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ABSTRACT

Cadmium (Cd) contamination in agricultural soils poses serious risks to food safety and human health, particularly in regions
with acidic soils that favor metal mobility. This study evaluated the effectiveness of filter cake biochar (FCB) in remediating Cd-
contaminated soil and mitigating its transfer to vegetables. A greenhouse experiment was conducted using an Ultisol contaminated
with 10 mg kg™! Cd. Four vegetables, Swiss chard (Beta vulgaris), okra (Abelmoschus esculentus), beetroot (B. vulgaris), and bell
pepper (Capsicum annuum), were cultivated in pots with and without FCB amendment. FCB application reduced Cd availability
in soil, from 4.5 to 0.5 mg kg™, bringing concentrations below the regulatory guideline (1.3 mg kg™). This was accompanied
by a reduction of up to 87% in Cd concentrations in plant tissues. Improvements in soil fertility were also observed, including
increased pH, organic carbon, and availability of P, Ca, Mg, Fe, and Mn. Cd accumulation in plant tissues varied by species, with bell
pepper showing the lowest and Swiss chard the highest concentrations. Crucially, only vegetables cultivated in FCB-amended soil
yielded edible produce, underscoring the biochar’s role in mitigating phytotoxicity and enabling safe consumption. In addition to
lowering Cd uptake, FCB enhanced biomass and nutrient accumulation in shoots. Correlation analysis confirmed strong positive
relationships between soil fertility parameters and plant nutrient uptake, and negative correlations between Cd availability and
plant performance. These results demonstrate that FCB is an effective strategy for reducing Cd risks in contaminated soils and
improving the productivity and safety of vegetable crops.

1 | Introduction

Cadmium (Cd) contamination in agricultural soils is a pervasive
global challenge, impacting millions of hectares and posing
severe threats to food security and human health. Due to its
nondegradable nature, Cd persists in soils and causes long-term

damage [1, 2]. Improper disposal of industrial waste, mining
activities, poor agricultural practices, such as the uncontrolled
application of pesticides and fertilizers, as well as the use of
contaminated irrigation water, are major contributors to elevated
Cd concentration in agricultural soils [1, 3]. The consequences of
this contamination go beyond immediate impacts, also threaten-
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ing the sustainability of food production systems [2, 4]. This is
particularly relevant in tropical regions, where naturally acidic
soils enhance metal mobility.

The intake of Cd-contaminated food can lead to severe health
complications. Cd exposure is notably linked to itai-itai disease
and is known to replace calcium in the body, leading to its accu-
mulation in bones and causing bone softening [5]. Additionally,
Cd has been classified as an endocrine disruptor [6], contributing
to hormonal imbalances. Chronic Cd toxicity may also impair the
absorption of micronutrients such as copper (Cu) and iron (Fe),
resulting in conditions such as anemia and weakened immune
response [7].

In addition to its harmful effects on higher organisms,
Cd contamination degrades soil quality. Cd toxicity can
reduce both microbial and root biomass, disrupting critical
nutrient cycles such as those of nitrogen and phosphorus
[8]. These effects are particularly pronounced in tropical
soils, which are typically acidic and favor greater Cd and
other heavy metals bioavailability [3, 9]. Consequently, Cd-
contaminated soils require remediation to ensure soil and
ecosystem health. Among the various remediation approaches,
immobilization using biochar has shown considerable
promise.

Biochar, a carbon-rich material produced through the pyrolysis
of biomass, often from underutilized residues such as rice straw
and sewage sludge, acts as a sorbent that reduces Cd availability
in the soil. Its effectiveness is attributed to several mechanisms,
including surface adsorption within its porous structure (which
physically traps Cd ions), complexation with functional groups
(which binds Cd through chemical interactions), and precipita-
tion of Cd into less soluble forms [10], which reduces its mobility
and bioavailability. Beyond immobilizing heavy metals, biochar
enhances nutrient availability, stimulates microbial activity, and
improves soil water retention, factors that collectively support
better plant development [11-14].

When vegetables, especially leafy greens and root crops, are
cultivated in Cd-contaminated soils, they may accumulate the
metal and become a direct pathway for human exposure. As Cd
uptake varies by species and plant part, accumulating in leaves,
stems, or tubers depending on the crop, it is essential to monitor
such vegetables to assess the health risks posed by consumption
of their edible portions [2, 4, 9, 15-17].

