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Abstract: Red mud (RM), a byproduct of aluminum production, is used as amendments to increase
the pH and reduce the available Cd in soil, but the effects of RM treatments on rice and rhizosphere
chemistry changes at different radial-oxygen-loss (ROL) rates and developmental stages remain
unclear. To address this concern, a rhizobox trial was conducted to investigate the effect of 0%,
0.5%, and 1.0% RM, on Cd accumulation by rice cultivars differing in ROL rate (‘Zheyou12’ (ZY12),
‘Qianyou1’ (QY1), and ‘Chunjiangnuo2’ (CJN2)) at two growth stages (tillering and bolting). The
results showed that mobility factors of Cd in the soil were decreased significantly at both stages. The
Cd mobility factor (MF) of CJN2 was decreased by 33.01% under 1% RM treatment at bolting stage.
The pH value was increased by 0.39–0.53 units at two stages. RM contains large amounts of metals,
which can increase soil iron (Fe) and manganese (Mn) concentrations, reduce redox potential, and
transform the available Cd into Fe/Mn oxide-bound Cd. In addition, the Fe plaque further increased
to inhibit the transformation of Cd. These changes reduced the available Cd in the soil and further
decreased Cd absorption by rice. With the increase in RM concentration, the shoot and root biomass
increased, and Cd accumulation in the plant significantly decreased. Compared with that under 0%
RM treatment, the shoot Cd concentrations of ZY12, QY1, and CJN2 under 1% RM treatment at the
bolting stage decreased by 27.59%, 36.00%, and 46.03%, respectively. The relative Cd accumulation
ability of the three rice cultivars was CJN2 < QY1 < ZY12. The ROL promotes Fe plaque formation on
the root surface. The Fe plaque is an obstacle or buffer between Cd and rice, which can immobilize
Cd in Fe plaque and further reduce Cd absorption by rice. The addition of RM, in combination with a
high-ROL rice cultivar, is a potential strategy for the safe production of rice on Cd-contaminated soils.

Keywords: Oryza sativa; soil pollution; heavy metals; potentially toxic elements; plant–soil system

1. Introduction

Cadmium (Cd) is a toxic substance and one of the most highly toxic pollutants in
soil [1,2]. Cadmium in soil can be absorbed by crops and enter the human body through
the food chain, thus posing a threat to human health [3]. According to the report of the
National General Survey of Soil Contamination (2014), the proportion of pollutant Cd in
contaminated farmland is the highest in inorganic pollution, at 7%, with mild to moderate
pollution in China. Rice (Oryza sativa L.) is a staple food in China, which can accumulate
high quantities of Cd in the seeds and shoots grown in Cd-contaminated paddy soil and
generally pose a higher health risk to humans compared with other crops [4–6]. The high
demand for rice and pressure for foodstuff production mean that farmers cannot practice
fallowing to remediate Cd-polluted paddy soils. Such paddy soils must be remediated
properly to reduce Cd accumulation by rice and prevent its entry into the food chain [7].
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In situ remediation techniques, including phytoremediation, immobilization, and
chemical washing, are effective methods used to reduce the Cd concentration of plants
grown in mildly Cd-polluted soil [8]. Among these techniques, immobilization is consid-
ered the most effective method for Cd-contaminated soil remediation [8]. The bioavailable
Cd in soil can be immobilized by adding amendments or sorbents, thereby reducing Cd
uptake by plants and exposure of living organisms to Cd [9]. Red mud (RM), a byproduct
of aluminum (Al) production [10–13], contains high concentrations of iron (Fe) hydrox-
ides, including hematite and goethite, which can transform the fraction of exchangeable
Cd in soil to the iron/manganese (Fe/Mn) oxide-bound fraction, effectively reducing Cd
accumulation by rice [8,14,15]. Moreover, hydroxide ions (OH−) are released into the soil
after RM addition owing to its high alkalinity. The gradually alkalized soil may form
complexes with Cd to induce precipitation, decreasing the soil content of bioavailable Cd
and thereby reducing Cd absorption by plants [16]. Simultaneously, the released OH−

ions may be neutralized by H+, resulting in Cd2+ adsorption by soil colloids, thus further
reducing Cd uptake by rice [16,17]. Liu et al. [14] found that the absorption of Cd by rice
was significantly decreased with red mud increasing under pot experiments. However, the
changes in the soil rhizosphere environment and the absorption of Cd by rice in different
periods are still yet to be studied.

