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ABSTRACT: Soils polluted by potentially toxic elements (PTEs) pose a high risk to
human health and must be remediated. Applying biochar to such soils can reduce metal
bioavailability and phytotoxicity, improving phytoremediation techniques. This study
aimed to assess the effects of rice straw biochar (RSB) on mitigating metal stress and
accumulation of Si, Cd, Pb, and Zn in corn plants grown in soil contaminated by metallurgy
slag. Soil in pots was amended with RSB rates equivalent to 0, 5, 10, 20, and 30 Mg ha*
and grown with corn for 45 days. Chlorophyll fluorescence, photosynthetic pigment
contents, and gas exchange parameters were evaluated as PTEs toxicity indicators. The
RSB rates significantly increased Si uptake while reducing Cd, Pb, and Zn accumulation
in corn shoots. The addition of 30 Mg ha* RSB promoted 18, 34, and 37 % reductions for
Zn, Cd, and Pb in the plants, respectively. Photosynthetic rate, transpiration, and stomatal
conductance increased by 68, 67, and 55 %, while chlorophyll a, b, and carotenoid
contents increased by 77, 57, and 42 %, correspondingly. Chlorophyll fluorescence
measurements showed a linear and positive relationship between photosystem Il energy
consumption efficiency (Fv/Fm) and RSB rates. The combined use of RSB and corn can
effectively phytoattenuate Cd, Pb, and Zn contamination by enhancing biomass and
improving maize tolerance to PTE stress. This sustainable and cost-effective strategy
offers environmental and health benefits while generating income for stakeholders in
resource-limited areas.
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INTRODUCTION

Anthropogenic input of potentially toxic elements (PTEs) disrupts soil functions, compromises
food quality, and threatens human health due to their persistence, phytotoxicity,
non-biodegradability, and entry into the food chain (Peng et al., 2017; Zhang et al.,
2022). Metallurgy is a key source of PTEs (Silva et al., 2017; Wang et al., 2020), with slag
accumulation at abandoned smelters contaminating soils and water (Krél et al., 2020;
Izydorczyk et al., 2021). In Santo Amaro, Bahia, Pb smelting from the 1960s to 1980s left
thousands of tons of slag, resulting in severe Pb contamination and causing neurological,
renal, and genotoxic damage to local residents (Lima and Bernardez, 2011; Niemeyer et
al., 2015; Santos et al., 2015). Despite 30 years of inactivity, the region soils still contain
high PTE levels, especially Pb, Zn and Cd, posing ongoing health risks (Silva et al., 2017).

In this context, reducing PTE availability is essential to protect ecosystems and human
health. Phytoattenuation, a phytotechnology for polluted soil remediation, gradually
reduces PTE concentrations in soil while generating income from valuable plants (Cundy et
al., 2016; Zhu et al., 2016). It offers synergies with energy crops, biodiversity, watershed
management, carbon sequestration, and erosion control, making the process economically,
socially, and environmentally beneficial (Cundy et al., 2016; Burges et al., 2018). This
strategy may involve using plant biomass for energy generation, such as biogas production
through anaerobic digestion (Ahmad et al., 2018). Corn (Zea mays L.), a widely grown
bioenergy crop, is ideal due to its ease of management, fast growth, high biomass, and
extensive root system (Ahmad et al., 2018).

Biochar is an eco-friendly soil amendment that helps retain PTEs and reduce their uptake
and toxicity in plants (Cui et al., 2016; Meng et al., 2018). Rich in pyrogenic carbon,
biochar is a highly recalcitrant, porous material produced from organic waste pyrolysis
(Lu etal., 2014; Meng et al., 2018). It immobilizes labile PTEs in soil by mechanisms such
as precipitation, ion exchange, complexation, and chemisorption (Wang et al., 2021).
Additionally, biochar can supply nutrients (e.qg., K, P, and micronutrients) and silicon (Si)
to plants, particularly biochar derived from straw or rice husks (Li et al., 2019; Wang et
al., 2019; Amritha and Sankar, 2020; Yao et al., 2022).