Given that Cd is readily taken up by crops, especially root and
tuber species that grow in direct contact with contaminated
soils and water, there is a critical need for simple technologies
to reduce its bioavailability and prevent its transfer into the
food chain. This study aims to evaluate the effectiveness of
filter cake biochar (FCB) in remediating Cd-contaminated soils,
focusing on reducing Cd bioavailability and mitigating its transfer
to the food chain through vegetable cultivation. Additionally,
the study explores how FCB influences soil quality, particularly
nutrient dynamics and plant growth, to promote food safety. We
hypothesized that FCB application would reduce Cd bioavail-
ability and plant uptake across different vegetable species, while
simultaneously improving soil fertility and crop productivity
under contaminated conditions.

TABLE 1 | Characterization of Cd-contaminated soil used in the

experiment.
Variable Unity Mean +S.D
pH H,0 (1:2.5) 5.28 0.01
Ca** cmol, dm™3 3.97 0.06
Mg** cmol, dm™3 0.5 0.06
AF cmol, dm™ 0.13 0.03
Na* cmol, dm™3 0.83 0.05
K* cmol, dm~3 0.38 0.01
H+ Al cmol, dm~3 3.57 0.13
CEC mmolc dm™ 70.46 8.56
Available P mg dm™ 92.19 5.35
soC gkg! 13.13 0.45
SOM gkg! 22.64 0.77
Cd mg kg™ 3.91 0.14
Sand gkg! 628 56.52
silt gkg™! 32 32
Clay gkg™! 340 23.8

Abbreviations: Cd, available cadmium extracted with 0.01 mol L' CaCl,; CEC,
cation exchange capacity; SD, standard deviation; SOC, soil organic carbon;
SOM, soil organic matter.

2 | Materials and Methods

2.1 | Soil Analyses and Cd-Induced
Contamination Procedures

A pot experiment was designed to evaluate the cultivation of
vegetables in Cd-contaminated soil treated with FCB. The soil was
an Ultisol, collected from the 0 to 20 cm depth layer. The soil was
air-dried, homogenized, crushed, and sieved through a 4.0-mm
mesh for use in the experiment. A subsample was further sieved
through a 2.0-mm mesh and used for chemical and physical
characterization (Table 1).

Particle size distribution was determined using the Bouyoucos
hydrometer method after chemical dispersion with NaOH and
agitation for 16 h. Soil pH was measured in water at a 1:2.5 (v/v)
ratio. Exchangeable Na* and K* were extracted using Mehlich-
1 solution and quantified by flame photometry. Exchangeable
Ca’* and Mg?** were extracted with 1.0 mol L™! KCI solution
and determined by complexometric titration with 0.0125 mol L™
EDTA. Exchangeable AI** was also extracted with 1.0 mol L™ KC1
and quantified by titration with 0.025 mol L™! NaOH. Potential
acidity was determined by extraction with 0.5 mol L™ calcium
acetate followed by alkaline titration. Available phosphorus (P)
was extracted using Mehlich-1 and determined colorimetrically.
Soil organic carbon (SOC) was measured using the wet oxida-
tion method of Walkley-Black [18]. Cation exchange capacity
(CEC) was determined following the sodium/ammonium acetate
method [19].

For induced contamination, Cd chloride (CdCl,-H,0) was added
to the soil to reach a concentration of 10 mg kg™ Cd. After
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spiking, the soil was incubated for 30 days to allow equilibration.
This dose was selected on the basis of the study by Cunha et al.
[20], which reported a 30% reduction in maize biomass at this
Cd level, indicating its suitability for assessing the effectiveness
of biochar under toxic Cd concentrations. Although specific
reference data for the vegetable species used in this study are
lacking, maize is widely recognized as a sensitive indicator
plant for heavy metal stress, making it a valid benchmark for
establishing contamination levels in phytotoxicity studies.

To determine the available Cd in the soil after treatment, samples
were extracted using 0.01 mol L™! CaCl,. For this, 30 mL of the
solution was added to 3.0 g of soil and shaken at 60 rpm for
16 h. The suspensions were then centrifuged at 4000 rpm for
20 min, and the supernatants were filtered through membranes
with a pore size <2 uym. Cd concentrations were determined
by inductively coupled plasma optical emission spectrometry
(ICP-OES, Perkin Elmer 7000 DV).