Similar to other wetland species, rice plants form extensive aerenchyma in the stem and
show high root porosity, which are essential for survival in flooded soils under anaerobic
conditions. Radial oxygen loss (ROL) is an important pathway to detoxify plant toxins
(e.g., hydrogen sulfide), which can affect Cd accumulation by rice [18–20]. Some researchers
have reported that the higher root porosity tends to lead to higher ROL, resulting in higher
biomass and lower arsenic (As) concentrations in paddy soils [18]. The rate of ROL
and oxidization capacity of plant roots are important biological factors that control Fe
plaque formation and the ROL of paddy rice oxygenates th e rhizosphere [21]. The main
components of Fe plaques in wetland plants are ferric oxide/hydroxide, which show a
strong adsorption capacity to bind with heavy metals to protect plants from heavy-metal
toxicity, and are variously obstacles or buffers for heavy metals and plants [20,22].

Cadmium concentrations in various tissues and Fe plaque formation in rice vary with
growth stage. The rate of Fe plaque formation on the root surface at the tillering stage
is quicker than that at other developmental stages [23]. Soil amendment with RM can
significantly reduce Cd accumulation of plants in pot or field experiments. However, the
changes in Cd accumulation by rice, the root ROL/oxidization capacity, and the changes
in the soil rhizosphere in rice cultivars differing in ROL rate at different developmental
stages under RM treatment remain unclear. We hypothesize that RM has different effects
on the Cd uptake by rice and chemical changes in rhizospheres with different ROL and
porosity rice cultivars in different growth stages. Therefore, a rhizobox trial was conducted
with the following objectives: (1) to elucidate the physiological effects of RM addition on
rice cultivars differing in ROL rates at different growth stages (such as on biomass and
Cd accumulation capacity); (2) to study the effects of RM on Fe plaque formation on rice
root surfaces and physicochemical properties in the soil; and (3) to clarify the mechanism
of reduced Cd uptake in response to RM amendment in rice cultivars differing in ROL
rate. The aim was to screen suitable rice cultivars and determine the optimal amount of
RM addition, to provide a theoretical basis for the safe production of rice on mildly to
moderately Cd-polluted soils.

2. Materials and Methods
2.1. Plant Material

Three rice cultivars that differed in ROL rate were selected for the study according
to Liu et al. [14]. ‘Zheyou12’ (ZY12), ‘Qianyou1’ (QY1), and ‘Chunjiangnuo2’ (CJN2) have
a low, moderate, and high ROL rate, respectively. Seeds were sterilized in 10% H2O2 for
30 min and then washed with deionized water.
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2.2. Soil and Red Mud Samples

Soil (0–20 cm depth) was collected from a paddy field at Qiyang City, Hunan Province,
China. The soil samples were thoroughly mixed, air-dried, ground, and passed through a
sieve (<2 mm mesh). The physicochemical properties of the soil were as follows: pH 5.31,
total nitrogen content 1.72 g·kg−1, organic matter content 27.5 g·kg−1, and total Cd content
1.73 mg·kg−1. Different quantities of RM were mixed thoroughly with the soil and allowed
to blend for 2 months, while maintaining the moisture content at 70% of the maximum
water-holding capacity. The amended soil was then air-dried and sieved (2 mm mesh) to
obtain the soils used in the trial.

The RM (pH 11.1) sampled was the residue from the Bayer process for extraction
of alumina from bauxite and was collected from the Shandong Aluminum Company
Ltd. (Zibo City, Shandong Province, China). The mineralogical composition of the RM
sample (determined by X-ray diffraction analysis (X’Pert Pro X-ray, PANAnalytical, Almelo,
Netherlands) and X-ray fluorescence (PHECDA-PRO, Anchor Wisom, Beijing, China)) was
Fe2O3 (28%), Al2O3 (21%), SiO2 (20%), Na2O (11%), CaO (6.2%), TiO2 (3.3%), MgO (1.3%),
and K2O (0.26%) (Yang et al. 2015; Luo et al. 2011). X-ray diffraction (XRD) analysis was
performed using a PANAnalytical X’Pert Pro X-ray (Almelo, Netherlands) diffractometer
equipped with a Cu source (Cu Kα). In addition, the As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn
concentrations in RM were 0.43, <0.01, 133, 31, 0.10, 4.2, 119, and 94 mg·kg−1, respectively.
The specific surface area was determined to be 12.2 m2·g−1 using the Brunauer–Emmett–
Teller/N2-adsorption method with a Sorptomatic instrument (Carlo Erba, Milan, Italy).
The RM samples were dried at 105 ◦C to constant weight, ground, and passed through a
sieve (<1 mm).

2.3. Rhizobox Trial

The rhizobox trial was performed with three factors: (1) two rice growth stages (tiller-
ing and bolting stages, with samples collected at 60th days and 90th days after sowing of
rice growth, respectively); (2) three rice cultivars that differed in ROL rate (ZY12, QY1, and
CJN2, with low, moderate, and high ROL rates, respectively); and (3) three RM concen-
trations (0%, 0.5%, and 1% (w/w)). Given all combinations, a total of 18 treatments were
applied with three replicates per treatment, thus comprising a total of 54 plexiglass boxes.

