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Cadmium (Cd) contamination of soil threatens human health, food security, and
ecosystem sustainability. The in situ stabilization of Cd has been recognized as a
potentially economical technology for the remediation of Cd-contaminated soil.
Recently, biochar (BC) and activated carbon (AC) have received widespread
attention as eco-friendly soil amendments that are more beneficial for plant
growth, soil health, and remediation of contaminated soil. An experiment was
performed in a paddy field to investigate the effects of two different types of BC
(maize straw biochar and bamboo biochar) and AC (coconut shell activated
carbon) in combination with rape organic fertilizer (R), calcium magnesium
phosphate fertilizer (P), and fulvic acid (F), respectively, on soil Cd
immobilization, Cd accumulation in rice, and yield. The results indicated that
the BC/AC-based amendments reduced soil bioavailable Cd (DTPA-Cd) and
brown rice Cd by 9.58%–27.06% and 19.30%–71.77%, respectively. The
transformation of exchangeable Cd (Ex-Cd) to carbonate-bound Cd (Ca-Cd),
Fe-Mn oxide bond (Ox-Cd), and residual (Re-Cd) in soil accounted for the
mitigation of Cd uptake and enrichment by rice. Additionally, BC-/AC-based
amendments altered soil physicochemical properties, which significantly
increased the soil pH and cation exchange capacity (CEC), total nitrogen (TN),
total phosphorus (TP), soil organic carbon (SOC), and dissolved organic carbon
(DOC), directly promoting soil health. All BC-/AC-based amendments
significantly increased FeIMP and MnIMP concentrations by 47.31%–160.34%
and 25.72%–73.09% in the Fe/Mn plaque (IMP), respectively. Maize straw and
bamboo biochar-based amendments significantly increased rice yield by
10.46%–20.41% and 9.94%–16.17%, respectively, while coconut shell-activated
carbon severely reduced rice yield by 65.06%–77.14%. The correlation analysis
revealed that leaf Cd and IMP primarily controlled Cd uptake by rice, and soil pH,
Eh, CEC, SOC, IMP, and TP influenced DTPA-Cd in soil. This field study
demonstrated that maize straw and bamboo biochar-based amendments not
only reduced soil DTPA-Cd in paddy fields but also decreased the accumulation
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of Cd in brown rice, as well as improved rice yield, which has potential application in
Cd-contaminated agriculture fields. Coconut shell-activated carbon severely
decreased rice yields, which is not appropriate for rice production.
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1 Introduction

As a highly hazardous heavy metal, cadmium (Cd) poses a serious
threat to the health of ecosystems and growth of plants (Liang Q. et al.,
2022a). Human health and global food security are significantly
impacted by Cd due to its bioaccumulation in the food chain
through the soil–plant–human channel (Li J. et al., 2022b; Liang T.
et al., 2022b). Human consumption of Cd-enriched crops, such as rice,
vegetables, and wheat, for long periods may lead to a series of health
problems like cancer, neurological diseases, renal disease, and damage
to the skeleton (Chaney, 2015; Awual et al., 2018). Large-scale release of
Cd into the soil might result from human-related activities such as
mining industries, manufacturing, disposal of wastewater, and sewage
irrigation (Haris et al., 2021). The long-term improper application of
chemical fertilizers and pesticides is also an important factor leading to
increased bioavailable Cd (DTPA-Cd) in agricultural fields (Mahar
et al., 2016; Rafique et al., 2020). Cd contamination accounts for the
largest contaminated lands in China, especially in southern and
southwestern China, accounting for approximately 52.6% of the
metal-contaminated lands and 74.3% of the polluted lands (Lv et al.,
2021). Remediation of Cd in agricultural soil is an economically
challenging process due to the high costs of removing Cd from the
soil. Currently, in situ immobilization technology using soil
amendments is considered to be an effective method for the
remediation of Cd-contaminated soils (Wu et al., 2019). Therefore,
it is urgent to explore a sustainable and environmentally friendly soil
amendment to effectively reduce the Cd bioavailability in agricultural
soils, improve soil condition, and increase crop yield.

Recently, biochar has been increasingly being applied to mitigate
heavy-metal pollution in agricultural fields (Břendová et al., 2016;
Chen et al., 2021). Biochar is generally produced by pyrolysis of
biomass (agricultural waste, wood, herbs, fruit shells, etc.) under
oxygen-restricted or non-oxygenated environments at temperatures
between 400°C and 700°C (Blanco-Canqui, 2017). Biochar has a
relatively high speculative surface and a wide pore-size
distribution, with the surface containing a considerable number of
negatively charged chemical functional groups (-OH, -COOH, C=O,
S2−, CO3

2−, PO4
3−, etc.), which can enhance the absorption,

complexation, and precipitation of Cd in soil (He et al., 2019;
Ibrahim et al., 2020; Nguyen et al., 2022). Biochar is mainly used
for soil improvement, remediation of heavy metal-contaminated
agricultural fields, and enhancement of soil fertility. Yuan et al.
(2023) showed that rape straw biochar remarkably enhanced soil
pH and promoted Cd adsorption in iron minerals through increased
iron hydroxylation and recrystallization processes. Chen et al. (2022)
researched the influence of rice biochar applied to acidic soils on Cd
and Cu uptake and found the maximum reduction in brown rice Cd
and Cu by 58.1% and 20.8%, respectively. Additionally, prepared fruit
shell-based biochar is re-activated by pyrolysis with activators (steam,
carbon dioxide, or chemical reagents) under non-oxygenated

conditions to form activated carbon (Golia et al., 2022). Activated
carbon has a higher porosity structure, including micropores,
mesopores, and macropores, which provide a higher specific
surface area in favor of enhanced adsorption performance, and
those surface functional group categories are closely related to the
types of activators (Aborisade et al., 2022). Currently, a few studies
have shown that activated carbon has an excellent remediation effect
on heavy metal-contaminated soils. Břendová et al. (2016) showed
that applied coconut shell-activated carbon decreased the
accumulation of Cd (by 57% on average), Pb (by 44% on average),
and Zn (by 44% on average), as well as increased biomass in spinach
(Spinacia oleracea L.) and mustard (Sinapis alba L.). Wei et al. (2022)
showed that applied bacterium-loaded coconut shell-activated carbon
reduced DTPA-Cd and Pb in soil by 25.1% and 42.65%, respectively,
and also significantly reduced Cd and Pb content in the shoot and root
of pak choi (Brassica chinensis L.).

Co-applications of biochar (BC)/activated carbon (AC) with
other materials (such as lime, organic fertilizers, urea, calcium
magnesium phosphate fertilizer, and fulvic acid) were reported
not only to reduce Cd uptake by plants but also increase crop
yield. Hong et al. (2022) reported that the combined application of
seaweed-derived fertilizer with biochar and apatite reduced the
concentration of Cd in maize kernels by 68.9%. Liu et al. (2022)
showed that, in comparison with a single biochar or biochar–lime
application, the biochar combined with compost was more highly
efficient in reducing Cd transfer and bioaccumulation in vegetables.
Liang T. et al. (2022b) revealed that the co-application of rape-
derived biochar, rice-derived biochar, and Chinese milk vetch-
derived biochar decreased the Cd concentration in rice grain by
65.38%. Liu et al. (2020) showed that applying biochar with a
phosphate fertilizer markedly decreased Cd concentrations in
alfalfas. Yin et al. (2022) showed that the combined application
of spermidine and activated carbon removed the efficiency by
78.11%–120.86% of Cd and increased dry mass by 39.65%–92.95%.

