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Passivation effect of modified
biochar on cadmium in mining
contaminated soil
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Cadmium contamination in agricultural soils poses significant risks to crop safety and ecosystem
health. This study investigated the efficacy of modified biochar for Cadmium immobilization in mining-
impacted soils through a pot experiment with Chinese cabbage (Brassica pekinensis (Lour.) Rupr.).

Four treatments were evaluated: Control (CK), Biochar (6 g/kg, T1), KMnO,-modified biochar (6 g/

kg, T2), and H;PO,-modified biochar (6 g/kg, T3). The results showed that both T1 and T2 treatments
significantly enhanced the pH and organic matter content of the contaminated soil in the mining area.
Specifically, the T2 treatment improved the soil pH from 6.3 to 6.7 and the organic matter content from
29.3 g/kg to 34.3 g/kg. Furthermore, the T2 treatment significantly reduced the available cadmium
content in the contaminated soil by 43.4%, the cadmium content in the edible parts of Chinese
cabbage by 66.4%, the cadmium accumulation coefficient in the edible parts by 45.5%, the cadmium
accumulation coefficient in the roots by 40%, and the transport coefficient by 33.9% compared to the
control (CK). In conclusion, the treatment with KMnO,-modified biochar outperformed both regular
biochar and H;PO,-modified biochar treatments. The results of the study provide a theoretical basis for
the production of vegetables grown in heavy-metal-contaminated soils and promote the recycling of
resources and the environment.
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With the rapid industrialization in China, issues of heavy metal pollution in soil have become particularly severe
due to factors such as mineral resource exploitation, wastewater irrigation, and the improper use of fertilizers
and pesticides™?. This is especially true for areas surrounding metal mining sites, where cadmium and lead
contamination is prevalent®. As one of the world’s major mining countries, China has a total mining area of
approximately 104,000 km?, with over 300 mining cities focused primarily on mining activities’. The large-scale
extraction of mineral resources generates significant amounts of mine tailings, placing immense pressure on
the environment’. The Honghe Hani and Yi Autonomous Prefecture in Yunnan Province, China, has a mining
history of more than 2000 years. According to the environmental (groundwater, farmland cultivation and crops)
monitoring data around the mine, there is a certain risk of environmental pollution in the surrounding area,
especially heavy metal pollution, and cadmium pollution in the soil is more serious.

Heavy metal pollution not only affects the soil environment, but also may have negative effects on the
quality and yield of agricultural products®-8. Therefore, the remediation of mining-contaminated soil and the
restoration of its original function are of great significance in guaranteeing the sustainable development of
agriculture, safeguarding human health, protecting the ecological environment and promoting socio-economic
development.

Biochar can immobilize heavy metal elements in soil through various mechanisms such as adsorption,
precipitation, complexation, and ion exchange. For example, corn straw biochar is a carbon-rich material
produced by the pyrolysis of corn straw in oxygen-limited or anaerobic conditions’. Due to its high specific
surface area, porosity, and abundance of carbon-containing functional groups and mineral nutrients, it has found
widespread application in enhancing soil fertility, remediating contaminated sites, and improving agricultural
soil environments!-12,

However, the effectiveness of adsorption and fixation of heavy metal ions in the soil varies depending on the
biochar material used'3-1°. In real-world environments with complex contamination conditions, biochar often
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struggles to achieve the anticipated remediation effects!®. A primary solution to this issue is the modification
of raw biochar. Modified biochar has shown promising applications in soil improvement, heavy metal removal,
wastewater treatment, and agricultural yield enhancement!”. Previous studies have indicated that potassium
permanganate-modified biochar and phosphoric acid-modified biochar exhibit good adsorption properties
for cadmium. For example, Xie et al.'® showed that potassium permanganate-modified biochar had a higher
adsorption capacity for Cd** compared to unmodified biochar, and its adsorption stability was also significantly
improved. Guo et al.!” demonstrated that phosphoric acid-modified biochar effectively passivates single-
contaminated Pb** and Cd*, facilitating the transformation of heavy metal ions from their available to stable
forms. The passivation effect was positively correlated with the amount of phosphoric acid-modified biochar
added.