First, three kilograms dry soil was placed in a plexiglass box (15 cm × 15 cm × 12 cm,
length × width × height). The plexiglass box was divided into four zones using nylon
mesh, designated S1, S2, S3, and S4. The soil zones were identical in width and height
but differed in length. S1 was located in the center of the plexiglass box, 4 mm left and
right, 8 mm in total. S2 was adjacent to S1, a left and right near S1, 4 mm each, for a total
of 8 mm. S3 was adjacent to S2, a left and right near S2, each 32 mm, a total of 64 mm. S4
was adjacent to S3, a left and right near S3, >40 mm. Two rice seedlings of uniform growth
were transplanted in the center of each plexiglass box. For the trial, the plexiglass boxes
were randomly arranged and rice seedlings were grown in a greenhouse under flooded
conditions with the water level maintained at 2 cm above the soil surface. At harvest, the
shoots and roots of rice plants and soil samples were collected.

2.4. Chemical Analysis of Plant and Soil Samples

The determination method for ROL rate and root porosity (percentage of gas vol-
ume/root volume) of rice seedlings followed the procedure of Kludze et al. [24]. The ROL
rate was determined by the Ti3+-citrate method and root porosity was measured with
a pycnometer.

The shoots and roots of rice plants were harvested separately. The samples were
washed three times with tap water and then three times with ultrapure water. The samples
were dried at 105 ◦C for 30 min, and then dried at 65 ◦C to constant weight, and the dry
weight was recorded. The shoot and root samples were digested with 4 mL aqua regia
(HNO3/HCl, 1:3, v/v). The cadmium (Cd), iron (Fe), and manganese (Mn) on the Fe plaque
were extracted using the dithionite–citrate–bicarbonate method. The digested samples, as
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well as a blank control and standard reference material [GBW07603 (GSV-2)] for quality
control, were analyzed using an inductively coupled plasma–mass spectrometer (ICP-
MS; Elan DRC-e, PerkinElmer, Waltham, MA, USA) to determine the Cd content, and an
inductively coupled plasma–optical emission spectrometer (Optima 2000 DV, PerkinElmer)
to determine the Fe and Mn contents of rice tissues. The recovery rate was 90% ± 10%.

The content total nitrogen was analyzed by Elemental analyzer (Costech ECS4010/4024,
Santa Clarita, CA, USA) and the content of organic matter was measured by wet oxidation
with H2SO4-K2Cr2O7. The total Cd concentration in soil was measured by X-Ray fluores-
cence (XRF, PHECDA-PRO, Anchor Wisom, Beijing, China) in soil that passed through a
100-mesh sieve.

Soil samples were collected from S1 at the tillering stage and all four zones (S1, S2,
S3, and S4) at the bolting stage. During sampling, all plexiglass boxes were transferred to
N2-filled boxes to ensure that no oxidation occurred. The soil samples in the same zone
from the left and right were mixed thoroughly, and then placed in a vacuum tube for
later use.

Soil pH was determined using a pH meter (TM-39, Germany) at a 1:5 soil: water
ratio (w/v) with an ORION combined electrode. Additionally, redox potential (Eh) was
determined using an Eh meter (TM-39, Germany). To determine the Fe2+ and Fe3+ contents
and to ensure that they were not oxidized, 0.8–1.0 g soil samples were placed quickly into
the test tube and immersed immediately with deoxygenated 5 mM CaCl2; the entire process
took <20 s. Then, Fe2+ was measured by adding 10 cm3 CH3COONH4 (1 mol·L−1 with
pH 2.8) to the suspension and shaking for 30 min, and then Fe3+ was measured by adding
10 cm3 H2SO4 (2 mol·L−1) to the centrifuged residue and shaking for 30 min, according to
Begg [25].

The cadmium (Cd) fractions in the soil were determined using the five-step sequential-
extraction method according to Tessier, which is briefly listed in Table 1 [26]. The soil Cd
fractions were defined as exchangeable, carbonate-bound, Fe/Mn oxide-bound, organic-
matter-bound, and residual forms, and were designated F1, F2, F3, F4, and F5, respectively.
The fractions, together with a blank control and standard material (GBW-08303) for quality
control, were analyzed using an ICP-MS (Elan DRC-E, PerkinElmer) to determine the Cd
content in each fraction.

Table 1. Procedure for the five-step sequential extraction of Cd from soil.