The materials we selected to be incorporated into BC/AC were
organic fertilizers, calcium magnesium phosphate fertilizer (P), and
fulvic acid (F) to prepare BC/AC-based amendments. The BC/AC
mixture not only provided chemical chelates for metals to reduce
metal bioavailability in soil but also improved soil physicochemical
properties and nutrient status. Based on previous reports, it was
found that there are few studies reported on this topic. Therefore, it
is critical to study the effective BC-/AC-based amendments by
measuring the indicators of Cd absorption by rice and changes in
soil Cd bioavailability. The targets of this research were to i) explore
the effects of various ratios of composite BC-/AC-based
amendments on soil physicochemical properties and DTPA-Cd;
ii) examine the impacts of the composite BC-/AC-based
amendments on rice performance, productivity, Cd uptake, and
bioaccumulation; and iii) investigate the potential mechanisms to
reduce Cd absorption and enrichment in rice. It was hypothesized
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that BC-/AC-based amendments would change the physicochemical
properties and alter the Cd fractions of the soil, thereby reducing the
Cd bioavailability in paddy soil and absorption by rice, leading to a
higher yield.

2 Materials and methods

2.1 Field site

The rice field trial site was located in Pengan (31°07′54″N,
106°15′27″E) in Nanchong City, Sichuan Province, Southwest
China (Figure 1). The topsoil of the field was purple sandy loam
that has been used for the rape–rice rotation every year. Prior to the
experiment, the physiochemical characteristics of the 0–20-cm
topsoil were measured as follows: pH of 5.18 ± 0.12, soil redox
potential (Eh) of 614.2 ± 26.4 mv, cation exchange capacity (CEC) of
13.19 ± 1.97 cmol/kg, total nitrogen (TN) of 0.96 ± 0.03 g/kg, total
potassium (TK) of 6.25 ± 0.37 g/kg, total phosphorus (TP) of 0.24 ±
0.03 g/kg, soil organic carbon (SOC) of 8.84 ± 0.29 g/kg, soil
dissolved organic carbon (DOC) of 60.90 ± 3.53 mg/kg, total soil
Cd (TCd) of 0.32 ± 0.02 mg/kg, DTPA-Cd of 0.0741 ± 0.0057 mg/kg,
and pollution index of 107. The TCd level of the paddy soil was over
the standard value of 0.3 mg/kg (pH ≤ 5.5); thus, the soil was
considered slightly Cd-contaminated.

2.2 Materials

The ingredients of BC-/AC-based amendments included
biochar/activated carbon, rape organic fertilizer (R), calcium
magnesium phosphate fertilizer (P), and fulvic acid (F), which
were supplied by Henan Haopai Environmental Technology Co.,
Ltd., Shandong Ruifeng Trading., Ltd., and Jinan Hengyuan
Chemical Co., Ltd., respectively. The rape organic fertilizer (R)

was purchased from local agricultural markets. The rice cultivar
tested was Fengyouxiangzhan (national authorized number rice
2003056) from Nanchong Academy of Agricultural Sciences. The
maize straw and bamboo biochar were produced as follows: maize
straw and bamboo were air-dried and crushed in a pulverizer and
then fed into a carbonization furnace, which was heated at a rate of
10°C/min. Once the set conditions were reached, the temperature
increase was stopped, and pyrolysis was carried out under anaerobic
conditions at 500°C–600°C for 2.5 h. Coconut shell-activated carbon
was prepared as follows: first, the coconut shell was dried at 70°C,
then crushed into pulverized particles, and pyrolyzed at
500°C–600°C for 2.5 h to form coconut shell biochar. Second, the
coconut shell biochar was mixed with phosphoric acid and then
again pyrolyzed at 500°C–600°C for 2.5 to obtain coconut shell-
activated carbon. Finally, it was washed and dried. All the prepared
materials were passed through a 200-mesh sieve. The
physicochemical properties of the materials are shown in Table 1.

2.3 Experimental design

The trial was performed in a rice field fromMarch to September
2022, consisting of a fully randomized factorial design with three
replications for each treatment. Two types of biochar were used,
maize straw biochar (A) and bamboo biochar (B), and the activated
carbon was coconut shell-activated carbon (AC). Three materials
were mixed with rape organic fertilizer (R), calcium magnesium
phosphate fertilizer (P), and fulvic acid (F), respectively, at various
ratios. Ten treatments included control (CK); T1 = 1:3:0.5:0.5
(A1R3P0.5F0.5); T2 = 2:2:0.5:0.5 (A2R2P0.5F0.5); T3 = 3:1:0.5:0.5
(A3R1P0.5F0.5); T4 = 1:3:0.5:0.5 (B1R3P0.5F0.5); T5 = 2:2:0.5:0.5
(B2R2P0.5F0.5); T6 = 3:1:0.5:0.5 (B3R1P0.5F0.5); T7 = 1:3:0.5:0.5
(AC1R3P0.5F0.5); T8 = 2:2:0.5:0.5 (AC2R2P0.5F0.5); and T9 = 3:1:
0.5:0.5 (AC3R1P0.5F0.5). There were 30 plots with a planting area of
20m2 (6 m × 3.3 m) per plot. The amendment mixture was manually

FIGURE 1
Geographic location of the experimental paddy field.
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applied to each plot at a rate of 10 kg 5 days before rice transplanting,
and simultaneously, the CK plot was supplemented with 1 kg
calcium magnesium phosphate fertilizer and 1 kg fulvic acid.
Each plot was separated by surrounding protective rows of 50 cm
in width, with separate watering inlets and outlets for irrigation and
drainage. The plot’s edge was divided by a black plastic film to
prevent water drainage. Selected rice seeds were sterilized with 2%
sodium hypochlorite solution, washed with purified water, and then
sown in the soil. Rice seedlings were transplanted to each plot having
a population of 150,000 plants ha−1 on 1 May 2022, with rows and
spacing of 33 cm and 20 cm, respectively. Before rice transplanting,
each plot was applied with a fertilizer of N-P2O5-K2O (23-7-10,
810 kg ha−1) to provide sufficient nutrients required for rice growth.
During the period of rice growth, local standard agronomic
management practices for rice production were followed across
plots, including irrigation, pesticide application, and fertilization.

2.4 Soil analysis

A sample of mixed soil was collected from the topsoil (20 cm) of
each plot 3 days before harvest using the five-point sampling
method. Furthermore, soil samples were taken on days 0, 30, 60,
90, and 135 for the determination of DTPA-Cd concentrations only.
The soil samples collected were air-dried at 20°C–25°C, pulverized
using a wooden hammer, and then sieved using a 2-mm sieve for soil
testing. The pH of the soil was determined using a pHmeter (PB-10,
Sartorius, Germany) at a soil:water ratio (w/v) of 1:2.5; Eh was
determined using an Eh meter (PRN-41, DKK-TOA Corporation,
Japan); and CEC was determined by leaching the soil with
ammonium acetate at pH 7, followed by Kjeltec auto-analyzer
(forest soil method: LY/T 1243-1999). The other parameters were
determined as follows: TN with the LY/T 1228-2015 method, TP by
the LY/T 1232-2015 method, TK with the LY/T 1234-2015 method,
SOC by digestion with potassium dichromate, DOC by ultra-pure
water oscillation extraction, and TOC using an automatic organic

carbon analyzer (vario TOC cube, Elementar, Germany). TCd in the
soil was measured using an inductively coupled plasma emission
spectrometer (ICP-OES; Thermo Fisher, United States) after
digestion with HNO3-HF-HClO4. DTPA-Cd was extracted with
diethylenetriaminepentaacetic acid (DTPA) (GB/T 23739-2009)
and subsequently analyzed by ICP-OES. The fractions of Cd,
including exchangeable Cd (Ex-Cd), carbonate-bound Cd (Ca-
Cd), Fe-Mn oxide bond Cd (Ox-Cd), organic-bound Cd (Or-Cd),
and residual Cd (Re-Cd), were measured following the methods
proposed by Liu et al. (2022).