Currently, considerable research has been conducted on the use of biochar derived from various materials
for remediating heavy metal-contaminated agricultural soils. However, there is a lack of direct comparative
studies on the remediation effectiveness of biochars modified by different materials, particularly in the context
of mining-affected soils. Based on this, in this study, corn stover biochar was modified with phosphoric acid
and potassium permanganate as modifiers through potting tests to investigate the passivation effect of the
two modified biochars on cadmium in polluted soils in mining areas and its inhibition effect on transfer and
enrichment in cabbage. By comparing the effects of these two modified biochars, this research provides more
targeted recommendations for practical applications, and aims to provide a scientific theoretical basis for the use
of modified biochar in the remediation of cadmium-contaminated soils.

Methods

Test material

Preparation of biochar

The preparation of the biochar involved the following steps: First, corn stover was ground through a 100 mesh
sieve, and then this powdered corn stover was placed in a tube furnace, heated to 500 °C, and held for 2 h.
Throughout the preparation process, nitrogen (N) was introduced to ensure that the pyrolysis occurred in an
oxygen-free environment. The resulting corn straw biochar was then sealed in wide-mouth jars for storage and

later use?.

Modification of biochar
The preparation of potassium-permanganate-modified biochar was based on the method described by Mo et
al.2!, First, 2.0 g of biochar was placed in a 250 mL conical flask, followed by the addition of 100 mL of 0.1 mol/L
potassium permanganate solution. After thorough stirring, the flask was sealed with a membrane and placed in
a constant temperature shaker, set to 200 r/min at 25 °C for 6 h. Following this, the mixture was allowed to stand
for 1 h before being filtered through a 0.45-micron membrane filter. The resulting biochar was repeatedly rinsed
with deionized water until the filtrate was colorless. Finally, the filtered biochar solid was placed in an oven and
dried at 75 °C until a constant weight was achieved, resulting in potassium-permanganate-modified biochar.
The preparation of the phosphoric-acid-modified biochar followed the method outlined by Peng et al.?2
A 14% phosphoric acid solution was used to modify the corn stover biochar. Under 25 °C conditions, 20 g
of biochar was soaked in 40 mL of the 14% phosphoric acid solution for 24 h. After soaking, the biochar was
washed with deionized water until the pH of the supernatant stabilized at around 7.0+ 0.2. The supernatant was
then discarded, and the biochar was dried at 105 °C to obtain phosphoric-acid-modified biochar.

Biochar surface morphology analysis

The pore structure of the biochar’s surface was observed using a scanning electron microscope (SEM) in
secondary electron imaging mode, with an operating voltage of 5-15 kV (SEM model: FlexSEM 1000). The
specific procedure was as follows: First, a suitable amount of biochar was evenly distributed on the surface of a
copper stub coated with conductive adhesive. Afterward, a gold sputter coating was applied. Finally, the sample’s
pore structure was examined under the SEM at various magnifications®.

The specific surface area and pore size distribution were measured using a Micromeritics ASAP 2460 surface
area analyzer. The biochar and modified biochar samples were degassed under vacuum at 180 °C for 6 h to
remove surface impurities and moisture from the pores. Subsequently, the specific surface area and pore size
distribution of the samples were determined in a nitrogen (N,) atmosphere?*.

Potting trials
Test material
Test soil: The potting soil used in this study was collected from Datun Town, Honghe Hani and Yi Autonomous
Prefecture, Yunnan Province (23°25’37” N, 103°14’12” E). This area is characterized by acidic red soil, where
soil cadmium contamination is severe. Soil samples were taken from the top 0-20 cm layer of farmland. The soil
properties are detailed in Table 1.

Test vegetables: The vegetable used in this study was Chinese cabbage, specifically the “Jingyan Kuaicai No. 6
F1” variety, with seeds purchased from a nearby farmer’s market.

Test biochar: The study included corn straw biochar and two types of biochar modified with potassium
permanganate and phosphoric acid.