2.2 | Biochar Production

The feedstock used for biochar production was filter cake, a by-
product of sugarcane juice filtration in the sugar industry. This
material is considered an excellent feedstock for biochar due to
its high content of organic matter and nutrients, easy availability,
and low cost. The filter cake was collected from a sugar mill
located in the Pernambuco State, Brazil. FCB was produced via
slow pyrolysis, in which the material is pyrolyzed at 400°C for
6 h. At this temperature range, the process favors the production
of solid biochar [21]. A homemade fixed-bed furnace was used
for pyrolysis, which operates under limited oxygen conditions
and allows for relatively uniform heat distribution. The design
ensures consistent pyrolysis temperature and residence time,
both of which are critical for determining the physicochemical
properties of the resulting char.

Subsamples of the FCB were collected in triplicate, oven-dried
at 40°C, ground, and sieved through an 850 um mesh (Table 2).
Characterization was conducted following the methodologies
proposed by Singh et al. [22], as follows: pH and electrical
conductivity (EC) were measured from the same extract, prepared
using a 1:5 (v/v) suspension in distilled water. Moisture was
determined gravimetrically after drying for 24 h at 105°C. Volatile
matter was determined from samples previously dried at 105°C;
triplicate subsamples (1.0 g) were weighed into crucibles and
heated in a muffle furnace at 750°C for 6 h. Fixed carbon content
was calculated as the difference between dry matter, volatile
matter, and ash content.

For elemental analysis (Table 2), 0.2 g of FCB (in triplicate) was
digested with 8 mL of HNO; and 2 mL of H,0, in Teflon tubes
using a microwave digestion system at 180°C for 10 min. The
resulting extracts were filtered through slow-flow blue-band filter
paper and diluted to 25 mL with ultrapure water in certified volu-
metric flasks [23]. Phosphorus was determined colorimetrically,
potassium (K) and sodium (Na) by flame photometry, calcium
(Ca), magnesium (Mg), iron (Fe), manganese (Mn), copper
(Cu), zinc (Zn), and Cd concentrations were determined by
ICP-OES.

TABLE 2 |
of the filter cake biochar used in the experiment (dry basis).

Mean values (+standard deviation) of the characteristics

Variable Unit Mean +SD
pH H,0 (1:5) 7.9 0.1
EC dSm 456 60.4
CEC cmol, dm~3 225 11.6
SA m? g! 185 15.7
Humidity % 6 0.2
Fixed carbon % 56 9.8
Ashs % (m m™) 20.4 1.3
Carbon % (m m™) 84 2.5
Nitrogen % (mm™) 4 0.9
Oxigen % (mm™) 9.2 1.7
Phosphorus gkg™! 69.5 21
Cadmium mg kg™! <LOQ <LOQ

Abbreviations: CEC, cation exchange capacity; EC, electrical conductivity;
LOQ, limit of quantification (0.07 mg kg™ Cd); SA, specific surface area; SD,
standard deviation.

2.3 | Greenhouse Experiment Setup

The experiment was conducted in a greenhouse using a Cd-
contaminated Ultisol fertilized with the following nutrient rates:
N, P, K, and S were applied at rates of 250.0, 240.0, 150.0, and
160.0 mg kg of soil, respectively, supplied through (NH,),SO,,
NH,H,PO,, and KNO;. For micronutrients, the applied rates
were Fe 2.0 mg kg™, Mn 4.0 mg kg™!, B 1.0 mg kg™, and
Mo 0.2 mg kg~!, using FeSO,-7H,0, MnCl,-4H,0, H,BO,, and
Na,Mo0O,-2H,0, respectively. Additionally, biochar derived from
filter cake was incorporated into the soil at a 5% (w/w) rate.

Four vegetable species were selected for the experiment: Swiss
chard (Beta vulgaris L. var. cicla L.), okra (Abelmoschus esculentus
(L.) Moench), beetroot (B. vulgaris L.), and bell pepper (Capsicum
annuum L.), chosen due to their different edible plant parts
(leaves, fruits, and tubers). For initial development, seeds were
sown in expanded polystyrene trays filled with inert commercial
substrate. The trays were kept in the greenhouse and irrigated
daily. Once the seedlings developed definitive leaves, approxi-
mately 10 days after sowing, they were transplanted into pots
containing 5 kg of soil. Plants were irrigated daily to maintain soil
moisture at approximately 80% of field capacity. The experiment
was conducted in a completely randomized design with a 4 x 2
factorial arrangement, consisting of four vegetable species and
two Cd doses, with three replicates per treatment.