2.5 Plant analysis

At each stage of rice growth, rice basic seedling, highest seedling,
tiller number, and plant height were recorded. Rice was harvested
after 150 days, and the yield data were recorded. Then, 2 days before
harvest, five rice plants with similar growth were collected from each
plot; divided into roots, shoots, leaves, and panicles; and weighed for
fresh biomass of each tissue. All tissue samples were then air-dried
under sunlight and weighed for dry biomass. Effective panicles, filled
grains, and empty grains of the five plants were counted, and
effective panicles per hectare and filled-grain percentages were
calculated. A total of 1,000 grains were weighed, and the panicle
length was measured.

Before tissue Cd analysis, the plant samples collected were rinsed
with deionized water, dried in an oven at 65°C for obtaining a
consistent weight, then digested with HNO3-HClO4, and analyzed
by ICP-OES. The dithionite–citrate–bicarbonate (DCB) method
(Lin et al., 2017) was applied to extract the IMP on the fresh
root surface. The bioconcentration factor (BCF) for rice root
from the soil was computed using Equation 1 according to Liang
T. et al. (2022b):

BCFsoil−root � Croot

Csoil
. (1)

TABLE 1 Detailed physiochemical parameters of the biochar-based materials.

Biochar Aa Biochar Bb Biochar Cc Rd Pe Ff

pH 10.4 8.2 8.0 6.1 8.5 6.7

TOC (%) 73.0 80.0 78.0 42.5 75.0 58.8

TN (g/kg) 13.52 14.33 13.81 31.66 158.86 35.42

TP (g/kg) 58.25 63.56 56.46 29.88 125.64 10.21

TK (g/kg) 11.52 12.67 10.89 14.58 110.43 127.55

TCd (ug/kg) 6.04 5.01 5.99 15.00 6.85 1.25

TPb (ug/kg) 128 96 136 NDg ND ND

TAs (ug/kg) 25 23 36 ND ND ND

TCr (ug/kg) 500 368 566 ND ND ND

aBiochar A: maize straw biochar.
bBiochar B: bamboo biochar.
cBiochar C: coconut shell-activated carbon.
dR: rape organic fertilizer.
eP: calcium magnesium phosphate fertilizer.
fF: fulvic acid.
gND: not determined.
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In addition, the translocation factor (TF), which is the
capability of the crop to transfer Cd from the root to shoot,
shoot to brown rice grain, or leaf to brown rice grain, was
obtained using Equations 2–4, as reported by Liang T.
et al. (2022b):

TFroot−shoot � Cshoot

Croot
, (2)

TFshoot−rice � Crice

Cshoot
, (3)

TFleaf−rice � Crice

Cleaf
, (4)

where Croot, Cshoot, Crice, and Cleaf are the Cd content in the root,
shoot, rice grain, and leaf, respectively. Csoil was the total Cd
concentrations in soil.

FIGURE 2
Effect of biochar-based amendments on soil physiochemical properties. Changes in soil pH (A), Eh (B), TN (C), TP (D), TK (E), CEC (F), SOC (G), DOC
(H), and C/N ratio (I). Error bars represent the standard deviation of triplicates. Data are presented as the mean ± standard error (n = 3). The same
lowercase letters mean no significant difference, while different lowercase letters mean a significant difference (ANOVA, LSD, p < 0.05).
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2.6 Statistical analysis

All data were calculated as an average of triplicate experiments
and expressed as the mean ± standard error. The basic data were
analyzed using Microsoft Excel 2016. One-way ANOVA was
calculated using IBM SPSS Statistics version 25 (IBM Corp.,
Armonk, NY, United States). Significant differences among
treatments were evaluated with the least significant difference
(LSD) multiple comparisons test with a threshold value of p <
0.05. A correlation analysis was performed to evaluate the
associations among soil physiochemical properties (pH, Eh, CEC,
TN, TP, TK, SOC, and DOC) with DTPA-Cd and Cd concentrations
in rice. Graphics were plotted using GraphPad Prism 9 (GraphPad
Software, San Diego, United States), RStudio version 1.3.1093, and
Adobe Illustrator 2022 (Adobe, San Jose, United States).

3 Results

3.1 Soil physiochemical properties

The changes in soil physiochemical properties by treatments,
including pH, Eh, TN, TP, TK, CEC, SOC, DOC, and C/N ratio, are
presented in Figure 2. Compared with CK, in all cases, the
amendments increased the soil pH at a range of 0.03–0.39 units.
T6, T3, and T5 showed a significant increase in soil pH by 0.39, 0.37,
and 0.24 units (p < 0.05), respectively, while T9 and T8 resulted in
the smallest increase by 0.03 and 0.06 units, respectively. Soil Eh was
substantially decreased by treatments from 41.6 to 125.7 mV. T6, T5,
T3, T2, and T9 significantly reduced soil Eh by 20.8%, 17.7%, 16.6%,
15.7%, and 13.8% (p < 0.05), respectively, while the increase by
T7 and T8 was the least.

The content of TN (Figure 2C) and TP (Figure 2D) showed a
significant increase compared with CK, except for T1 (p < 0.05).
T9 and T8 increased the soil TN by 25.3% and 18.8% and TP by
32.5% and 27.4%, respectively. There was no significant difference in
TK (Figure 2E) among treatments (p > 0.05).

Treatments markedly improved soil CEC in the following order:
T6 (98.3%) > T3 (80.6%) > T5 (73.2%) > T2 (62.9%) > T9 (43.7%) >
T4 (40.2%) > T7 (30.5%) > T1 (30.2%) > T8 (21.1%) > CK. The
treatments also substantially enhanced SOC (Figure 2G) and DOC
(Figure 2H) (p < 0.05). The largest increases were caused by T9 ,
i.e., SOC from 8.88 to 11.69 g/kg. The soil C/N ratio (Figure 2I) was
slightly decreased, except for T9 (9.52), compared with CK (9.07).

3.2 Fractionation of soil Cd

As shown in Figure 3, the treatments caused a significant
reduction in soil Cd concentrations. The DTPA-Cd content of
each treatment decreased rapidly in the first 60 days, increased
slightly from 60 days to harvest, and then gradually stabilized.

Compared to day 0, the reduction of BC-/AC-based
amendments on day 60 ranged from 20.67% to 38.72%, with the
CK also decreasing by 9.13%. After harvest, the highest DTPA-Cd
content was 0.071 mg/kg in CK. DTPA-Cd in T1, T4, and T6 was
significantly reduced by 27.06%, 26.19%, and 24.03% against CK
(p < 0.05), respectively, whereas no significant difference was found

between T3 (23.19%), T5 (22.15%), T7 (20.49%), T2 (17.54%), T8
(15.48%), and T9 (9.58%) (p > 0.05).

The sequential extraction of soil Cd indicated that, in all cases,
Ex-Cd (Figure 4A) was significantly decreased by treatments in a
range of 8.60%–46.90% (Figure 4). The reduction by T3, T6, and
T2 was 46.90%, 45.45%, and 43.45% (p < 0.05), respectively. Ca-Cd
(Figure 4B) was increased by the treatments in a range of 11.50%–
44.90%, while the reduction by T7, T8, and T9 was observed. On the
other hand, Ox-Cd (Figure 4C) was enhanced by treatments in a
range of 27.52%–59.16%, which was significant among T2, T3, T5,
and T6. Amendments resulted in the reduction in or-Cd (Figure 4D)
by 6.41%–13.24%, but the differences were insignificant. Re-Cd
(Figure 4D) in all treatments increased by 1.27%–11.59%, but
T8 and T9 decreased by 5.60% and 2.09%, respectively.

The percentage of Cd fraction (Figure 4E) change by the
amendments showed that, in all treatments, Ex-Cd, a bioavailable
fraction, was transferred to more stable portions like Fe-Mn oxide
bond, carbonate-bound, organic-bound, or residual Cd (Figure 4F).
The concentrations of Cd fractions were as follows: Re-Cd > Ex-
Cd > Ox-Cd > Or-Cd > Ca-Cd. The transformation of Ex-Cd in T3,
T6, and T2 to other Cd fractions was 46.89%, 45.45%, and 43.45%,
respectively, (P < 0.05). Furthermore, T3, T6, and T2 increased Ca-
Cd, Ox-Cd, and Re-Cd fractions by 33.49%, 44.90%, and 22.60%;
59.15%, 41.22%, and 41.17%; and by 11.59%, 4.88%, and 8.35%,
respectively.