Experimental design
Potting trials were conducted in the greenhouse of Yunnan Agricultural University from April to June 2023 (the
temperature in the greenhouse was (25+3) oC and (20+2) oC during the day and at night, respectively; the
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Organic matter(OM)
pH (g/kg) Total Cadmium (mg/kg) | Available Cadmium(mg/kg)
Soil | 6.31+0.012 | 29+1.528 2.33£0.042 1.19+0.038
T1 |8.63+0.015 | 611+2.082 0.09+0.002 -
T2 |8.49+0.021 | 599+1.202 0.09+0.002 -
T3 |7.23+£0.061 | 587+4.256 0.09+0.005 -

Table 1. Nature of materials to be tested. Note: biochar (T1), potassium-permanganate-modified biochar (T2),
phosphoric-acid-modified biochar (T3). The values are presented as means + standard deviations (n=3).

light cycle was 13 h). A total of four treatments were established: a control group (CK: no biochar application),
unmodified corn straw biochar (T1: 6 g/kg), potassium-permanganate-modified biochar (T2: 6 g/kg), and
phosphoric-acid-modified biochar (T3: 6 g/kg)®. Each treatment was replicated three times, resulting in a total
of 12 pots. A specific ratio of biochar, base fertilizer (15-15-15 NPK fertilizer at a rate of 450 kg/hm?), and sieved
soil was mixed uniformly in plastic pots (diameter 21 cm, height 33 cm). Deionized water was added to adjust
the moisture content to 65% of the field capacity. After a two-week equilibration period, Chinese cabbage seeds
were sown, with 30 seeds per pot. Thinning was performed seven days post-emergence to maintain five seedlings
per pot. During the growth period, regular watering and pest control were conducted, and the Chinese cabbage
samples were harvested after 30 days.

Sample collection and analysis

Plant and soil sample collection: When the cabbages were harvested, they were divided into two parts: their
roots and their edible parts. Then, they were rinsed with tap water and drenched with distilled water three times,
and finally the plant surface was blotted dry with dust-free paper and the processed cabbage samples were put
into an oven at 105 °C for 60 min to kill the greening process, followed by drying to a constant weight, grinding,
and sieving (0.5 mm). The soil around the inter-root area after harvesting the Chinese cabbage was collected,
naturally air-dried, ground, sieved (2 mm and 0.149 mm), and left to be measured?®.

Determination and analysis: Soil organic matter was determined according to the “NY 1121.6-2006
Agricultural industry standard Determination of soil organic matter”; soil pH was determined using the
potentiometric method with a soil-to-water ratio of 1:2.5; the total soil cadmium was measured with reference to
the “Determination of soil quality of lead, cadmium Graphite Furnace Atomic Absorption Spectrophotometric
Method” (GB/T 17141 -1997); the soil effective state cadmium content was determined with reference to the
“soil weight effective state lead and cadmium determination of atomic absorption method” (GB/T 3739 —2009);
the Chinese cabbage cadmium content was determined according to the “food safety National Standard for the
Determination of Cadmium in Food (GB 5009.15-2014), the plant standard material GBW100351 [(0.42 +0.02)
mg/kg] was used for quality control, and the cadmium recovery was 80%-95%; and the bioconcentration factor
(BCF) and transport factor (TF) of the Chinese cabbage were also calculated?’.

C1/C2

(BCF) = C'soil 1)
C1
(TF) = o) (2)

where Cl is the cadmium content in the edible parts of Chinese cabbage, C2 is the cadmium content in the root
parts of Chinese cabbage, and Csoil is the cadmium content in the inter-root soil.

Data analysis

Raw data were analyzed using Excel 2016 for data statistics, with SPSS Statistics 26 used for the mean, standard
deviation, and significance of the data. Duncan’s multiple comparisons tests were used to analyze the differences
between treatments, with a significance difference level of p <0.05, and OriginPro 2021 was used for graphing.