2.4 | Harvest and Plant Tissue Analysis

Vegetables were harvested as they reached their physiological
maturity. The edible parts were separated from the remaining
aboveground structures (when applicable), and roots were care-
fully removed from the soil. Plant material was taken to the
laboratory, rinsed with distilled water, and dried in a forced-air
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oven at 70°C until constant weight. After drying, the samples
were weighed to determine dry matter content and ground in a
Wiley-type knife mill.

For nutrient composition and determination of Cd concentrations
in plant tissues, 0.500 g of root and shoot samples were weighed
and transferred to Teflon digestion tubes containing 8 mL
of HNO; and 2 mL of H,0,. Digestion was performed in a
microwave oven (Milestone—Ethos Easy) at 180°C for 10 min
[23]. The resulting extracts were filtered through quantitative
blue-band filter paper (pore size <2.0 pm) and brought to
a final volume of 25 mL with ultrapure water in certified
volumetric flasks. In the digestion extracts, P was determined
calorimetrically, whereas Ca, Mg, Fe, Mn, Cu, Zn, and Cd were
quantified using ICP-OES.

2.5 | Soil Sampling and Analysis

At harvest, soil samples were collected from each pot. Samples
were air-dried, crushed, and sieved through a 2-mm mesh. The
extraction of available Cd from the soil followed the method
proposed by Yin et al. [24], in which 3.0 g of soil were mixed
with 30 mL of 0.01 mol L™ CaCl, solution and shaken for 16 h
at 60 rpm. After shaking, the suspensions were centrifuged at
4000 rpm for 20 min. The resulting extracts were filtered through
quantitative blue-band filter paper (pore size <2.0 um). Cd con-
centrations were determined by ICP-OES. Other soil parameters,
including pH, available P, exchangeable Ca, Mg, and Al, total
carbon, and CEC, were analyzed using the methods described by
Teixeira et al. [18] and Mcgeorge [19], as previously detailed.

2.6 | Quality Control and Statistical Analysis

For quality control of the chemical analyses, blanks and certified
reference materials were used: SRM 2711a (Montana Soil) for soil
and SRM 1570a (Spinach Leaves) for plant tissues, with certified
element concentrations provided by the National Institute of
Standards and Technology (NIST). Element recoveries for SRM
2711a ranged from 85% to 105%, whereas recoveries for SRM 1570a
were between 90% and 110%. All analyses were performed in
duplicate.

Mean values and standard deviations were calculated for all
measured variables. Data normality was assessed using the
Shapiro-Wilk test. When necessary, data were log- or square root-
transformed to meet the assumptions of normality. All variables
were subjected to analysis of variance (ANOVA), followed by
Tukey’s test (p < 0.05) for mean comparison. All statistical
analyses were performed using the Statistica software (StatSoft
Inc., USA).

3 | Results and Discussion

3.1 | Effectiveness of Biochar in Reducing
Contamination

Following the application of 5% FCB, the available Cd concen-
tration in the soil decreased from approximately 4.5 mg kg™ to
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FIGURE 1 | Mean values (+standard deviation) of Cd availability in
soil (a) and Cd concentrations in the aerial parts of vegetables (b) grown
in Cd-contaminated soil treated with 5% filter cake biochar (FCB). ***:
significant at 0.1% probability by Tukey’s test, PV: prevention guideline
value for Cd in soil (1.3 mg kg™") according to Conama [25]. Cd, cadmium;
FCB, filter cake biochar; ns, not significant.

about 0.5 mg kg™ across all vegetable species (Figure 1a). Thus,
FCB application successfully reduced soil Cd levels below the
agricultural soil threshold of 1.3 mg kg™! established by Brazil-
ian legislation [25], demonstrating its potential as an effective
remediation strategy under such contamination conditions.

Several processes can explain the observed reduction in Cd
availability in soil. In addition to its high specific surface area,
the presence of functional groups, such as hydroxyl, carboxyl, and
carbonyl groups, provides effective adsorption sites for available
metals, including Cd, onto the biochar structure [3, 10, 26, 27].
Another important mechanism is precipitation. As biochar tends
to raise soil pH, Cd may precipitate as insoluble hydroxides, car-
bonates, or phosphates, thereby reducing its availability [10, 28,
29]. These immobilization mechanisms are particularly relevant
in the context of highly contaminated soils, where, in the absence
of any amendment, crops are exposed to elevated Cd levels.