3.3 Rice growth, biomass, and yield

Rice growth parameters such as basic seedlings, maximum
seedlings, tiller number, plant height, effective panicles, tillering
rate, and panicle rate are given in Table 2. T1–T6 demonstrated an
increasing trend in comparison with CK, while T7–T9 displayed a

FIGURE 3
Effect of biochar-based amendments on dynamic changes in the
soil DTPA-Cd concentration. Data are presented as the mean ±
standard error (n = 3).
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decreasing trend. Yield component data given in Table 3, including
1,000-grain weight, filled grains, total grains, and panicles, showed
that T6, T3, and T2 significantly enhanced filled-grain and 1,000-
grain weight by 34.29% and 29.47%; 18.35% and 1.08%; and 2.41%
and 2.26%, respectively (p < 0.05), while those of T9, T8, and
T7 were significantly reduced by 60.80% and 57.07%; 52.95% and
8.12%; and 8.75% and 8.96%, respectively (p < 0.05). T7, T8, and
T9 significantly decreased filled-grain percentage and panicle
length (p < 0.05).

The changes in panicle and shoot weight are shown in Figure 5.
Panicle fresh weight (Figure 5A) and dry weight (Figure 5B) had a
similar trend in all treatments. The highest fresh panicle weight, dry
panicle weight, fresh shoot weight (Figure 5C), and dry shoot weight
(Figure 5D) were recorded in T3, which significantly increased by
47.85%, 35.77%, 26.68%, and 17.73%, respectively (p < 0.05). In
contrast, T9 showed the least fresh and dry panicle weights, which
significantly decreased by 57.67% and 55.47%, respectively (p <
0.05), while the T8 had the lowest fresh shoot weight and dry shoot
weight, which decreased by 4.89% and 22.66%, respectively.

T1–T6 treatments enhanced the rice yield. The rice yield in all
treatments was in the range of 1.44–7.58 t/ha (Table 3). T3, T2, T6,
and T4 significantly increased the rice yield by 20.14%, 16.67%,

16.17%, and 11.64%, respectively (p < 0.05), while T9, T8, and
T7 decreased the rice yield by 77.14%, 71.89%, and 65.06%,
respectively (p < 0.05).

3.4 Cd content in rice tissues

As shown in Figure 6, the concentration of Cd in the tissues of rice
was in the following order: root > shoot > leaf > brown rice. The root
and shoot contained a much higher Cd content than the leaf and
brown rice. The Cd content in rice tissues apart from the shoot of all
amendments was lower than that in CK, while there was a slight
increase in the shoot (Figure 6E). The Cd content in the root
(Figure 6A) was the highest in CK and the lowest in T7, which
significantly decreased by 33.13% compared with CK, and the
reductions by T4, T5, T6, T8, T1, T3, and T2 were 32.03%,
29.52%, 21.01%, 20.33%, 19.81%, 16.54%, and 15.59%, respectively
(p < 0.05). The maximum Cd concentration in the shoot was in T6,
while the least Cd was in T9. As shown in Figure 6B, the decrease in
Cd content caused by T9, T1, T2, and T8 in the shoot ranged from
1.47% to 9.28%, whereas the increase in Cd content caused by T3, T7,
T4, T5, and T6 ranged from 2.82% to 87.41%. The highest Cd content

FIGURE 4
Effect of biochar-based amendments on soil Cd fractions. Changes in soil exchangeable Cd (Ex-Cd) (A), carbonate-bound Cd (Ca-Cd) (B), Fe-Mn
oxide bond (Ox-Cd) (C), (d) organic-bound Cd (Or-Cd) (D), residual Cd (Re-Cd) (E), and distribution of cadmium fractions (F). Error bars represent the
standard deviation of triplicates. Data are presented as the mean ± standard error (n = 3). Same lowercase letters mean no significant difference, while
different lowercase letters mean a significant difference (ANOVA, LSD, p < 0.05).
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in the leaf was in CK, while the lowest was in T8. As against CK, the
percentage decrease in Cd in the leaf (Figure 6C) by amendments
ranged from 17.01% to 53.47%. The effectiveness of Cd reduction in
the leaf by treatments was in the following order: T8 > T2 > T9 > T7 >
T3 > T6 > T5 > T1 > T4 > CK. The Cd concentration in brown rice
grain (Figure 6D) was highest in CK. T2 showed the greatest reduction
in Cd content in brown rice grain, which was 71.77% and significant
compared with that of CK, followed by T8, T9, T3, T1, T7, and T6,
which were 57.13%, 52.04%, 47.71%, 45.32%, 40.39%, and 38.16%,
respectively. There were no statistically significant differences

observed between T5 and T4, which was only 28.16% and 19.30%
reduction, respectively (p > 0.05).

BCFsoil-root showed a decreasing trend among treatments,
ranging from 7.94% to 31.90%. The decrease was significant in
T4, T7, and T5 (Table 4; p < 0.05). TFroot-shoot of all treatments
substantially increased from 0.08 to 0.20, while the increase was
141.76%, 135.31%, 131.76%, and 90.84% in T5, T6, T4, and T7,
respectively (p < 0.05). TFshoot-rice of all amendments was
significantly lower than that in CK (p < 0.05), with a reduction
range of 41.63%–71.39%, whereas TFleaf-rice showed no significant
change in all treatments.

TABLE 2 Influence of biochar amendments on rice growth.

Treatment Basic
seedlings

Max
seedlings

Tillers Plant height Effective
panicles

Tillering ratea Panicle rateb

(million/
ha)

(million/
ha)

(million/ha) (cm) (million/
ha)

(%) (%)

CK 34.0 ± 3.77bc 142.0 ± 4.82d 212.5 ± 25.16cd 134.93 ± 4.46b 168.0 ± 14.31bc 320.13 ± 33.58b 79.32 ± 4.76ab

T1 36.0 ± 3.00abc 177.5 ± 6.93c 236.5 ± 15.39abc 144.07 ± 1.03a 210.0 ± 11.72a 395.41 ± 47.36ab 89.01 ± 7.20ab

T2 32.5 ± 2.29c 185.0 ± 11.36c 258.5 ± 15.61a 145.23 ± 1.97a 225.5 ± 13.61a 470.09 ± 31.99a 87.28 ± 3.43 ab

T3 42.0 ± 1.50a 205.0 ± 7.55b 262.0 ± 11.26a 139.27 ± 7.70ab 227.5 ± 9.04a 388.94 ± 35.49ab 86.89 ± 3.69ab

T4 31.5 ± 6.87c 178.5 ± 8.35c 244.5 ± 16.70ab 141.63 ± 4.60ab 211.5 ± 12.83a 480.54 ± 95.39a 86.88 ± 9.35ab

T5 36.5 ± 1.73abc 210.5 ± 8.26b 250.5 ± 22.70ab 144.67 ± 0.31a 204.5 ± 15.02a 476.87 ± 5.36a 82.41 ± 12.99ab

T6 39.5 ± 2.29ab 228.5 ± 0.87a 245.5 ± 11.06ab 145.00 ± 3.84a 218.5 ± 15.10a 479.77 ± 33.43a 89.27 ± 9.47a

T7 33.0 ± 3.00c 107.0 ± 6.24e 220.0 ± 10.54bcd 114.27 ± 3.88c 180.0 ± 20.18b 226.26 ± 37.25c 81.73 ± 6.85 ab

T8 32.5 ± 3.77c 85.0 ± 16.04f 194.5 ± 15.90d 112.33 ± 7.42c 159.0 ± 5.41bc 166.01 ± 68.19c 82.05 ± 6.27 ab

T9 31.0 ± 3.12c 76.5 ± 9.00f 203.0 ± 14.26d 107.27 ± 5.19c 151.0 ± 17.90c 150.22 ± 52.34c 74.34 ± 6.06b

aTillering rate (%) = (Max seedlings - Basic seedlings)/Basic seedlings × 100%.
bPanicle rate (%) = Effective panicles/Tillers × 100%. Data are presented as mean ± standard error. The same lowercase letters mean no significant difference, while different lowercase letters

mean a significant difference (ANOVA, LSD, p < 0.05).