Results

Characterization of modified biochar

The physicochemical properties of the three types of biochar are presented in Table 1. The surface area and
pore size measurements of the biochar and the two types of modified biochar indicated that T2 had the highest
specific surface area at 114.01 m?/g, followed by T3 at 97.67 m?/g, and the lowest was T1 at 92.86 m?*/g (Table 2).
Additionally, the total pore volume and peak pore size distribution for the three biochar samples showed the
order T2>T3>T1 (Table 2) Scanning electron microscope (SEM) images at 10 um and 50 pm wavelengths
revealed that T1 exhibited a few pores on its surface, characterized by a rough texture and the presence of
particles (Fig. 1), likely due to impurities on T1’s surface. After phosphoric acid modification, the surface of
the biochar became smoother, and its pore structure was enriched (Fig. 1). Compared to T1, T3 exhibited
more pronounced macropore structures, suggesting that the phosphoric acid treatment may have removed the
surface-bound impurities from T1, resulting in more available adsorption sites on T3. Following potassium
permanganate modification, T2 displayed significant changes in surface morphology, with numerous fractures
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Sample | Surface area (m?/g) | Pore volume (cm®/g) | Average pore diameter (nm)
T1 92.86+0.975 0.051+0.003 3.15+0.003
T2 114.01£5.679 0.073+0.002 3.41+0.012
T3 97.67 £5.636 0.063+0.001 3.23+0.028

Table 2. Specific surface area and pore size analysis of biochar. Note: biochar (T1), potassium-permanganate-
modified biochar (T2), phosphoric-acid-modified biochar (T3). The values are presented as means + standard
deviations (n=3).

and an increase in pore size and volume compared to T1, accompanied by the formation of fine particulate
matter, which contributed to the increased specific surface area of T2 (Fig. 1).

Effect of modified biochar on pH of contaminated soil in mining areas

The effects of different treatments on the pH of polluted soils in the mining area varied, as shown in Fig. 2a.
The application of biochar and potassium-permanganate-modified biochar significantly increased the pH of the
contaminated soils. In all treatments, T1 and T2 significantly raised the pH by 0.5 and 0.4 units, respectively,
compared to the control (CK). Specifically, T1 elevated the soil pH from 6.3 to 6.8, while T2 increased it from 6.3
to 6.7. In contrast, T3 did not show a significant difference in pH compared to CK. These results indicate that the
application of biochar and potassium-permanganate-modified biochar was most effective in enhancing the pH
of the polluted soils in the mining area.

Effect of modified biochar on the organic matter of contaminated soils in mining areas
Biochar is rich in organic matter and its application to soil effectively enhances the organic matter content,
thereby improving soil productivity?®. The effects of biochar and modified biochar on soil organic matter differ,
as illustrated in Fig. 2b. Both biochar and modified biochar significantly increased the organic matter content of
the polluted soils in the mining area. Among all treatments, T1 and T2 showed the most effective improvements
compared to the control (CK). Specifically, T1 raised the soil organic matter from 29.3 g/kg to 34 g/kg, while
T2 increased it from 29.3 g/kg to 34.3 g/kg. In contrast, T3 only increased the organic matter from 29.3 g/kg to
31.5 g/kg. These results indicate that the application of biochar and potassium-permanganate-modified biochar
was most effective in enhancing the organic matter content of the polluted soils in the mining area.

Effect of modified biochar on soil available cadmium content in mining areas

The effects of different treatments on the available cadmium content in the polluted soils from the mining
area varied, as shown in Fig. 2c. Both biochar and modified biochar applications significantly reduced the
available cadmium levels in the contaminated soils. Among all treatments, T2 exhibited the most significant
reduction in available cadmium compared to the control (CK), decreasing it by 43.4%. In contrast, T1 and T3
led to reductions of 30.4% and 33%, respectively, compared to CK. These results indicate that the application of
potassium-permanganate-modified biochar was the most effective in lowering available cadmium levels in the
polluted soils, outperforming both biochar and phosphoric-acid-modified biochar in this regard.

Effect of modified biochar on cadmium content in the edible parts of Chinese cabbage

The effects of different treatments on the cadmium content in the edible parts of Chinese cabbage varied, as shown
in Fig. 2d. The application of both biochar and modified biochar significantly reduced the cadmium levels in the
edible parts of the cabbage. Among all treatments, T2 demonstrated the most significant reduction, lowering the
cadmium content by 66.4% compared to the control (CK). In comparison, T1 and T3 resulted in reductions of
29.6% and 33.3%, respectively, relative to CK. These findings indicate that potassium-permanganate-modified
biochar was the most effective at reducing cadmium levels in the edible parts of Chinese cabbage. Furthermore,
the reduction achieved with potassium-permanganate-modified biochar was superior to that of both biochar
and phosphoric-acid-modified biochar. Importantly, all treatments significantly decreased the cadmium levels
in the edible parts of Chinese cabbage, with all values remaining below the Chinese food safety standard limit
of 0.2 mg/kg for cadmium.