Because of the high Cd concentrations in the untreated soil,
a substantial accumulation of the metal was observed in the
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vegetables under the control treatment (Figure 1b). Cd accumu-
lation reached approximately 400 mg kg™ in beetroot, making it
the crop with the highest Cd concentration in both shoots and
roots. These values indicate high Cd uptake and highlight the
potential risk associated with consuming this crop when grown

TABLE 3 |

Mean values (+standard deviation) of soil fertility

attributes in Cd-contaminated soil treated with 5% filter cake biochar

(FCB) and cultivated with different vegetable species.

Swiss chard (Brassica rapa L.)

in contaminated soils. However, when biochar derived from Variable Unit Control 5% FCB
filter cake was applied, the effectiveness of the immobilization
mechanisms previously described became evident. pH — 4.57+0.20a 599 +0.09
soc gkg! 18.18 + 0.69a  28.53 + 3.53b
Applying FCB significantly reduced Cd concentrations in the Available P mg dm-? 69.9 +25.0a  832.0 -+ 98.2b
aerial parts of the vegetables, except for bell pepper. Average ) \ T R
. " -
concentrations decreased to around 50 mg kg! in Swiss chard, Available Ca cmol, dm 243+0672a  6.93+049%
okra, and beetroot, indicating a substantial reduction in Cd Available Mg**  cmol, dm™ 0.50 +0.20a  1.30 + 0.32b
uptake by the plants. Veloso et al. [30] reported that applying Available Fe mg dm™ 445+ 432 1021+ 3.1b
rice straw biochar at a rate of 30 t ha™! significantly reduced Cd ) . B B
concentration in maize shoots by 34%. This reduction suggests Available Mn mg dm 417+0.78a  17.53 +£2.79b
that biochar effectively immobilized Cd in the soil, lowering Available Cu mg dm3 0.31+0.04a 0.57+0.09
its bioavailability and, consequently, its accumulation in plant Available Zn mg dm™3 6.78 + 0.76a  11.24 + 0.72b
tissues. However, the absence of a significant reduction in Cd Okra (Abel " lentus L)
uptake in bell pepper suggests that the plant’s response to biochar Ta (ADelmOoSchus escutentus L.
may vary among vegetable species, or that bell pepper possesses Variable Unit Control 5% FCB
intrinsic mechanisms to limit Cd uptake or translocation. pH _ 4.66+0.151 6.00 + 0.10b
kg! 18.30 + 1.41 28.32 + 1.13b
This behavior may be attributed to several factors, including S0¢ gXe 830+14la 28324113
species-specific responses, as well as particular mechanisms of Available P mgdm™ 535£57a 582.0+120.7b
Cd uptake and translocation in bell pepper. Plants absorb Cd Available Ca**  cmol, dm™ 110+0.08a 4.35+0.19b
from the soil via membrane transporters, and the efficiency Available Mg®*  cmol, dm—  0.28+0.05a 103 + 0.15b
and regulation of these transporters can differ between species, ] ¢ . n -
resulting in variable metal uptake rates [17, 29]. It is also plausible Available Fe mg dm 62.4+3.6a  97.8+4.2b
that bell pepper activates physiological defense mechanisms that Available Mn mg dm~3 2.01+0.22a 11.53 +1.13b
allow it to tolerate high Cd concentrations in the soil without Available Cu mg dm™> 028 + 0.042  0.42 + 0.02b
necessarily reducing uptake. Such mechanisms may include Cd . dm=> B h "
compartmentalization in cellular vacuoles, production of metal- Available Zn mg dm 468+£0.23  784£0.15
binding chelators, or activation of antioxidant defense systems [1, Beetroot (Beta vulgaris L.)
9,17]. However, further studies on the specific bell pepper cultivar Variable Unit Control 5% FCB
should focus on gene expression analysis of metal transporters - 441+ 013 S 72+ 015b
or physiological assays for Cd compartmentalization to test this p T Alx 0. =
Available P mg dm™ 71.7+3.7a 6344 +53.3b
. . . Available Ca>*  cmol.dm™ 3.53+0.45a 9.28 + 0.26b
3.2 | Effects of Biochar on Soil Fertility ¢
Available Mg?*  cmol, dm™ 0.80+0.18a  1.85+ 0.30b
Evaluating changes in soil fertility attributes helps to better Auvailable Fe mg dm3 53.8+3.7a 1513 +13.4b
unde.rs:tand the rnulti.faceted r(?le of FCB in improying .sF)il Available Mn mg dm™> 6.88 +1.33a 2170 + 1.40b
conditions and promoting healthier plant growth. All soil fertility . L
attributes evaluated were significantly affected by FCB applica- Available Cu mg dm 0.30£0.02ns  0.40 + 0.05ns
tion (Table 3). Across all tested vegetable species (Swiss chard, Available Zn mgdm™  6.01+£03la 9.05+0.47b
okra, beetroot, and bell pepper), FCB led to increased soil pH. The Bellpeper (Capsicum annuum L.)
initial acidic values, ranging from 4.3 to 4.6, increased to values Variabl Unit Control 5% FCB
between 5.7 and 6.2. This rise in pH is a well-known effect of ariable n ontro 2
biochar, attributed to its alkaline composition [14, 31]. Moreover, pH — 430+ 0.04a 6.24 +0.17b
this pH range is considered optimal, as it balances the availability socC gkg™! 1715+ 0.58a 27.12 + 1.60b
of {nost plant n.utrlents, e.nha.n.cm.g nutrle'nt uptake by plants Available P cmol, dm=  215+010a  6.35+ 0.52b
while also reducing Cd availability in the soil [14, 31, 32].
Available Ca**  cmol, dm™ 0.48+0.10a 1.48 + 0.05b
The addition of FCB significantly increased SOC levels in all Available Mg** mg dm~3 70.7+5.7a  101.6 + 5.0b
treatments. SOC values in the 'control treatments rar'lged from Available Fe mg dm= 409+ 06la  12.80 + 1.77b
17.15 to 18.56 g kg™!, whereas in the FCB-treated soils, values
ranged from 27.12 to 30.18 g kg™ (Table 3). This increase in (Continues)
SOC is a beneficial effect of FCB application, as the material is
CLEAN - Soil, Air, Water, 2025 50f12