TABLE 3 Effect of biochar amendments on rice yield components.

Treatment Filled grains Total grains Filled-grain percentage Panicle length 1000-grain weight Total yield

(%) (cm) (g) (t/ha)

CK 136.87 ± 8.35b 154.07 ± 13.60b 88.98 ± 2.60a 25.07 ± 0.30ab 27.75 ± 0.40ab 6.29 ± 0.10b

T1 130.28 ± 12.56b 156.25 ± 7.80b 83.32 ± 6.01a 25.17 ± 1.85ab 27.73 ± 0.82ab 6.95 ± 0.05ab

T2 161.99 ± 15.31ab 181.17 ± 12.62ab 89.33 ± 3.49a 25.27 ± 1.11ab 28.37 ± 0.37a 7.34 ± 0.51a

T3 177.21 ± 19.70a 197.10 ± 25.30a 90.06 ± 1.92a 26.16 ± 0.45ab 28.42 ± 0.04a 7.58 ± 0.16a

T4 132.60 ± 25.05b 148.27 ± 29.54b 89.57 ± 1.07a 24.78 ± 0.39b 27.25 ± 0.93b 7.02 ± 0.07a

T5 145.56 ± 23.77b 168.37 ± 26.84ab 86.43 ± 2.80a 25.33 ± 1.35ab 27.81 ± 0.23ab 6.92 ± 0.13ab

T6 183.80 ± 13.26a 201.45 ± 14.15a 91.24 ± 1.76a 27.03 ± 0.66a 28.05 ± 0.49ab 7.31 ± 0.06a

T7 64.40 ± 11.05c 92.88 ± 7.73c 69.12 ± 8.03b 20.89 ± 1.70c 25.26 ± 0.09c 2.20 ± 0.78c

T8 58.76 ± 22.21c 95.47 ± 25.55c 60.96 ± 9.96b 19.80 ± 1.81c 25.32 ± 0.47c 1.77 ± 0.65cd

T9 53.65 ± 10.90c 83.48 ± 2.89c 64.03 ± 10.73b 20.44 ± 0.29c 25.49 ± 0.68c 1.44 ± 0.39d

Data are presented as the mean ± standard error. The same lowercase letters mean no significant difference, while different lowercase letters mean a significant difference (ANOVA, LSD,

p < 0.05).
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3.5 IMP on the root surface

As shown in Figure 7, T3, T6, and T9 amendments induced a
high level of IMP. IMP contained FeIMP (1.36–3.53 g/kg) andMnIMP

(0.26–0.44 g/kg). T1, T4, and T7 caused no significant difference in
the IMP content, whereas T2, T3, T5, T6, T8, and T9 significantly
enhanced the formation of IMP by Fe, i.e., 92.42%, 160.34%, 84.49%,
113.67%, 94.59%, and 128.61% (Figure 7A), and Mn, i.e., 45.85%,
55.46%, 35.50%, 55.01%, 62.85%, and 73.09% (Figure 7B),
respectively (p < 0.05).

3.6 Correlation among the soil properties,
DTPA-Cd, and plant index

Principal component analysis (PCA) and correlation analysis of
soil properties, DTPA-Cd, and plant indexes were performed to
reveal the factors affecting soil Cd migration, plant Cd uptake, and
accumulation. Data given in Figure 8 showed that PC1 and
PC2 explained 51.88% of data variance, which suggested that the
biochar-based amendments did cause a significant impact. Maize
straw and bamboo biochar-based amendments had a greater effect
on soil properties and rice growth, while coconut shell-activated

carbon was less effective. Data given in Figure 9 showed that DTPA-
Cd had a significantly positive correlation (p < 0.05) with soil IMP,
TN, TP, and CEC, whereas there was also a strong correlation
among Eh, pH, SOC, and DOC. In addition, decreased Cd content in
rice grain primarily resulted from decreased uptake by rice plants.
The Cd content in rice grain exhibited a high correlation with leaf
Cd, root Cd, IMP, and Ex-Cd.

4 Discussion

4.1 Effect on soil properties and Cd fraction

Prior research had indicated that the application of BC-/AC-
based amendments had an impact on soil properties (Awasthi et al.,
2019; Bagheri Novair et al., 2023), and the findings were in
accordance with our research findings. Our results indicated that
soil properties including pH, TN, TP, CEC, SOC, and DOC were
improved by applying BC-/AC-based amendments.

Soil pH was recognized as a key determinant of metal solubility,
which could directly influence the chemistry of soil Cd such as
accumulation by plants and leachability (Lv et al., 2021). Leaching of
heavy metals from soil is soil pH-dependent. Increasing the soil

FIGURE 5
Effect of biochar-based amendments on the rice biomass and yield. Panicle freshweight (A), panicle dry weight (B), shoot fresh weight (C), shoot dry
weight (D), and rice yield (E). Error bars represent the standard deviation of triplicates. Data are presented as the mean ± standard error (n = 3). Same
lowercase letters mean no significant difference, while different lowercase letters mean a significant difference (ANOVA, LSD, p < 0.05).
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FIGURE 6
Effect of biochar-based amendments on the Cd concentration in rice tissues (LSD, p < 0.05). Cd concentration in the root (A), shoot (B), leaf (C),
brown rice (D), and proportion of Cd in rice tissues (E). Error bars represent the standard deviation of triplicates. Data are presented as the mean ±
standard error (n = 3). Same lowercase letters mean no significant difference, while different lowercase letters mean a significant difference (ANOVA, LSD,
p < 0.05).

TABLE 4 Effect of biochar amendments on the bioconcentration factor (BCF) and translocation factor (TF).

Treatment Bioconcentration factor Translocation factors

BCFsoil-root TFroot-shoot TFshoot-rice TFleaf-rice

CK 8.19 ± 1.32a 0.0845 ± 0.0022b 0.2345 ± 0.0239a 0.6442 ± 0.2132a

T1 6.95 ± 1.88abc 0.1046 ± 0.0252b 0.1332 ± 0.0213bc 0.5391 ± 0.2456a

T2 7.54 ± 0.48ab 0.0985 ± 0.0017b 0.0671 ± 0.0117c 0.3642 ± 0.1332a

T3 7.24 ± 0.74abc 0.1043 ± 0.0024b 0.1170 ± 0.0579bc 0.5199 ± 0.2852a

T4 5.58 ± 0.66c 0.1959 ± 0.0449a 0.1228 ± 0.0184bc 0.6023 ± 0.1538a

T5 6.20 ± 0.76bc 0.2043 ± 0.0140a 0.0992 ± 0.0179bc 0.6248 ± 0.0344a

T6 7.15 ± 0.79abc 0.1989 ± 0.0466a 0.0789 ± 0.0355bc 0.5616 ± 0.3005a

T7 5.58 ± 0.22c 0.1613 ± 0.0431a 0.1094 ± 0.0257bc 0.6005 ± 0.1225a

T8 6.76 ± 0.58abc 0.1039 ± 0.0230b 0.0955 ± 0.0323bc 0.7217 ± 0.6909a

T9 7.46 ± 0.59ab 0.0874 ± 0.0279b 0.1369 ± 0.0637b 0.5255 ± 0.1276a

Data are presented as the mean ± standard error. The same lowercase letters mean no significant difference, while different lowercase letters mean a significant difference (ANOVA, LSD,

p < 0.05).
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pH might lead to increased hydroxyl groups of metal cations and
enhancedmetal adsorption. Increased soil pH by treatments was due
to the alkalinity of BC-/AC-based amendments (Zhang et al., 2017).