Step Fractions Extraction method

1 exchangeable 8 mL 1 mol·L−1 MgCl2, pH 7.0, shaking 1 h
2 carbonate-bound 8 mL 1 mol·L−1 NaOAc, pH 5.0, shaking 8 h
3 Fe/Mn oxides-bound 20 mL 0.04 mol·L−1 NH2OH-HCl in 25% (v/v) HOAc, 96 ± 3 ◦C, 4 h

4 organic-matter-bound

3 mL 0.02 mol·L−1 HNO3 and 5 mL 30% H2O2, pH 2.0 with HNO3, 85 ± 2 ◦C,
shaking 2 h; then 3 mL 30% H2O2, pH 2.0 with HNO3, 85 ± 2 ◦C, shaking 3 h;

after cooling, 5 mL 3.2 mol·L−1 NH4OAc in 20% (v/v) HNO3, diluted to
20 mL, shaking 30 min

5 residual forms digested with a HF-HC1O4

2.5. Statistical Analysis

The cadmium (Cd) mobility factor (MF) was calculated as follows:

MF(%) =
F1 + F2

F1 + F2 + F3 + F4 + F5
× 100 (1)

Analysis of variance (Waller–Duncan) was used to test for significance with IBM SPSS
Statistics 26 software (IBM Corporation, Armonk, NY, USA). Analysis of Pearson correlation
coefficients was used to test for the correlations of Cd concentration in the shoots and soil
physicochemical variables with IBM SPSS Statistics 26 software (IBM Corporation, Armonk,
NY, USA). Figures were prepared using OriginPro 2022 software (Origin Lab Corporation,
Northampton, MA, USA).
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3. Results and Discussion
3.1. Root Porosity and ROL Rate of Three Rice Cultivars

Root porosity and ROL rate at the bolting stage were higher (Figure 1). For CJN2,
compared with those at the tillering stage, root porosity and ROL ratio at the bolting
stage increased by 12.57% and 22.99%, respectively, which are beneficial for growth and
improve the tolerance to heavy metals of rice [18], consistent with the findings of a previous
study [23]. The highest root porosity and ROL rate were recorded for CJN2, whereas those
of QY1 and ZY12 were lower at both growth stages. Compared with those of ZY12, the
root porosity and ROL rate of CJN2 were increased by 37.23% and 60.90% at the bolting
stage. Mei et al. [18] found that the correlation between ROL rate and porosity was positive.
Generally, the higher the rate of ROL and porosity, the lower the accumulation of heavy
metals by rice. ROL rate affects the Fe plaque formation, and root porosity affects the
water-holding capacity of the soil. Generally, the water-holding capacity is greater with an
increase in the soil porosity, which is more conducive to the growth of rice [25].
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3.2. Plant Growth of Rice Cultivars Differing in ROL Rate

The shoot and root biomass differed significantly among the three rice cultivars, which
were ranked as CJN2 > QY1 > ZY12 (Figure 2.). In the 0% RM treatment, compared with
that of ZY12, the shoot biomasses of QY1 and CJN2 at the tillering and bolting stages were
increased by 10.22% and 13.73%, and 8.52% and 5.50%, respectively. CJN2 and QY1 had
a higher root porosity and ROL rate, which can increase the water-holding capacity of
the soil and nutrients, to promote biomass accumulation of rice [18,27]. The addition of
RM positively affected rice growth at the tillering and bolting stages and biomass was
obviously increased in response to RM addition. The shoot biomasses of ZY12, QY1, and
CJN2 with 1% RM treatment were 3611, 3911, and 4259 mg·pot−1 at the bolting stage,
respectively, which represented increases of 1.8%, 4.5%, and 5.58%, respectively, compared
with those with the 0% RM treatment. This finding was consistent with previous results for
rice and other plant species [3]. Yang et al. [3] found that the cucumber shoot biomass in
response to RM addition was approximately two-times greater than that of plants without
RM application. The addition of RM might relieve rice growth in Cd-contaminated soil
from two aspects. First, RM provides additional nutrients for plant growth, such as calcium
(Ca), magnesium (Mg), and silicon (Si) [28,29], which may improve the soil fertility and
increase plant biomass. Second, the application of RM as an amendment can immobilize
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the available Cd in the soil and reduce Cd accumulation by rice, thereby reducing Cd
toxicity and enhancing the growth of rice [30].
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Figure 2. (a,b) Effect of red mud (RM) on root and shoot biomass of rice grown in rhizoboxes.
Different lowercase letters within shoot or root biomass indicate a significant difference among
treatments (p < 0.05). 0%, 0.5%, and 1% indicated the RM concentrations in soil (w/w), the same
as below.