Effect of modified biochar on cadmium uptake and translocation in Chinese cabbage
The effects of different treatments on the cadmium accumulation coefficients in Chinese cabbage varied, as shown
in Table 3. Both biochar and modified biochar applications significantly reduced the cadmium accumulation
coefficients in the edible parts and roots of Chinese cabbage. Among all treatments, T2 exhibited the most
significant reduction in cadmium accumulation coefficients, decreasing them by 45.5% and 40% for the edible
parts and roots, respectively, compared to the control (CK). T1 also led to significant reductions of 18.2% and
20% in the cadmium accumulation coefficients for the edible parts and roots compared to CK. T3 resulted in
reductions of 37.5% and 25%, respectively. These results indicate that the potassium-permanganate-modified
biochar was the most effective in lowering the cadmium accumulation coeflicients in both the edible parts and
roots of Chinese cabbage. Furthermore, the effectiveness of potassium-permanganate-modified biochar in
reducing these coeflicients surpassed that of both phosphoric-acid-modified biochar and unmodified biochar.
The effects of different treatments on the cadmium translocation coefficient in the edible parts of Chinese
cabbage varied, as shown in Table 3. The application of both biochar and modified biochar significantly reduced
the cadmium translocation coefficient in the edible parts. Among all treatments, T2 demonstrated the most
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Fig. 1. Scanning electron micrographs of biochar: T1 (biochar), T2 (potassium-permanganate-modified
biochar), and T3 (phosphoric-acid-modified biochar).

notable reduction, lowering the translocation coefficient by 33.9% compared to the control (CK). In contrast,
T1 and T3 did not show significant differences in their effects on the translocation coeflicient compared to
CK. These results indicate that potassium-permanganate-modified biochar was most effective at inhibiting the
transfer of cadmium from the roots of Chinese cabbage to its edible parts.

Discussion
The specific surface area, pore structure, and surface functional groups of biochar are key factors determining its
adsorption capacity'®. This study shows that the surface area of potassium permanganate-modified biochar (T2,
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Fig. 2. (a) Effect of different treatments on soil pH; (b) Effect of different treatments on soil organic matter
content; (c) Effect of different treatments on soil available cadmium content; (d) Cadmium in the edible
parts of Chinese cabbage: no biochar applied (CK), biochar applied at 6 g/kg (T1), potassium-permanganate-
modified biochar applied at 6 g/kg (T2), and phosphoric-acid-modified biochar applied at 6 g/kg (T3).

The values are presented as means * standard deviations (n=3). Different small letters indicate significant
differences at the level of p <0.05.

(Cadmium

content) (BCF) (TF)
Treatment | Edible parts | Root | Edible parts | Root | Edible parts
CK 0.27a 0.48a | 0.11a 0.20a | 0.56a
T1 0.19b 0.35b | 0.09b 0.16b | 0.55a
T2 0.09¢ 0.25¢ | 0.06¢ 0.12¢ | 0.37b
T3 0.18b 0.33b | 0.08b 0.15bc | 0.55a

Table 3. Effect of modified Biochar on cadmium uptake and transport in Chinese cabbage. No biochar applied
(CK), biochar applied at 6 g/kg (T1), potassium-permanganate-modified biochar applied at 6 g/kg (T2),
and phosphoric-acid-modified biochar applied at 6 g/kg (T3). The values are presented as means + standard

deviations (n=3). Different small letters indicate significant differences at the level of p <0.05.