Physiological processes such as photosynthetic pigment production and gas exchange,
along with chlorophyll fluorescence measurements, are key indicators of PTE stress in plants
(Rusinowski et al., 2019; Zhang et al., 2020; Ren et al., 2021). Chlorophyll fluorescence
provides insights into photochemical efficiency, with the Fv/Fm ratio — derived from
variable and maximum fluorescence — evaluating the performance of the photosynthetic
apparatus and the plant tolerance to PTE stress (Dezhban et al., 2015). Other stress
indicators include chlorophyll content and gas exchange parameters. Chlorophyll a and
b levels serve as important markers of soil pollution effects (Moradi and Ehsanzadeh,
2015; Chu et al., 2018), alongside changes in stomatal conductance, CO2 assimilation,
and photosynthetic rate (Feng et al., 2010; Gonzaga et al., 2019).

We hypothesize that applying rice straw biochar (RSB) to PTE-polluted soils can mitigate
plant toxicity, stabilize PTEs, and support phytoattenuation. This study evaluated the
effects of different RSB rates on biomass yield and the accumulation of Si, Cd, Pb, and
Zn in corn grown in slag-contaminated soil. Additionally, we assessed the functioning of
the photosynthetic apparatus, photosynthetic pigment production, and gas exchange
parameters. Our findings may demonstrate the technical feasibility of combining RSB
with plants for remediating PTE-polluted soils.

MATERIALS AND METHODS

Soil and biochar characterization

The soil utilized in this research, classified as Acrisol according to the IUSS Working Group
WRB (2015), which corresponding to Argissolo Vermelho Eutréfico according to the Brazilian
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Soil Classification System (Santos et al., 2018), exhibited significant contamination
resulting from the deposition of a slag rich in Cd, Pb, and Zn near an abandoned lead
smelting facility in Santo Amaro, Brazil (12° 32’ 21.6" S, 38° 43’ 41" W). A composite
soil sample, prepared by combining ten subsamples, was air-dried, and sieved through
a 2 mm mesh sieve. Subsequently, three subsamples (triplicate analysis) were used for
comprehensive chemical and physical characterization, as well as the determination
of total, semi-total, and bioavailable concentrations of PTEs in the soil (Table 1).
Contents of Pb, Zn, and Cd in the soil exceed the investigation thresholds established
by Conama (2009) for permissible PTE levels in soils, set at 180, 450, and 3 mg kg?,
respectively, for these metals.

Soil pH was determined by mixing the soil with a 1:2.5 ratio of soil to CaClz solution
(10 mmol L?). Soil organic carbon content was measured through the Walkley-Black
procedure. Available phosphorus (P) was extracted using Mehlich-1 solution and analyzed
by colorimetry. Cation exchange capacity (CEC) was quantified through the sodium
acetate/ammonium saturation technique (McGeorge, 1954). For cadmium (Cd), lead
(Pb), and zinc (Zn), both total and phytoavailable concentrations were analyzed. Total
metal contents were obtained following the method by Alvarez et al. (2001): 0.5 g of
finely ground soil (0.15 mm sieve) was digested in a Teflon vessel with an acid mixture
(5 mMLHF 4+ 5mLHNOs + 3 mLHCIOs + 5 mL HCI) at 180 °C. Phytoavailable metal fractions
were extracted using a DTPA-TEA solution (0.005 mol L diethylenetriaminepentaacetic
acid + 0.1 mol L triethanolamine + 0.01 mol L CaClz) at pH 7.3, based on Lindsay
and Norvell (1978).

Table 1. Characteristics of the soil used in the experiment

Soil properties Values
pH (1:2.5) in CaCl, 6.5+0.8
SOC (g kg) 11.4+2.1
SOM (g kg?) 19.6+1.8
CEC (cmol_dm?) 23.2£3.0
Ca?* (cmol_dm?) 17.1+3.2
Mg?* (cmol_dm-3) 4.9x0.7
K* (cmol_dm?3) 0.4+0.1
H+Al (cmol_dm?) 2.8+£0.6
P available (mg dm-) 4.4+0.7
Sand (g kg?) 153.5+10.8
Silt (g kg?) 381.5%+8.7
Clay (g kg) 654.0+12.3
Zn total (mg kg?)* 566.0+28.3
Zn pseudototal (mg kg?)™ 366.3+£29.2
Zn available (mg kg?)™ 65.1+6.7
Pb total (mg kg?)* 1991.8+58.4
Pb semi-total (mg kg?)™ 1392.8+32.9
Pb available (mg kg?)™ 855.6+51.3
Cd total (mg kg?)* 24.9+3.0
Cd pseudototal (mg kg*)” 19.3+1.6
Cd available (mg kg*)™ 19.2+2.9