TABLE 3 | (Continued)

Swiss chard (Brassica rapa L.)

Variable Unit Control 5% FCB
Available Mn mgdm=  0.57+0.05b 0.41 + 0.0la
Available Cu mgdm=  530+0.04ns 4.76 + 0.16ns

Note: Mean values followed by the same letter within a row do not differ
significantly according to Tukey’s test at 5% probability.
Abbreviations: ns, not significant; SOC, soil organic carbon.

inherently rich in carbon and contributes to creating a favorable
environment for microbial activity and root development [29, 33].
In addition to improving organic matter content, FCB application
also had a marked influence on soil nutrient dynamics.

In general, FCB application enhanced nutrient availability in the
soil, with significantly higher concentrations of P, Ca, Mg, Fe,
and Mn observed in FCB-amended treatments compared to the
control (Table 3). This suggests that FCB can serve as a nutrient
source for plants. However, the results also showed that biochar
had no significant effect on the availability of copper and zinc. For
Cu, no significant differences were observed in beetroot, and in
bell pepper, biochar actually reduced Cu availability. Regarding
Zn, no significant changes were observed in bell pepper. These
findings indicate that the effect of FCB may vary depending on
the specific nutrient [14, 34].

3.3 | Nutrient Concentrations in the Aerial Parts
of Vegetables

Macronutrients and micronutrients were evaluated, and their
concentrations in plant tissues were compared between the
control and FCB-treated conditions. Each element exhibited a
distinct pattern, with variations among the vegetable species stud-
ied. For instance, the application of FCB significantly increased
P concentrations in the aerial parts of all vegetables (Figure 2a).
This increase was most pronounced in beetroot, suggesting that
FCB application may have enhanced P availability in the soil,
either through direct P release from the biochar itself [14] or via
changes in soil chemistry. One such change is the increase in soil
pH, which reduces P fixation by iron and aluminum oxides, thus
improving its availability to plants [14, 32, 34, 35].

Calcium concentrations showed a consistent response
(Figure 2b), with a significant increase in plant tissues under
the FCB treatment. Biochar contributes directly to Ca supply
and also increases soil pH, which enhances Ca availability [32,
34, 35]. Although biochar can increase Mg availability in the
soil, its effect on plant uptake varies. A significant increase in
Mg concentration was observed in beetroot and bell pepper,
whereas Swiss chard and okra showed no statistically significant
differences (Figure 2c). This variability may be influenced by
other cations such as Ca and K, which compete for the same
root absorption sites. Species-specific traits may also play a role
in nutrient uptake behavior [29, 31, 34]. These variations may
stem from differences in root exudation patterns, which can
influence metal solubility and availability in the rhizosphere
[36]. Additionally, plant species differ in the expression and

regulation of specific transporter proteins involved in the uptake
and translocation of micronutrients, such as Fe, Mn, Cu, and Zn
[37].