114.01 m?/g) is significantly higher than that of the original biochar (T1, 92.86 m?/g) and the phosphoric acid-
modified biochar (T3, 97.67 m?/g) (Table 2). This result is consistent with the SEM observations, which show
that the T2 surface has a more complex pore structure and more pronounced particle fragmentation (Fig. 1).
From the perspective of molecular chemical mechanisms, potassium permanganate modification may induce the
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Research Crops Biochar Application rate | TF reduction rate(%)
This Research | Cabbage potassium-permanganate-modified | 6 g/kg 33.9

Fu’® Rape Cotton stalk 8% 20.66

Wang®’ Rape Rice husk 5% 20.21

Chen3® Rice Iron-based 2249 kg/hm? 33.30

Fu’® Indian mustard | Cotton stalk 8% 21.32

Table 4. Reduction rate of cadmium transport coeflicient under different Biochar applications. Note: This
table refers to Su® et al. TF reduction rate is Reduction in TF compared to blank control. Different studies have
shown varying degrees of effectiveness in reducing cadmium accumulation in vegetables, which is related to
crop variety, cadmium content in the base soil, type of biochar, application rate, and other factors.

cleavage of aromatic rings on the surface of biochar through strong oxidation, forming more oxygen-containing
functional groups (such as carboxyl and hydroxyl groups), while generating nano-scale manganese oxide (e.g.,
MnO,) particles'®. The oxygen-containing functional groups on the surface of these manganese oxides can
combine with Cd** through chemical adsorption and coordination, forming stable complexeszs. In contrast, the
original biochar mainly relies on physical adsorption. Therefore, the chemical adsorption capacity of T2 for Cd**
is significantly enhanced. In addition, the adsorption capacity of potassium permanganate-modified biochar is
also related to the redox properties of MnO,, which can convert part of Cd** into CdO through electron transfer,
further reducing its bioavailability?®. Sun et al.? reported that the modification of biochar with potassium
permanganate significantly improves its pore structure, increases the number of oxygen-containing functional
groups, and efficiently loads manganese oxides onto the biochar surface. This enhancement strengthens biochar’s
ability to adsorb heavy metal ions, further improving its performance in heavy metal adsorption. In contrast,
phosphate-modified biochar (T3) may form insoluble cadmium phosphate precipitates (such as Cds(PO4),)
with Cd** through phosphate groups (PO4*), but its passivation effect is weaker than that of T2 (Fig. 2¢). This
may be because the loading amount of phosphate groups on the surface of T3 is lower than that of oxygen-
containing functional groups on T2, and phosphate is prone to compete with Ca** in the soil for binding sites,
resulting in a reduction in the proportion of available phosphorus actually involved in Cd** precipitation'®. It is
worth noting that some studies have pointed out that the precipitation effect of phosphate-modified biochar will
be inhibited when the soil pH is < 6.5, and the soil pH (6.4) after T3 treatment in this study is close to this critical
value, which may further weaken its effect..

Biochar’s enhancement of soil pH and organic matter is a key mechanism in reducing the bioavailability of
cadmium (Cd)*!. In this study, treatments T1 and T2 increased the soil pH from 6.3 to 6.8 and 6.7, respectively
(Fig. 2a), while T3 had no significant effect on pH. The increase in soil pH can promote the hydrolysis of Cd**
to form hydroxy complexes (e.g., Cd(OH)*), which, through electrostatic repulsion, reduces the competition
for adsorption sites on soil colloid surfaces?’. Additionally, elevated pH enhances the specific adsorption of
cadmium by Fe/Mn oxides in the soil®*. Treatments T1 and T2 significantly increased soil organic matter content
(Fig. 2b), with humic acid, polysaccharides, and other organic compounds in the organic matter potentially
forming complexes with Cd**, thereby reducing its mobility?*. Notably, while treatment T3 had a weaker
effect on organic matter, it still significantly reduced the bioavailable cadmium content (by 33%). This may be
attributed to the direct involvement of phosphate groups in precipitation reactions, rather than relying on the
role of organic matter!®.