SOM: soil organic carbon; CEC: cation exchange capacity; “acid dissolution with HF + HNO, + HCIO, + HCI
(2:1:1:1); **: Method EPA 3051a; ***: DTPA pH 7.3.
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The biochar tested in this study was a commercially available product obtained from
pyrolysis of rice straw at 400 °C. This biochar was selected for its Si content and pyrolysis
temperature, as previous studies have shown that RSB pyrolyzed at 400 °C exhibits superior
PTEs adsorption in comparison to other temperatures (Jiang et al., 2012; Ding et al., 2014).
The biochar was characterized (Table 2) following the procedures described by Singh et
al. (2017). The pH and electrical conductivity (EC) of the biochar were determined using
an electrometric approach. These parameters were measured in a biochar suspension
prepared by mixing biochar and deionized water at a 1:10 ratio, followed by agitation for
one hour in an orbital shaker. For the porosity evaluation, images were obtained using
scanning electron microscopy (SEM), and the contents of C, H, and O, were determined
through energy-dispersive X-ray spectroscopy (EDS). Imaging and analysis are provided in
Veloso et al. (2022). Specific surface area, bulk density, ash content, moisture, and cation
exchange capacity (CEC) were provided by the manufacturer. Total concentrations of P,
K, Si, Ca, Mg Fe, Mn, Cu, Zn, Cd, and Pb were obtained from the extract of the biochar
digestion using the 3051A method (Usepa, 2007) followed by PTE measurements by
ICP-OES (Optima 7000 Perkin EImer, USA).

Pot experiment

The soil in the pots was fertilized with the following nutrients and sources (mg kg*):
250 N (Urea), 240 P (MAP), 150 K (KCl), 160 S (K,SO,), 2 Fe (FeSO,.7H,0), 4 Mn (MnCl,.4H,0),
1.3 Cu (CuS0O,), 1 B (H,BO,), and 0.2 Mo (Na,M00,.2H,0) (Silva et al. 2017). The RSB was
applied to 5 kg pots at five rates (equivalents to 0.0, 5.0, 10.0, 20.0, and 30.0 Mg ha)
replicated four times in a randomized block design. In each pot, five corn seeds were
initially planted, and post-germination, only two plants were kept for biomass collection.
Corn was selected for testing due to its potential for bioenergy production through
harvest. Throughout the experiment, control was maintained to sustain the soil at 80 %
of its maximum water retention capacity.

Table 2. Characteristics of the rice straw biochar used in the experiment
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Biochar properties Values
pH (1:5) in H,O 7.3x0.1
EC (dS m?) 222.4 £41.3
CEC (cmol_kg?) 445 + 2.4
SSA (m? g?) 1.4 +0.3
Humidity (%) 75+0.1
Fixed carbon (%) 493 +5.9
Ash (%, w/w) 33.1+0.7
C (%, w/w) 66.0 + 3.1
N (%, w/w) 29+0.1
O (%, w/w) 10.7 = 1.8
Si (%, w/w) 3.7+0.9
P (g kg?) 11.7 £ 0.2
K (g kgl) 6.0+ 0.1
Ca (g kg) 2.1+0.1
Mg (g kg) 0.8+0.1
Fe (mg kg?) 747.5 £ 9.6
Mn (mg kg!) 9175+ 4.2
Cu (mg kg?) 20.2 + 0.4
Zn (mg kg?) 37.8 £ 1.8
Pb (mg kg?) <LOQ

Cd (mg kg?) <LOQ

CEC: cation exchange capacity; EC: electric conductivity; SSA: specific surface area
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Plant physiological analyses

Leaf gas exchange (photosynthetic rate, transpiration, and stomatal conductance) was
evaluated at 45 days of cultivation using a portable gas exchange system (model LI-6400XT,
LI-COR Bioscences, Lincoln, NE, USA). Measurements were carried out on two leaves of the
upper third of the plant. All parameters were measured between 9 am and 11 am, when
the plants were physiologically functional. During the measurements, the intensity of the
photosynthetic photon flux was maintained in 1800 umol m? s (Dourado et al., 2022).

Initial fluorescence (Fo), variable fluorescence (Fv), maximum fluorescence (Fm), and
maximum quantum yield index (Fv/Fm) were determined simultaneously, immediately
following the gas exchange measurements, using a portable fluorometer (FluorPen, model
F100, Photon Systems Instruments). Measurements were carried out on two leaves of
the upper third of the plant, which previously had a leaf blade section kept in the dark
for 30" (Souza et al., 2021).