Our study found that soil pH showed an increasing trend with the
amounts of applied BC/AC (Figure 2A). The surface of BC/AC
contained negatively charged functional groups, for instance,

FIGURE 7
Content of FeIMP and MnIMP in IMP. Changes in FeIMP (A) and MnIMP (B) content of IMP on the rice root surface. Error bars represent the standard
deviation of triplicates. Data are presented as the mean ± standard error (n = 3). Same lowercase letters mean no significant difference, while different
lowercase letters mean a significant difference (ANOVA, LSD, p < 0.05).

FIGURE 8
Principal component analysis (PCA) for soil properties, soil Cd fraction, tissue Cd content, rice yield, plant height, and plaque FeIMP and
MnIMP content.
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phenols, hydroxyl, amine, carboxyl, and mercaptan compounds,
which were capable of binding hydrogen ions from the soil solution
and increase the soil pH (Nguyen et al., 2017; Bagheri Novair et al.,
2023). In addition, there was the possibility that BC-/AC-based
amendments could stimulate or enrich the activity of soil
microorganisms, thus increasing the soil pH (Lin et al., 2022).
Increased soil pH might also provide active sites enhancing Cd
adsorption or immobilization (Nguyen et al., 2023).

The value of Eh in the soil depended on the relative concentrations
of oxidized and reduced substances in the soil solution (Chacón et al.,
2020). Themain factors affecting soil Ehwere soil aeration, soil moisture,
the metabolism of the plant root, and the proportion of decomposable
soil organic matter (Yang et al., 2021). According to this research, soil Eh
decreasedwith increasing biochar contents (Figure 2B). Xing et al. (2022)
found that adding biochar to rice soil resulted in a broader range of soil
Eh within 6 h (219 ~ +334 mV) than control (−271 ~ +391 mV), which
had been confirmed by Yang et al. (2020). Klüpfel et al. (2014) and
Rashid et al. (2022) indicated that biochar enhanced the redox reaction
by providing electrons through a phenol group or accepting electrons
through the quinone aromatic structure. These results showed the critical
role of biochar inmediating the redox environment in soil. Much higher
or lower soil Eh was not conducive to rice growth. Higher soil Eh
presents a state of oxidation, faster organic matter decomposition, or
nutrient leaching. Lower soil Eh could cause poor ventilation and restrict
rice growth and development.

CEC was one of the critical soil properties strongly influenced by
soil organic matter, which varied from <1 cmol/kg in sandy soil

to >25 cmol/kg in clay soil (Guibert et al., 1999; Arabi et al., 2018).
Our experiments revealed that applying BC-/AC-based amendments,
especially those with high BC/AC content, significantly increased soil
CEC (Figure 2F). These results were consistent with the findings found
by Awasthi et al. (2019), Hussain Lahori et al. (2017), and Mohamed
et al. (2015). Increasing soil CEC by BC/AC was a result of its highly
porous characteristic and high specific area, which subsequently
increased the adsorption capacity (Liu et al., 2012).

Our data indicated that amendments significantly increased TN,
TP, SOC, and DOC contents in soil (Figure 2), consistent with the
outcomes of published literature (Li Y. et al., 2022c; Jin et al., 2019). This
might be because BC/AC, rape organic fertilizer, and calcium
magnesium phosphate fertilizer were enriched in carbon, nitrogen,
and phosphorus, which provided a source of organic material and
increased the inputs of these compounds in soil (Arabi et al., 2018;
Farhangi-Abriz et al., 2021). Previous research had also demonstrated
that BC/AC could have a positive effect on crop growth and efficiency of
nutrient availability (Backer et al., 2016; Azeem et al., 2023). Other
surveys had demonstrated that biochar application could positively
affect soil microorganisms and enzyme activity (Luis Moreno et al.,
2022; Song et al., 2022). Moreover, TN, TP, SOC, and DOC contents
increased with BC/AC content, and as a result, the rice yield increased
(Figure 5E). Therefore, it was necessary to conduct long-term
experiments in multiple geographical sites to validate the impacts of
the application of BC/AC or derived materials on TN, TP, SOC, and
DOC contents, in an effort to provide reliable evidence for the large-
scale application of biochar-based materials.

FIGURE 9
Correlation analysis of soil properties, soil Cd fraction, tissue Cd content, rice yield and components, plant height, and plaque FeIMP and MnIMP

content. Here, 1000-GW represents 1000-grain weight, PFW represents fresh panicle weight, PDW represents dry panicle weight, SLFW represents fresh
stem and leaf weight, and SLDW represents dry stem and leaf weight. Line width represents the distance-dependent Mantel r statistic. Rosy brown lines
indicate non-significant difference, pink lines indicate significant difference (0.01 < p < 0.05), and red lines indicate extremely significant difference
(p < 0.01).
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DTPA-Cd was the bioavailable form that could be absorbed and
utilized by plants. In comparison with total soil Cd, DTPA-Cd had a
greater impact onmetal toxicity and uptake by plants. DTPA-Cd played
an essentially important role in managing Cd absorption by crops and
forecasting the Cd toxicological effect in agroecosystems (Lahori et al.,
2017; Wu et al., 2020). In our study, the DTPA-Cd content of each
treatment was found to decrease rapidly in the early stage, increased
slightly in the later stage, and finally stabilized. After harvest, the
ultimate results showed that the treatments decreased soil DTPA-
Cd, in which only the effects of T1, T4, and T6 were significant.
Comparable findings were presented by Hong et al. (2022), who found
that the co-application of biochar, apatite, and seaweed organic fertilizer
at a ratio of 1.5:0.5:1 significantly reduced soil bioavailability of Cd, Cr,
and Pb; enhanced soil conditions; and improved nutrient availability
and yields. Liang T. et al. (2022b) revealed that the simultaneous
application of rape straw biochar, rice straw, and Chinese milk vetch
effectively reduced soil DTPA-Cd by 27.80%–46.62%. Furthermore,
Xiong et al. (2019) revealed that rice straw, biochar, and engineered
bacterium P. putida X4/pIME compost applied as a soil amendment
significantly reduced Cd concentrations. This study also showed that
BC-/AC-based amendments decreased Ex-Cd content in soil while
increasing the content of other Cd fractions, including Ca-Cd, Ox-Cd,
and Re-Cd (Figure 4). Similarly, Liu et al. (2022) and Xiong et al. (2019)
revealed that biochar and biochar compost lowered the Ex-Cd content
and increased that of other Cd fractions.

The reduction in DTPA-Cd in soil by BC-/AC-based
amendments could be potentially because BC/AC-based
amendments contained alkaline particles and produced OH−

groups that could bind Cd ions from the soil solution to form
insoluble complexes, thus reducing Cd bioavailability. Furthermore,
the BC-/AC-based amendments contained high amounts of Ca2+ and
Mg2+ ions and a large surface area that could interact with soluble Cd
to enhance Cd adsorption or immobilization (Singh et al., 2023; Zanin
Lima et al., 2023). pH was a prominent factor regulating the
effectiveness of Cd, which showed a negative correlation to DTPA-
Cd. It was reported that elevated soil pH caused an increased negative
surface charge in soil, leading to facilitated surface precipitation, such
as CdCO3 or Cd(OH)2, and decreased DTPA-Cd (Suzuki et al., 2020;
Liang T. et al., 2022b). According to our research, soil pH was higher
in BC/AC treatments than in CK, which was beneficial in reducing Cd
mobilization and effectiveness. Furthermore, the addition of BC-/AC-
based amendments could result in strengthening Cd complexation
due to improved soil CEC and SOM, thereby contributing to the
reduction in soil DTPA-Cd (Alaboudi et al., 2019). Additionally,
studies had indicated that some soil microorganisms had the ability to
absorb Cd. It might be possible that the addition of biochar-based
amendments could enrich this group of soil microorganisms and,
therefore, reduce the Cd content in soil (Qi et al., 2023; Haider et al.,
2021; Mei et al., 2022).