3.3. Cadmium (Cd), Fe, and Mn Concentrations of Rice Cultivars Differing in ROL Rate

The cadmium (Cd), Fe, and Mn concentrations in the shoots, roots, and root surface
(Fe plaque) were consistently higher at the bolting stage (Figure 3). However, the three rice
cultivars differed in Cd-accumulation abilities. The roots and shoots of CJN2 (high ROL
rate, high porosity) and ZY12 (low ROL rate, low porosity) had the lowest and highest Cd
concentrations at both growth stages with an increase in RM (p < 0.05) (Figure 3a). The
cadmium (Cd) concentration in shoots of ZY12 was 1.42 times higher than that of QY1 and
2.43 times higher than that of CJN2 under 1% RM treatment at the bolting stage. These
results further indicated that the cultivar with a high ROL rate and porosity accumulated
the lowest Cd concentrations in the shoot among the three cultivars, which is consistent
with previous studies [18]. The ROL rate is considered to be a critical biological factor to
control Fe plaque formation [31,32]. It is well known that a higher ROL rate can promote
Fe plaque formation under the same Fe2+ concentration in the growth environment [20].
The Fe plaque decreases the absorption of heavy metals by rice roots owing to adsorption
or coprecipitation. This may explain the lower Cd accumulation by the rice cultivar with
a high ROL rate and porosity. The cadmium (Cd) concentration in shoots and roots of
the three rice cultivars decreased, whereas the Fe and Mn concentrations increased, at
both growth stages, in response to RM addition (Figure 3b,c). Compared with those
under the 0% RM treatment, the Cd concentrations in the shoots of ZY12, QY1, and CJN2
under the 1% RM treatment decreased by 42.37%, 35.14%, and 50.00% at the tillering
stage, and decreased by 27.59%, 36.00%, and 46.03% at the bolting stage, respectively. The
present and previous studies confirm that RM can significantly reduce Cd accumulation
by plants [14,33]. The Fe and Mn concentrations in the shoots of ZY12, QY1, and CJN2
under 1% RM treatment were increased by 28.26% and 4.46%, 39.43% and 5.75%, and
47.11% and 15.25%, respectively, compared with those under the 0% RM treatment. RM is
a byproduct of aluminum production and contains quantities of Fe and Mn [28]. The Fe
and Mn concentrations in the soil would be increased after RM addition; thus, higher Fe
and Mn quantities would be absorbed by rice plants.



Minerals 2022, 12, 929 7 of 15

Minerals 2022, 12, 929 7 of 15 
 

 

stage, and decreased by 27.59%, 36.00%, and 46.03% at the bolting stage, respectively. The 
present and previous studies confirm that RM can significantly reduce Cd accumulation 
by plants [14,33]. The Fe and Mn concentrations in the shoots of ZY12, QY1, and CJN2 
under 1% RM treatment were increased by 28.26% and 4.46%, 39.43% and 5.75%, and 
47.11% and 15.25%, respectively, compared with those under the 0% RM treatment. RM 
is a byproduct of aluminum production and contains quantities of Fe and Mn [28]. The Fe 
and Mn concentrations in the soil would be increased after RM addition; thus, higher Fe 
and Mn quantities would be absorbed by rice plants.  

The cadmium (Cd), Fe, and Mn concentrations in the Fe plaque significantly in-
creased at both growth stages with the increase in RM concentration (p < 0.05). Notably, 
RM contains certain amounts of Fe and Mn, which could react with the available Cd in 
the soil to form Fe/Mn oxides [8]. This interaction reduces the Cd extractability in the 
soil and Cd accumulation by rice, but increases the Cd, Fe, and Mn concentrations in the 
Fe plaque. 

 

Figure 3. Effect of red mud (RM) on metals’ concentrations in the shoots, roots, and Fe plaque. 
(a) cadmium (Cd) concentration in rice tissues; (b) iron (Fe) concentration in rice tissues; (c) man-
ganese (Mn) concentration in rice tissues. Different lowercase letters indicate a significant differ-
ence among treatments (p < 0.05). 

3.4. Effects of RM on Transportability of Rice Cultivars Differing in ROL Rate 
The cadmium (Cd) transportability of the three rice cultivars was influenced by the 

growth stage and ROL rate (Figure 4.). For example, the Cd transportability of ZY12 de-
creased with the increase in RM concentration at the tillering stage, but did not have sig-
nificant changes at the bolting stage. At the same growth stage, the Cd transportability 
differed among the rice cultivars. For example, at the bolting stage, ZY12 showed an in-
crease in Cd transportability in response to RM addition, whereas CJN2 showed a de-
crease. The addition of RM had a strong impact on the Cd transportability of rice. Com-