To analyze chlorophyll a and b (Chl a and Chl b) and carotenoid contents, 0.1 g of fresh
material from two leaves was extracted with 8 mL of 95 % acetone solution for 24 h at
4 °C in the dark. Subsequently, the extracts were measured in a spectrophotometer
at 663.2 nm (Chl a), 646.8 nm (Chl b), and 470 nm (carotenoids); the contents of each
pigment were estimated according to Lichtenthaler and Buschmann (2001) and expressed
in mg g of fresh mass. After these analyses, the plants were collected. The shoots were
washed with tap and distilled water, dried at 60 °C, and weighed, obtaining the shoots
biomass; then, the samples were ground in a knife mill.

Chemical analyses and quality control

Concentration of Cd, Pb, and Zn were determined in the extracts of corn shoots after
digestion in a microwave system (Usepa, 1996) in an acid solution with HNO, + H,0, at
180 °C for 10 min. Silicon concentration in shoots was obtained according to Elliott and
Snyder (1991). The PTEs (Cd, Pb, and Zn) and Si contents in corn shoots were obtained
by multiplying the elemental concentrations and the shoots dry biomass.

Blank samples and plant reference material (SRM 1570a Spinach leaves) with multielement
concentrations certified by the National Institute of Standards and Technology (NIST) were
analyzed. The element concentrations recovered in the certified sample varied between
90 and 110 %. All analyses were carried out in duplicate.

Statistical analyses

Mean and standard deviation values were computed for all variables subjected to analysis.
Normality of the data was assessed using the Shapiro-Wilk test, and, when necessary,
logarithmic or square root transformations were applied to the dataset. Each variable
under scrutiny underwent analysis of variance (ANOVA) at a significance level of p<0.05.
Regression models (p<0.05) were then tailored to the dependent variables based on the
biochar rates applied to the soil, with the goodness of fit determined by the regression
coefficient (r?). Additionally, Pearsonlinear correlation analysis (p<0.05) was conducted
to explore relationships between physiological parameters and the concentrations of
Si and PTEs in the plant shoots. All statistical analyses were executed using STATISTICA
(v. 10) and OriginPro 2022b software.

RESULTS AND DISCUSSION

Corn biomass production

Applying biochar led to a significant increase in biomass production. Biochar rates of 5,
10, 20, and 30 Mg ha resulted in shoot biomass increases of 4.6, 8.4, 14.2, and 18.2 %,
respectively. Similarly, root biomass increased by 3.8, 7.6, 15.2, and 22.8 % (Figure 1).
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The improvement in biomass production is likely due to the enhanced soil fertility and PTE
immobilization effects of biochar. These results are consistent with previous studies that
have reported significant increases in plant biomass in both agricultural soils (Naeem et al.,
2017) and polluted soils amended with biochar (Ahmad et al., 2018; Zhang et al., 2022).

Silicon, cadmium, lead, and zinc uptake by corn plants

Addition of RSB significantly increased Si accumulation in the plant (Figure 2). At the rate of
30.0 Mg ha', the Si content in the shoots was 98 % higher than in control. Yao et al. (2022)
observed that the Si concentration in the rice shoots increased, on average, by 105 %
with the application of 0.3 % RSB compared to the control (-Si). Silicon concentration
can vary between 55 and 185 mg kg?; therefore, RSB can increase the Si bioavailability
in the soil and the accumulation of this element in crops (Li et al., 2019; Wang et al.,
2019; Amritha and Sankar, 2020).

Application of RSB significantly reduced the contents of Cd, Pb and Zn in the corn
shoots (Figures 3a, 3b and 3c). Cadmium accumulation ranged from 0.29 mg pot?
(control) to 0.27 (-7 %), 0.25 (-14 %), 0.22 (-24 %) and 0.19 (-34 %) mg pot?; for Pb, the
reduction was from 0.38 mg pot (control) to 0.35 (-8 %), 0.33 (-13 %), 0.28 (-26 %) and
0.24 (-37 %) mg pot?; while Zn reduced 3, 6, 12 and 18 % in the treatments 5, 10, 20,
and 30 Mg ha RSB, respectively. Other studies also reported that applying biochar in
soils polluted by PTEs reduced their contents in plants (Ahmad et al., 2018; Nie et al.,
2018; Nzediegwu et al., 2019; Wang et al., 2019; Mansoor et al., 2021). A meta-analysis
with 1,298 data demonstrated that biochar applied to soils contaminated by PTEs was
able to promote a reduction of 38, 39 and 17 % in the concentrations of Cd, Pb and
Zn, respectively, in several crops (Chen et al., 2018); these results were similar to the
30.0 Mg ha* RSB rate tested here.