4.2 Effect on rice yield and tissue Cd content

According to data on rice growth given in Table 2, yield
components in Table 3, and biomass in Figure 5, BC-based
amendments significantly increased the rice yield and yield
components, as well as dry biomass. This result was in
agreement with those reported by Mohamed et al. (2015), Arabi

et al. (2018), and Li et al. (2019). On the other hand, AC-based
amendments severely reduced the rice yield and caused the
whitening of leaves during the seedling stage, which was contrary
to the findings obtained by Břendová et al. (2016), who utilized
biochar and coconut shell-activated carbon to reduce the
phytoavailability and phytotoxicity of Cd, Pb, and Zn and
reported that both carbon-based amendments increased spinach
dry biomass by 114% and 55% in non-contaminated soil and 359%
and 308% in contaminated soil, respectively. Therefore, the
effectiveness of coconut shell-activated carbon needs to be
further validated.

BC/AC exhibited strong adsorption of nutrients, such as
ammonium, nitrate, phosphate, potassium, and trace elements,
which could retain nutrients and reduce their loss from soil,
enhancing nutrient uptake by plants and improving growth and
yield (Lv et al., 2021). Furthermore, BC-based amendments
improved soil properties by increasing soil pH and CEC and
lowering soil Eh, which would enhance nutrient efficiency,
especially of phosphorus and potassium (Alvarez et al., 2017),
reduce nutrient leaching or loss from soil (Agegnehu et al.,
2016), and slow down soil organic matter decomposition (Xing
et al., 2022). Moreover, BC-based amendments would enrich soil
bacterial communities, stimulate the activities of enzymes, and
improve soil health and rice growth (Ibrahim et al., 2021; Hong
et al., 2022).

This study demonstrated that Cd uptake and accumulation were
dominated by roots, followed by shoots, leaves, and finally, brown
rice grain (Figure 6). Maize straw biochar-based amendments were
more effective than bamboo and coconut shell-activated carbon in
reducing the Cd concentration in brown rice. T2 achieved the best
reduction of Cd in brown rice by 71.77%. Liang T. et al. (2022b)
revealed that the simultaneous application of Chinese vetch, rice
straw, rape straw biochar, and iron-modified biochar remarkably
reduced 65.38% and 62.65% of Cd concentration in rice grain,
respectively. A comparable study was reported by Hong et al.
(2022), who applied a combination of seaweed organic fertilizer,
apatite, and biochar to maize grain, which reduced Cd, Pb, and Cr by
68.9%, 68.9%, and 65.7%, respectively. The analysis showed that the
incorporation of BC/AC, rape organic fertilizer, calciummagnesium
phosphate fertilizer, and fulvic acid significantly restrained Cd
uptake by plants from the soil. Table 4 shows that BCFsoil-root
was reduced by all treatments, illustrating that BC addition was
more effective in decreasing Cd enrichment in brown rice as TFleaf-rice >
TFroot-shoot > TFshoot-rice.

Cd transport from roots to brown rice grain was predominantly
through shoots and leaves (Zhou et al., 2018). BC-/AC-based
amendments inhibited Cd enrichment in various tissues of rice,
which was most likely because of the reduction in DTPA-Cd in the
soil. DTPA-Cd was found to be positively correlated with the Cd
concentration in rice grain, and BC/AC-based amendments
significantly lowered soil DTPA-Cd content and increased Re-Cd
content. Thus, the BC/AC amendments reduced Cd uptake in rice
by decreasing the bioavailability and transport of Cd in soil (Sun
et al., 2016). Furthermore, the development of IMP was an effective
barrier to prevent metal absorption by roots (Huang et al., 2022).
Additionally, increased Fe2+ or Mn2+ might compete with Cd for the
adsorption sites, thus being responsible for decreased Cd movement
and storage in rice (Cai et al., 2020).
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4.3 Effect on root IMP

IMP formed on the root surface was a kind of amphiphilic
colloid, which could affect the chemical behavior and bioavailability
of various elements in the soil through adsorption and co-
precipitation. It effectively impeded Cd uptake by the root system
and reduced Cd accumulation in rice tissues (Huang et al., 2022;
Liang T. et al., 2022b). Previous studies had shown that the
incorporation of organic materials, such as organic fertilizers,
biochar, and livestock manure, could stimulate the generation of
IMP (Li J. et al., 2020a; Liu et al., 2021). According to our research,
applying BC-/AC-based amendments enhanced the IMP content,
which simultaneously reduced the Cd concentration in the edible
portion of rice (Figure 7; Figure 6D).

IMP formation was mainly influenced by the Fe2+ and Mn2+

concentrations, oxygen concentration, rhizosphere oxidase system,
and soil microorganisms (Wu et al., 2016; Lin et al., 2017). In order
to adapt to the flooded environment, rice morphological structures
and physiological characteristics of the aboveground and root
systems experienced specific changes, most prominently the
formation of aerated tissues (Jiang et al., 2009). Aerated tissues
transported oxygen through the leaves to the root system, which, in
turn, released oxygen and other oxygenated substances into the
rhizosphere, thereby oxidizing Fe2+ in the flooded soil to Fe3+ and
Mn2+ to Mn (Ⅲ/Ⅳ). Fe3+ and Mn (Ⅲ/Ⅳ) formed insoluble oxides or
hydroxides in the rhizosphere of rice, which were deposited on the
surface of the roots, forming IMP (Machado et al., 2005; Kong et al.,
2023; Zheng et al., 2024). Moreover, there existed oxidative enzyme
systems (catalase, superoxidase, superoxide dismutase, etc.) in the
rhizosphere of rice, and the application of BC-/AC-based
amendments increased soil catalase and superoxidase enzyme
activities, which could convert Fe2+ to Fe3+ and Mn2+ to Mn
(Ⅲ/Ⅳ) (Chen H. et al., 2020a; Li Q. et al., 2020b; Zheng et al.,
2023). Furthermore, iron-oxidizing and methane-oxidizing bacteria
attached to the root surface of rice also played an active role in the
formation of IMP (Yu et al., 2016; Danso et al., 2023). Fe2+ and Mn2+

in BC-/AC-based amendments were released into the soil solution,
and soil redox conditions changed, which contributed to improved
formation of IMP. The application of BC-/AC-based amendments
modified the soil microenvironment, thereby promoting Fe2+ and
Mn2+ release and contributing to IMP formation (Zhou et al., 2020).

4.4 Potential mechanism of Cd
immobilization, Cd accumulation in rice
grain, and rice yield

The distribution of DTPA-Cd in the soil directly affects the crop
uptake and utilization of Cd. In our research, BC-/AC-based
amendments reduced the DTPA-Cd content in soil. Therefore, it
is important to explore its potential passivation mechanism.
Figure 10 shows the potential mechanism of BC-/AC-based
amendments on soil Cd immobilization, Cd accumulation in rice
grain, and rice yield. The adsorption and immobilization of Cd by
BC-/AC-based amendments was not a single process but rather a
synergistic interaction of various reactions (Wu et al., 2020; Chen
et al., 2021). The mechanisms mainly included physical adsorption,
electrostatic action, ion exchange, complexation, and precipitation

