. 2022, 806, 150622. [CrossRef]
[PubMed]

Chen, H,; Yuan, X,; Li, T.; Hu, S.; Ji, J.; Wang, C. Characteristics of heavy metal transfer and their influencing factors in different
soil-crop systems of the industrialization region, China. Ecotoxicol. Environ. Safe 2016, 126, 193-201. [CrossRef] [PubMed]


http://doi.org/10.1007/s11368-012-0578-x
http://doi.org/10.1590/18069657rbcs20170111
http://doi.org/10.1111/sum.12092
http://doi.org/10.1007/s11629-013-2645-1
http://doi.org/10.1016/j.geoderma.2016.06.017
http://doi.org/10.1016/j.still.2005.05.003
http://doi.org/10.1016/j.still.2017.08.005
http://doi.org/10.1016/j.fcr.2016.01.006
http://doi.org/10.1016/S2095-3119(13)60565-1
http://doi.org/10.1016/j.apsoil.2006.09.011
http://doi.org/10.1016/j.apsoil.2017.04.015
http://doi.org/10.1111/ejss.12930
http://doi.org/10.1007/s00374-012-0770-6
http://doi.org/10.1111/jac.12050
http://doi.org/10.1016/j.ejsobi.2013.07.004
http://doi.org/10.1016/j.still.2007.05.005
http://doi.org/10.1007/s11356-016-7592-2
http://doi.org/10.1016/j.scitotenv.2021.150622
http://www.ncbi.nlm.nih.gov/pubmed/34597553
http://doi.org/10.1016/j.ecoenv.2015.12.042
http://www.ncbi.nlm.nih.gov/pubmed/26771531

	Introduction 
	Materials and Methods 
	Site Description, Soil, RM and CMV 
	Experimental Setup and Sampling 
	Analytical Methods 

	Results and Discussion 
	Yield Component Characters of Rice 
	Rice and Straw Yield 
	Change in Soil pH 
	Soil Organic Matter in Paddy Soil 
	Cd Fractions 
	Cd Concentration of Brown Rice 

	Conclusions 
	References