The lower Cd, Pb, and Zn contents in corn are likely related to reduced bioavailability in
the soil amended with biochar. Veloso et al. (2022) found that applying 30 Mg ha* RSB,
in the same soil used in this experiment, promoted a reduction of 34, 32 and 33 % in the
bioavailability of Cd, Pb, and Zn assessed by DTPA, respectively. The immaobilization of
PTEs in the soil by biochar can take place through direct mechanisms (e.g., adsorption,
ion exchange, complexation, and precipitation reactions) and indirect (increases in pH,
organic matter, electrical conductivity, and cation exchange capacity) that will inhibit
the absorption of PTEs by plants (Cao et al., 2009; Lu et al., 2012; Ding et al., 2014;
Chen et al., 2018; Qiu et al., 2021).
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Figure 1. Average biomass production (+ standard deviation) from shots (a) and roots (b) of corn plants cultivated for 45 days in the
polluted soil by slag of a Pb metallurgy and subjected to doses of rice straw biochar. p<0.001 significant at 0.1 % probability (ANOVA).
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Figure 2. Mean values (+ standard deviation) silicon content of the shoot of corn plants cut for 45
days in the polluted soil by slag from Pb metallurgy and subjected to doses of rice straw biochar.
p<0.01 significant at 1 % probability (ANOVA).
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Figure 3. Mean content (+ standard deviation) of Cd, Pb and Zn in the shoot of corn plants cultivated for 45 days in a soil polluted
by slag from a Pb metallurgy and submitted to doses of rice straw biochar (a-c); cause-effect relationship between Si and heavy
metal contentes in the shoot of corn plants (d-f). p<0.01 and p<0.05 significant at 1 and 5 % probability by ANOVA, respectively.
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Biochar effects on available cadmium, lead, and zinc in soil

Applying biochar at a rate of 30 Mg ha lowered the DTPA-extractable contents of Cd,
Pb, and Zn from 15 to 10 mg kg* (-33.1 %), 680 to 465 mg kg* (-31.6 %), and 50 to
33 mg kg (-32.7 %), respectively, in comparison to untreated soil. These reductions
in Cd, Pb, and Zn availability align with previous studies on biochar-amended soils,
which attribute such decreases to metal interactions with the biochar surface charges
and functional groups (Lu et al., 2014; Yin et al., 2016; Chen et al., 2018; Bashir et al.,
2018). For example, Lu et al. (2017) documented that applying 5 % (w/w) RSB to soils
contaminated by Cu smelting activities led to a notable reduction in DTPA-extractable
Cd, Pb, and Zn by 44.5, 91.7, and 67.7 %, respectively. Similarly, Zhang et al. (2017)
observed a 45-62 % decrease in Cd availability in soils contaminated with metals and
treated with RSB.

Leaf photochemical traits, pigment profile and gas exchange

Plants treated with RSB showed a better physiological status due to reduced PTE
accumulation and possibly lower oxidative stress. In the 30 Mg ha* RSB treatment,
photosynthetic rate, transpiration, and stomatal conductance increased by 68, 67, and 55 %
compared to the control (Figures 4a, 4b and 4c). Regarding photosynthetic pigments, Chla
contents rose from 0.69 to 1.22 mg g (+77 %); for Chlb, the increase was from 0.49 to
0.77 mg g (+57 %), for total carotenoids, there was an increase from 0.71 to 1.01 mg g*!
(+42 %) when the results between control (no Si) and 30 Mg ha* were compared.
Studies have confirmed that the addition of biochar in soils polluted by PTEs can have
a positive effect on the content of photosynthetic pigments and, consequently, on the
photosynthetic capacity of plants (Garcia et al., 2020; Kamran et al., 2020; Haider et
al., 2022; Zhen et al., 2022).