0% 0.5% 1%

0.2

0.4

0.6

0.8

1.0

0% 0.5% 1.0%
0.8

1.2

1.6

2.0

2.4

0% 0.5% 1%
100

150

200

250

300

350

400

450

0% 0.5% 1% 0% 0.5% 1%

0% 0.5% 1%

40

60

80

100

120

0% 0.5% 1%

120

160

200

240

0% 0.5% 1%

200

300

400

500

600

700

800

900

0% 0.5% 1.0%
0.2

0.4

0.6

0.8

1.0

1.2

1.4

a

b

cd

a

bc
bc

bc
cde

ef

ab

cd
de

def ef
g

bc

e e

d

c

be
de cde

c

b

a
cde

bcd bc

b

a
a

bc
b

a

cd

b

a
cd

a
a

e

cd

b
e

bc

a

f

d
c

f

de

b

g f
e

d
cd

bc

e
d c

cd

b

a

c b a

b

a
a

e d cd

g

f
e

de cd b

d
cd

c

d
bc

a

c
b

a

a
a

aa
a a

c
bc

ab
b

b
b

e
de

cd
c

c c

e
d cdf

e

bc

cd 
bc b

e

de

b

b
a a

cd
bc

a

i h
g

f

e
d

f
e

d

e e d

c
b

a

c
b

a

a

b
cd

a

b

d

bc
de e

b

cd
d

de e
e

bc

d
e

C
d 

co
nt

en
t i

n 
sh

oo
t /

(m
g·

kg
–1

 d
.w

.)  ZY12-tillering
 ZY12-bolting
 QY1-tillering
 QY1-bolting
 CJN2-tillering
 CJN2-bolting

(a)

Fe
 c

on
te

nt
 in

 sh
oo

t /
(m

g·
g–1

 d
.w

.)

Cd
 c

on
te

nt
 in

 F
e 

Pl
aq

ue
 /(

m
g·

kg
–1

 d
.w

.)

(b)

Fe
 c

on
te

nt
 in

 ro
ot

 /(
m

g·
kg

–1
 d

.w
.)

Fe
 c

on
te

nt
 in

 F
e 

Pl
aq

ue
/ (

m
g·

kg
–1

 d
.w

.)
M

n 
co

nt
en

t i
n 

Fe
 P

la
qu

e/
(m

g·
kg

–1
 d

.w
.)

M
n 

co
nt

en
t i

n 
sh

oo
t /

(m
g·

kg
–1

 d
.w

.)

(c)

16,000

12,000

14,000

10,000

8000

6000

4000

50,000

45,000

40,000

35,000

30,000

25,000

20,000

15,000

M
n 

co
nt

en
t i

n 
ro

ot
 /(

m
g·

kg
–1

 d
.w

.)
Cd

 c
on

te
nt

 in
 ro

ot
 /(

m
g·

kg
–1

 d
.w

.)

Figure 3. Effect of red mud (RM) on metals’ concentrations in the shoots, roots, and Fe plaque.
(a) cadmium (Cd) concentration in rice tissues; (b) iron (Fe) concentration in rice tissues; (c) manganese
(Mn) concentration in rice tissues. Different lowercase letters indicate a significant difference among
treatments (p < 0.05).

The cadmium (Cd), Fe, and Mn concentrations in the Fe plaque significantly increased
at both growth stages with the increase in RM concentration (p < 0.05). Notably, RM
contains certain amounts of Fe and Mn, which could react with the available Cd in the soil
to form Fe/Mn oxides [8]. This interaction reduces the Cd extractability in the soil and Cd
accumulation by rice, but increases the Cd, Fe, and Mn concentrations in the Fe plaque.

3.4. Effects of RM on Transportability of Rice Cultivars Differing in ROL Rate

The cadmium (Cd) transportability of the three rice cultivars was influenced by the
growth stage and ROL rate (Figure 4). For example, the Cd transportability of ZY12
decreased with the increase in RM concentration at the tillering stage, but did not have
significant changes at the bolting stage. At the same growth stage, the Cd transportability
differed among the rice cultivars. For example, at the bolting stage, ZY12 showed an
increase in Cd transportability in response to RM addition, whereas CJN2 showed a
decrease. The addition of RM had a strong impact on the Cd transportability of rice.
Compared with the Cd transportability of QY1 under the 0% RM treatment, that of QY1
increased by 8.06% under 0.5% RM treatment, but decreased by 5.96% under 1% RM
treatment at the tillering stage. Overall, 1% RM addition with high ROL rate in rice cultivar
CJN2 is the best strategy to inhibit the Cd transport from the roots to the shoots in rice,
which indicated that the high-ROL trait conferred the ability to limit Cd transport from the
roots to the shoots.
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Transportability = Cdshoot/Cdroot. Different lowercase letters within shoot or root
biomass indicate a significant difference among treatments (p < 0.05).