The impact of FCB on Fe concentrations varied among the
crops: A significant decrease was observed in okra, whereas
significant increases occurred in Swiss chard and beetroot. No
significant change was detected in bell pepper (Figure 2d). The
reduction in Fe levels in okra may be attributed to biomass
dilution, as the plant produces more biomass, the concentration
of certain elements may decrease if their uptake does not keep
pace. In contrast, the increases in Swiss chard and beetroot
suggest that FCB may have facilitated Fe mobilization or created
favorable conditions for its uptake. Biochar may release Fe
directly or enhance its availability through mechanisms such as
pH modification and stimulation of microbial activity [9, 31].

For Mn, an increase in concentration was observed only in Swiss
chard following FCB application, whereas the other vegetable
species showed a significant reduction (Figure 2e). The increase
in soil pH promoted by FCB generally reduces Mn solubility,
making it less available to most plants [10, 14]. However, Swiss
chard likely has a higher affinity for Mn, either due to a greater
physiological requirement for this micronutrient or through
specific uptake strategies, such as the presence of Mn transporters
in the roots or the release of root exudates [2].

Copper concentrations also varied across species (Figure 2f),
with significant reductions observed in Swiss chard and okra,
an increase in beetroot, and no significant change in bell
pepper. These differences are most likely explained by species-
specific physiological traits influencing Cu uptake efficiency [10,
14]. Such variability was particularly evident for micronutrients
like Mn and Cu, whose availability and plant uptake are not
only influenced by soil chemistry but also by species-specific
physiological traits. It is well known that species differ in the
expression of specific transporter proteins involved in the uptake
and translocation of micronutrients, such as Cu [37].

Zinc concentrations were negatively affected by FCB (Figure 2g),
with significant reductions observed in all vegetable species.
Biochar may immobilize Zn through several mechanisms, includ-
ing surface adsorption, complexation with functional groups,
and precipitation into less soluble forms. These processes reduce
Zn availability in the soil and, consequently, its uptake and
accumulation in plant tissues [10, 16, 38]. Although FCB reduced
Zn availability in the soil, plant tissue concentrations remained
within or near adequate levels, indicating no nutritional defi-
ciency. However, in Zn-deficient soils or for Zn-demanding crops,
such reductions could be problematic.

3.4 | Dry Matter Production in Vegetables

Beyond influencing nutrient dynamics and metal availability, the
application of FCB also had a pronounced effect on plant growth
parameters, particularly biomass accumulation. FCB application
significantly affected shoot dry matter (SDM) and root dry matter
(RDM) production in vegetables grown in Cd-contaminated soil
(Figure 3). A general trend of increased SDM and RDM was
observed following the application of FCB. Swiss chard and
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beetroot showed no statistically significant differences in RDM.
Despite this variability among species, one crop in particular
demonstrated a notably strong response to FCB addition.

The most notable response was observed in okra, which exhibited
a strong positive reaction to FCB application (Figure 3). This

enhanced growth is likely attributable to improvements in soil
fertility [31, 32, 35, 39], reduction in Cd toxicity [10, 40], and
increased soil organic matter [14, 41, 42]. Although okra showed
the most pronounced response, these FCB-induced changes are
also beneficial to the growth and development of the other
vegetable species evaluated in this study.
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3.5 | Pearson Correlations

To evaluate significant correlations among soil and plant vari-
ables, and the relationships between them, Pearson correlation
matrices (p < 0.05) were generated. Most variables showed pos-
itive correlations, with particularly strong relationships observed
among pH, SOC, soil P, soil Ca, soil Mg, soil Fe, and soil
Mn (Figure 4a). For these attributes, correlation coefficients
were consistently above 0.70. Such values, approaching 1, indi-
cate strong positive correlations among these soil character-
istics.