Ren et al. (2021) found improvements in gas exchange parameters and a significant
increase in the photosynthetic pigments in tobacco grown in soil contaminated with
20.0 mg kg of Cd and treated with 1 % peanut shell biochar. The authors reported that
in biochar-treated plants, Chla, Chlb, and carotenoid contents were 9.9, 12.6, and 10.3 %
higher than in the treatment without adding biochar, respectively. There was also an
increase of 11 % in the photosynthetic rate and stomatal conductance in the treatment
with biochar. The authors suggested that biochar can mitigate the Cd phytotoxic effects by
protecting the chloroplast structure in leaves and increasing the levels of photosynthetic
pigments.

Chlorophyll fluorescence is a physiological parameter that reflects photoinhibition
(Kalaji et al., 2018; Zhang et al., 2020). Various studies found significant inhibition in
the photosystem Il (PSIl) (e.g., decrease in maximum quantum yield values - Fv/Fm)
in PTE-stressed plants (Chu et al., 2018; Hou et al., 2018; Paunov et al., 2018; Rajput
et al., 2021). In this study, initial, variable and maximum fluorescence in corn leaves
decreased by 23, 15 and 22 % at the rate of 30.0 Mg ha' RSB (Figures 5a, 5b and
5¢); on the other hand, Fv/Fm varied from 0.69 (control) to 0.71 (+3 %), 0.73 (+6 %),
0.76 (+10 %) and 0.80 (+ 16 %) at doses of 5, 10, 20 and 30 Mg ha RSB, respectively
(Figure 4d). This behavior is similar to that reported by Rajput et al. (2021), where the
maximum quantum yield of barley leaves increased from 0.68 to 0.71 (+4 %) by applying
2.5 % biochar in soil polluted by PTEs. The reduction in fluorescence intensity (Fo, Fv, and
Fm) and the increase in maximum quantum vyield in plants treated with RSB indicate a
lower energy expenditure in electron transport in photosystem Il and, therefore, greater
photosynthetic activity (Zhang et al., 2020). It can be observed that there is maximum
efficiency in the conversion of luminous energy into chemical energy in PSIl when the
Fv/Fm ratio results in values close to 0.8. In this state, PSll is absorbing enough light for
energy transfer to occur to produce energy compounds, essential for the synthesis of
carbohydrates (Bjorkman and Demmig, 1987; Martins et al., 2020).
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The supply of Si to corn in the RSB treatments likely contributed, along with the biochar
itself, to alleviating physiological stress. The highest RSB rate (30 Mg ha'') added
1.1 Mg ha* of Si to the soil (Table 2), resulting in a doubling of Si content in corn shoots
(Figure 2). The addition of 30.0 Mg ha* RSB reduced Cd, Pb, and Zn accumulation in corn
by 39, 39, and 22 %, respectively, as evidenced by the linear and negative correlations
between Si and PTE accumulation in corn shoots (Figures 3d, 3e and 3f). These findings
align with other studies showing that Si nutrition reduces PTE uptake in plants (Cunha
and Nascimento, 2009; Imtiaz et al., 2016; Debona et al., 2017; Etesami and Jeong,
2018; Pereira et al., 2018; Bhat et al., 2019; Vaculik et al., 2020; El-Saadony et al.,
2021; Silva et al., 2021). These results emphasize the key role of biochar in mitigating
physiological stress and reducing heavy metal accumulation in plants, with Si acting as

a supportive element.
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Figure 6. Pearson’s correlation coefficients (p<0.05) of the contents of silicon and physiological
parameters of corn plants cultivated for 45 days in a soil polluted by slag from a Pb metallurgy
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carotenoids, PR photosynthetic rate, TR transpiration rate, SC stomatal conductance, Fo minimal
chlorophyll a fluorescence, Fv variable chlorophyll a fluorescence, Fm maximum chlorophyll a
fluorescence and Fv/Fm (photosystem Il photochemical efficiency).
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CONCLUSION

Application of rice straw biochar (RSB) to Cd, Pb, and Zn-contaminated soils effectively
mitigated PTE stress in corn. The 30 Mg ha' rate not only supplied significant amounts
of Si to the plants but also substantially reduced PTE accumulation in corn shoots.
Additionally, RSB improved the functioning of the photosynthetic apparatus, enhancing
gas exchange efficiency, increasing photosynthetic pigment production, and optimizing
energy use in photosystem II (PSll). The combined use of RSB and corn cultivation
can effectively phytoattenuate Cd, Pb, and Zn contamination by increasing biomass
production and improving corn tolerance to PTE stress. This phytotechnology offers a
sustainable and cost-effective remediation strategy for areas with limited resources,
providing environmental and human health benefits while generating potential income
for stakeholders.
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