3.5. Effects of RM on the Rhizosphere of Rice Cultivars Differing in ROL Rate

Wetland plants, including rice, can actively change the rhizosphere O2 concentration,
Eh, and pH, which are crucial physicochemical properties for biogeochemical
processes [34,35] (Figure 5). In the present study, the Eh values in S1 (154–279 mv) were
distinctly higher than those in S4 (72–107 mv) (Figure 5a). In contrast, the pH in S1 was
obviously lower than that in S4; for each cultivar at the tillering and bolting stages under
the RM treatments, the differences ranged from 0.02 to 0.22 pH units (Figure 5b). These
results reflected that the water management strategies in paddy fields are either contin-
uous flooding or intermittent flooding. The flooding of paddy fields leads to anaerobic
conditions [36], which may decrease the pH and increase Eh in the rhizosphere soil, leading
to higher Eh and lower pH in S1. The pH in the soil zones of soil amended with RM at
both developmental stages was distinctly higher than that of the 0% RM treatment, and
increased with the elevation in RM concentration. The pH value was significantly increased
by 0.39–0.53 units at two stages under RM treatments. Such an increase in soil pH is
consistent with many previous reports in which RM was used as an amendment [15,37].
This response reflects the alkaline nature of RM, for which the pH is usually >10 [13]. In
contrast to the pH, the Eh value decreased with RM addition. Positively charged ions (such
as Ca2+ and Mg2+) are the main reason for the reduction in Eh [38].

The Fe3+ and Fe2+ concentrations differed significantly between soil zones S1 and S4,
and the Fe3+ concentration in S1 was higher, whereas the Fe2+ concentration in S1 was
lower than those in S4 for three rice cultivars at both stages under the RM treatments
(Figure 6). The rhizosphere Fe3+ and Fe2+ concentrations significantly increased for each
cultivar at the tillering and bolting stages under the RM treatments. The rice roots appeared
reddish under treatment with 0.5% and 1% RM. These results indicated that RM addition
leads to an increment in Fe2+ concentration, which facilitates Fe plaque formation on the
root by oxidization of Fe2+ to Fe3+ [39]. The degree of Fe plaque formation on the roots of
the rice cultivars was ranked as follows: CJN2 > QY1 > ZY12 under RM amendment. In
addition, the increase in RM concentration was indicated to enhance Fe plaque formation
of the cultivar with high ROL and root porosity.
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Figure 5. Effect of red mud (RM) on pH and redox potential (Eh) in different soil zones. (a) the pH
value in soil; (b) Eh (Redox potential) in soil.

3.6. Fractions of Cd in Soil Zones

The concentrations of the five fractions of Cd in paddy soil in the present study are
given in Figure 7. In general, plants tend to absorb F1 in soil, whereas Cd of the F3, F4, and
F5 fractions are not easily absorbed.

The cadmium (Cd) fractions in paddy soil hosting rice cultivars with different ROL
rates at the tillering and bolting stages were mainly of the forms F5, F3, and F1. How-
ever, addition of RM resulted in different changes in the Cd fractions in different soil
zones. The concentration of F1 in S1 (0.426–0.446 mg·kg−1) at the bolting stage was
significantly higher than that of S4 (0.391–0.404 mg·kg−1) under the 0% RM treatment.
With RM addition, the concentration of F1 in the soil decreased significantly, and that of
S4 (0.305–0.317 mg·kg−1) was significantly higher than that in S1 (0.166–0.262 mg·kg−1)
under 1% RM treatment. In contrast to F1, the concentration of F5 at the bolting stage
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was highest in S4 (0.511–0.569 mg·kg−1) under 0% RM treatment, but was highest in S1
(0.594–0.637 mg·kg−1) under 1% RM treatment. In addition, compared with those under
the 0% RM control, the concentrations of the different Cd fractions showed different trends
with the increase in RM concentration. The F1 concentration under 0.5% and 1.0% RM
of ZY12, QY1, and CJN2 at the tillering stage decreased by 13.54% and 19.02%, 15.67%
and 28.34%, and 27.51% and 31.00%, respectively. The concentrations of F2, F3, and
F5 all showed an upward trend at the tillering and bolting stages in response to 0.5%
and 1.0% RM treatment. Under the 1% RM treatment, the concentration of F3 in the S1
zone in CJN2 paddy soil at the tillering and bolting stages was increased by 24.06% and
27.72%, respectively.
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Figure 6. Effect of red mud (RM) on Fe3+ and Fe2+ concentrations in different soil zones. (a) Fe2+

concentration in different zones at tillering stage; (b) Fe2+ concentration in different zones at bolting
stage; (c) Fe3+ concentration in different zones at tillering stage; (d) Fe3+ concentration in different
zones at bolting stage. S1, S2, S3, and S4 indicate different soil zones in rhizoboxes.
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Figure 7. Effect of red mud (RM) on concentrations of Cd fractions in soil zones of rhizoboxes. (a) Cd
concentration in F1; (b) Cd concentration in F2; (c) Cd concentration in F3; (d) Cd concentration in F4;
(e) Cd concentration in F5. S1* indicates different soil zones in rhizoboxes at tillering stage; S1, S2, S3,
S4 indicates different soil zones in rhizoboxes at bolting stage.