The bioconcentration factor (BCF) indicates the ability of bok choy to absorb and accumulate cadmium
(Cd) from the soil; the higher the BCE, the greater the plant’s ability to accumulate cadmium. The transfer factor
(TF) describes the movement of heavy metals from the root system to the aerial parts of the plant, with a higher
TF indicating a stronger ability to transfer heavy metals to the above-ground organs®. Biochar reduces the
bioavailability of cadmium in the soil, thus inhibiting the absorption and translocation of cadmium by plants. In
this study, the T2 treatment reduced the BCF and TF of cadmium in the edible parts of bok choy by 45.5% and
33.9%, respectively (Table 3), which was significantly better than treatments T1 and T3. This result is consistent
with the study by Xie et al.'® who found that potassium permanganate-modified biochar increased the adsorption
of Cd** by 1.8 times compared to unmodified biochar. The reduction in BCF indicates that biochar treatment
decreased the root uptake of cadmium, which could be attributed to the increased pH in the rhizosphere and
the release of competitive ions such as Ca** and Mg**?°. The decrease in TF is related to the weakened binding
capacity of cadmium with organic acids (e.g., citric acid) during xylem transport?’. In contrast, Guo et al."”
reported that phosphoric acid-modified biochar reduced the BCF of cadmium by about 40%, which is similar to
the 37.5% reduction observed in this study for T3, but the effect on TF was weaker. This difference may be due
to variations in the cadmium transport mechanisms between different crops (e.g., rice vs. bok choy)3!. Previous
studies have shown that silicon-modified peanut shell biochar significantly reduced the Cd content in spinach
by 54.42%%2. Additionally, magnesium-modified peanut shell biochar notably decreased the accumulation of
Cd?* in spinach shoots and roots. Compared with the control group (CK), after treatments with 1% and 2% of
original biochar and modified biochar, the Cd** content in the above-ground parts decreased by 7.0% — 46.8%,
and that in the roots decreased by 7.3% —52.7%*. There are differences between these findings and the results
of this study, which may be attributed to the variations in modifiers, materials, and crop species (This study and
other studies on reducing cadmium accumulation in vegetables are shown in Table 4).

In future studies, green technologies, such as the use of Ascophyllum nodosum biostimulants®, can be
combined to enhance the efficiency of heavy metal extraction from mining-contaminated soils, providing new
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green pathways for soil heavy metal remediation. Additionally, with the aid of plant transcriptome sequencing
techniques®, the gene expression changes in plants under biochar-amended soil conditions can be explored.
This approach will highlight the complex issues of biochar supplementation in soils and provide a molecular-
level understanding of how biochar affects plant growth and heavy metal absorption and metabolism. This will
further clarify the mechanisms and potential issues of biochar in practical applications, offering theoretical
support for the more precise and efficient use of modified biochar in the remediation of mining-contaminated
soils.

Conclusion

The application of biochar (T1), potassium permanganate-modified biochar (T2), and phosphoric acid-
modified biochar (T3) can all effectively increase the pH and organic matter content of cadmium-contaminated
soil in mining areas, reduce the available cadmium content in the soil and the cumulative cadmium content in
the edible parts of Chinese cabbage. Among them, the T2 treatment shows the most significant effect, which
can reduce the available cadmium content in the soil by 43.4% and the cadmium content in the edible parts
of Chinese cabbage by 66.4%. This indicates that the above-mentioned materials have practical application
potential in remediating cadmium-contaminated soil in mining areas and controlling cadmium enrichment in
vegetables, providing a theoretical reference for the safe production of heavy metal-contaminated farmland and
the recycling of resources.

However, this study has certain limitations. The experimental design lacks multi-gradient dose-effect
research, making it difficult to reveal the quantitative relationship between dosage and remediation effect. There
is a lack of long-term stability data of modified biochar in the soil, and its long-term impact on the soil-plant
system needs to be verified. Therefore, future research should further optimize the experimental design, carry out
multi-gradient application rate experiments to determine the optimal application range; establish a long-term
positioning observation system to explore the long-term action mechanism of modified biochar; at the same
time, strengthen the systematic evaluation of the practical application potential of remediation technologies,
including cost-benefit analysis and secondary environmental risk prevention and control, and expand the
research objects to different soil types and crop varieties, so as to improve the universality and practical value of
the research results.

Data availability
The datasets generated during and/or analysed during the current study are not publicly available due to privacy
restrictions but are available from the corresponding author on reasonable request.
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