(Singh et al., 2023). BC/AC had a highly porous structure with a
large specific surface area, and Cd could be adsorbed on its surface
and also diffuse into the porous structure, which could be
immobilized. In addition, the larger the specific surface area, the
higher the physical adsorption capacity for Cd (Nguyen et al., 2023).
The BC/AC surface contained alkali metals such as K, Na, Mg, and
Ca, which could be exchanged with Cd, thereby reducing the
concentration of Cd and increasing the nutrient concentration in
the soil to promote the growth and development of crops (Lv et al.,
2021). Additionally, the oxygen-containing functional groups (-OH,
-COOH, and C=O) on the BC/AC surface performed ion-exchange
reactions with Cd2+ [2 (R-OH) + Cd2+ → (R-O)2Cd + 2H+, 2
(R-OOH) + Cd2+ → (R-OO)2Cd + 2H+] (Zhou et al., 2018;
Alaboudi et al., 2019). It also complexed with Cd on the surface
of BC/AC, reducing the bioavailability and mobility of Cd (He et al.,
2019). Electrostatic interaction was closely related to the valence
state of Cd and CEC of the soil. A higher valence state of Cd causes a
stronger electrostatic interaction, leading to Cd being more easily
adsorbed. Increased CEC would make the soil negatively charged,
which further enhanced the adsorption of Cd by soil (Zhang et al.,
2020; Li H. et al., 2022a). Moreover, BC/AC contained soluble CO3

2-

and PO4
3-, which could form a precipitation with Cd (Lahori et al.,

2017). Additionally, our study showed that BC-/AC-based
amendments decreased Ex-Cd content in soil and shifted it to a
more stable morphology (Figure 4); as a result, DTPA-Cd was
reduced. Therefore, the reduction in DPTA-Cd in the soil
resulted in decreased Cd uptake by rice. Alternatively, the
formation of IMP on the root surface reduced the accumulation
of Cd in rice grains (Figure 7; Figure 6D).

The BC-based amendment material contained rich nutrients
that contributed to enhanced rice yield. BC could enhance soil
fertility and nutrient efficiency by improving soil physicochemical
properties (SOM, CEC, and fertilizer holding capacity) and
regulating soil pH to reduce nutrient losses (Chen et al., 2021).
Additionally, the porous structure of BC contributed to reduced
ammonia volatilization losses, improved fertilizer utilization, and
facilitated nutrient cycling. Moreover, the functional groups (-OH,
-COOH, C=O, S2-, CO3

2-, and PO4
3-) on the BC surface could

enhance the rice yield through various mechanisms. First, the BC
porous structure and large specific surface area could adsorb N, P, K,
and other nutrients in the soil, reducing nutrient loss and promoting
nutrient cycling by improving soil microbial activity, therefore
enhancing the efficiency of fertilizer utilization (Agegnehu et al.,
2016; Liu et al., 2022). Second, these functional groups could also
form complexes or chelates with nutrient ions, resulting in the
retention and slow release of nutrients, thus promoting nutrient
uptake by rice (Farhangi-Abriz et al., 2021). Finally, BC and organic
fertilizers could have a synergistic effect, further increasing rice
yields and soil carbon storage.

Our research showed that AC-based amendments severely
reduced rice yield. We reviewed a large amount of literature,
with were fewer studies found in this area, and existing studies
had contrary results to our study. Yin et al. (2022) showed that Salix
integra dry mass increased more with the combination of
spermidine and activated carbon treatment (39.65%–92.95%)
than with the treatment alone (14.79%–62.80%). Wei et al.
(2022) used a bacterial consortium (Enterobacter asburiae G3,
Enterobacter tabaci I12, and Klebsiella variicola J2 in a 1:3:
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3 proportion) via physisorption, and sodium alginate encapsulation
on coconut shell-activated carbon significantly increased the fresh
and dry weights of pak choi biomass. These studies were conducted
in dry fields; however, there were no studies in paddy fields.
Therefore, the mechanism of rice yield reduction caused by AC-
based amendments was difficult to elucidate. We hypothesized that
AC-based amendments might have a high adsorption capacity for
effective nutrients (N, P, and K) after rice transplantation, and rice
was unable to absorb the nutrients, resulting in leaf yellowing
(Figure 1). During the mid-growth period of rice, rice leaves
showed white–green patches and reduced chlorophyll content,
which may be one of the factors leading to the reduction in rice
yield. At harvest, the plant height was significantly lower in the AC-
based amendment application than in the other treatments. The
yield component data illustrated that all the AC-based amendment
application treatments severely reduced rice filled-grain percentage
and 1,000-grain weight (Table 3). Additionally, AC-based
amendments might cause stress to the roots of rice, resulting in
the inability to complete normal growth and development.
Furthermore, AC-based amendments might affect the activity of
microorganisms in the soil, resulting in their inability to perform
their normal functions. In conclusion, the mechanism of AC-based
amendments that severely reduced rice yield needs further research.

4.5 Impact of BC-based amendments on
environmental and economic benefits

BC-based amendments are an eco-friendly remediation material
that had remarkable effects in the treatment of soil heavymetal pollution.
Its effect on the environment was mainly reflected in the following
aspects: (1) reduction in heavy-metal bioavailability. BC-based

amendments reduced heavy-metal bioavailability and mobility in the
soil through various mechanisms, such as physical adsorption,
electrostatic action, ion exchange, complexation, and precipitation,
thereby reducing their potential threat to ecosystems and human
health (Xiong et al., 2019; Li J. et al., 2022b); (2) improvement in soil
physicochemical properties. BC-based amendments could improve soil
pH, increased soil cation exchange and organic matter content,
improved soil structure, and thus enhanced the soil ability to
immobilize heavy metals (Ibrahim et al., 2021; Lv et al., 2021); (3)
promotion of soil microbial activity. BC-based amendments might alter
the structure of soil microbial communities, increased the relative
abundance of some beneficial microorganisms, promoted soil
metabolic processes, and enhanced microbial activity in the soil
(Chen S. et al., 2020b; Wang et al., 2021); (4) long-term
immobilization of soil heavy metals. Research showed that BC-based
amendments could effectively stabilize heavymetals in the soil for a long
period of time, and during the immobilization process, the “aging effect”
of biochar promotes a continuous increase in soil cation exchange and
organic matter content, which, once again, reduces the bioavailability of
heavy metals without potentially harming the soil (Ros et al., 2006;
Herold et al., 2012).

Applying BC-based amendments improved the soil quality and
increased the crop yield and quality, thereby increasing the economic
benefits of agricultural outputs (Singh et al., 2023). Meanwhile, biochar
production could reduce waste disposal costs by utilizing biomass
resources such as agricultural waste, while providing a value-added
product (Ndoung et al., 2021). However, whether the production and
application of biochar were economically viable depended on a number
of factors, including the cost of feedstock, scale of production, pyrolysis
conditions, price of biochar, and type of crop (Nguyen et al., 2023).
Although BC-based amendments had potential economic benefits, they
needed to be assessed in detail on a case-by-case basis, as well as policy

FIGURE 10
Mechanisms of Cd immobilization, brown rice Cd accumulation, and yield.
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support and market development to realize their
commercialization potential.

5 Conclusion

This study showed that BC-/AC-based amendments significantly
enhanced soil pH, TN, TP, CEC, SOC, and DOC and decreased soil Eh
and DTPA-Cd. Maize straw and bamboo biochar-based amendments
significantly improved the rice yield and biomass, while coconut shell-
activated carbon severely reduced the rice yield. This experiment showed
that BC-/AC-based amendments effectively modified Cd fractionation
in soil and induced the Cd transformation from bioavailable (Ex-Cd) to
less bioavailable fractions (Ca-Cd, Ox-Cd, and Re-Cd). The alleviation of
Cd absorption and enrichment in rice tissues by BC-/AC-based
amendments were achieved through soil Cd fractional transformation
or immobilization and IMP formation. The results demonstrated that
BC-/AC-based amendments could be potentially used as eco-friendly
and sustainable materials for improving soil health and remediating Cd-
contaminated soil, which safeguards human health and the ecosystem
from metal contamination. The results of the field trial showed that our
material could immobilize soil Cd, but there are still limitations. We
aimed for a long-term fixed trial, but due to the local government’s
construction of high-standard farmland, which had already destroyed
our experimental field, we only performed one season of rice
experiments. In future, we will build a long-term fixed trial to
achieve favorable results.
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