In response to RM application, a significant decrease in F1 concentration, but a signifi-
cant increase in F3 and F5 concentrations, in the rhizosphere soils of the three rice cultivars
was observed. These results suggested that F1 was transformed to a non-extractable form
in the soil after RM addition. The present and previous studies indicate that RM addition
effectively immobilizes the available Cd in soils [3]. Treatment with RM may affect Cd
speciation/fractions and mobility through the specific sorption of metals by Fe and Al
oxides [40]. Yao et al. [35] observed that Cd bioavailability was positively correlated with
Eh, but negatively correlated with pH in paddy soil. After the addition of RM to paddy
soil, OH− ions were released to the soil surface from the RM, which gradually alkalized
the soil and reduced the availability of Cd [17]. In addition, RM contains large amounts of
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Al, Fe, and Mn, which can coprecipitate with Cd, further reducing the availability of soil
Cd and converting exchangeable Cd to a stable form [41].

3.7. Mobility Factors of Cd in the Soil Zones

The MFs of Cd in the rhizosphere soil at the tillering stage and in different soil zones
at the bolting stage were analyzed (Figure 8). The MFs of Cd in the rhizosphere soil were
affected by RM addition and the ROL of the rice cultivars. For example, at both stages, the
rhizosphere and non-rhizosphere soils showed the lowest Cd MFs under 1% RM treatment,
and the highest Cd MFs under 0% RM treatment. The MF of Cd in S1 under CJN2 with
1% RM treatment at the bolting stage was decreased by 33.01%. After the addition of RM,
the soil pH and Fe, Mn, Fe2+, Fe3+, and Fe plaque contents increased, and Eh decreased,
thereby reducing the amount of available Cd that could be directly absorbed by plants,
leading to the reduction in soil Cd MFs. The rice cultivar with a high ROL exhibited a lower
Cd MF. Previous studies have reported that ROL promotes Fe plaque formation [19], and a
greater amount of available Cd is immobilized on Fe plaque, which further reduces the soil
Cd MFs. In addition, the MFs were associated with the rice growth stage and soil zones.
The MFs in S1 at the bolting stage were obviously lower, which indicated that higher ROL
rates may release greater quantities of O2 and more strongly influence the rice rhizosphere
zone, thereby causing a higher level of oxidation in rhizosphere soil amended with RM,
which may decrease the bioavailability of Cd. The MFs of Cd in the rhizosphere zone were
the lowest among the four soil zones for each rice cultivar, which revealed that rice changed
the Cd MFs in the rhizosphere.
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Figure 8. Effect of red mud (RM) on the cadmium (Cd) mobility factor of rhizoboxes. (a) the mobility
factor of Cd in soil at tillering stage; (b) the mobility factor of Cd in soil at bolting stage. Different
lowercase letters indicate a significant difference between rice cultivars under the different RM
treatments (p < 0.05). Different uppercase letters indicate a significant difference between soil zones
(p < 0.05).

3.8. Correlations of Cd Concentration in the Shoots and Soil Physicochemical Variables

A significant negative correlation was observed between Feroot, Mnroot, CdFe plaque,
FeFe plaque, MnFe plaque, pH, Fe3+, F2, F3, F5, and F1, whereas a significant positive corre-
lation with Cdroot and F1 in the S1 zone was observed (Figure 9). These results for the
selected samples indicated that the Cd concentration in the roots and F1 should be reduced
to decrease the accumulation of Cd in the shoots. Significant negative correlations were
observed between F1 and pH, Fe2+, and Fe3+, which accounted for the significant decrease
in Cd content in F1 after RM addition. The pH of the soil was increased because RM is
alkaline and contains large amounts of Fe and Al, which can prevent the conversion of other
forms of Cd to exchangeable Cd and reduce Cd accumulation by rice. The concentration
of Cdroot was significantly negatively correlated with Fe and Mn content in the roots and
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Fe plaque on the root surface. The Cd2+ may be separated out owing to the increase in Fe
and Mn contents of Fe plaque on the root surface, preventing the transport of Cd in rice
roots and reducing the accumulation of Cd by rice. The present and previous studies have
demonstrated that RM is an effective amendment to reduce the exchangeable Cd content in
paddy soil and Cd accumulation by rice [13,17]. These results indicate the potential of in
situ remediation by RM addition, which can improve the soil’s physicochemical properties
by increasing the pH and reduce the risk to human health of rice consumption.
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4. Conclusions

The aim of this study was to explore the Cd fractions and mobility in the rhizosphere
soil amended by RM addition (0%, 0.5%, and 1.0%) at two growth stages of three rice
cultivars that differed in ROL rate. The results showed that RM addition significantly
increased the growth of rice and Cd mobilization in the rhizosphere. In addition, RM
reduced Cd transportability through promoting Fe plaque formation on the root surface
and increasing the soil pH, especially for the cultivar with high ROL. Further studies
are needed to optimize the combination of RM addition and rice cultivars with low Cd
translocation and high ROL rates to evaluate the environmental risks of RM application.
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