It is important to note, however, that a positive correlation
does not necessarily imply a direct cause-and-effect relationship
[43]. For instance, the availability of micronutrients, such as Fe
and Mn, typically decreases with rising pH. Yet, in this case, a
positive correlation between them was observed, suggesting that
other soil-related factors may have contributed to their simul-
taneous increase. These factors could include the complexation
of Fe and Mn with dissolved organic compounds derived from
biochar, which can enhance their solubility and mobility even
under higher pH conditions. Additionally, biochar amendments

can influence microbial community composition and activity,
particularly by stimulating siderophore-producing microbes that
mobilize Fe and Mn [44]. Redox changes induced by biochar,
or shifts in soil aeration and moisture, may also promote the
reduction and release of Fe?* and Mn?* from oxide minerals,
thereby counteracting the expected decline in availability at
elevated pH [45].

Soil Cd concentrations showed a negative correlation with all
evaluated soil attributes, with correlation coefficients below —0.75
for pH, SOC, soil P, Ca, Mg, Fe, and Mn. This relationship
is expected, as a higher soil pH can reduce Cd availability [9,
46], SOC can complex Cd ions [47, 48], and a higher CEC may
indirectly contribute to Cd immobilization [49, 50]. For elemental
concentrations in plant tissues, correlations showed less evidence
of linearity. This variability can be attributed to species-specific
biological characteristics and nutritional demands, which result
in different affinities for nutrient uptake.

Notably, SDM and RDM also exhibited negative correlations
with Cd and cationic micronutrients in plant tissues. However,
it is unlikely that reduced biomass was directly caused by
these micronutrients, as they are essential for plant metabolism.
Instead, these correlations likely reflect the concurrent variation
of these elements with FCB application, due to their chemical
similarities with Cd. For instance, Fe, Mn, Zn, and Cu are divalent
cations like Cd?*, which may lead to similar chemical behavior
and potential competition for uptake sites in plants.

Cd, with its high mobility and ability to utilize nutrient transport
pathways, such as the Mn transporter OsNramp5, can be absorbed
and translocated via the xylem to all plant tissues [4, 9, 17].
Once distributed, Cd can exert toxic effects, causing structural
and physiological damage, such as reduced root and shoot
growth [2, 51], ionic imbalances that impair nutrient uptake and
transport (e.g., Ca and K) [17, 52], damage to the photosynthetic
apparatus [17, 53, 54], and disruptions to cellular functions
[17], ultimately resulting in biomass reduction. In this context,
understanding how soil properties influence nutrient availabil-
ity and plant uptake is essential, particularly under Cd stress
conditions.

By integrating soil and plant data into a correlation matrix, the
influence of soil attributes on plant nutrient levels becomes more
evident (Figure 4c). Strong positive correlations were observed
between soil fertility parameters (pH, SOC, soil P, Ca, Mg, Fe, and
Mn) and nutrient concentrations in plant tissues. This indicates
that improved soil nutritional conditions, particularly due to
biochar application, favor nutrient uptake and accumulation in
plants [31, 34, 41, 55].

Soil nutrient concentrations were also negatively correlated with
Cd concentrations in plant tissues, and soil Cd was negatively
correlated with plant nutrients as well as SDM and RDM
(Figure 4c). These findings suggest complex interactions between
nutrients and Cd, in which adequate nutrient availability may
mitigate Cd toxicity and uptake [9, 34, 56]. Furthermore, sufficient
nutrient concentrations may compete with Cd for root uptake
sites, reducing Cd accumulation in plant tissues [57, 58]. In
addition, biochar contributes to Cd immobilization in soil while
simultaneously supplying essential nutrients.
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Taken together, these results highlight the role of biochar as
a crucial “link” between soil quality, nutrient dynamics, and
plant performance. FCB directly improved key soil properties,
including organic matter content, pH, and the availability of
nutrients, which were positively correlated with plant growth and
yield. At the same time, it indirectly enhanced plant health by
reducing Cd availability in the soil, thereby limiting Cd uptake
and mitigating its phytotoxic effects. This dual function under-
scores the integrative role of biochar in simultaneously enhancing
fertility and minimizing environmental risks in contaminated
soils.

3.6 | Cd Concentrations in the Edible Parts of
Vegetables

The improvements in soil fertility and plant nutrition not only
supported overall growth but were also critical for enabling the
development of edible plant structures under Cd-contaminated
conditions. Vegetables grown in Cd-contaminated soil without
FCB application were exposed to such toxic levels of Cd that they
did not reach physiological maturity and thus did not produce
edible structures. In contrast, plants treated with FCB were able to
develop edible parts, allowing the assessment of Cd accumulation
in these tissues (Figure 5).

Once again, Cd accumulation varied according to species.
Biomass production in the edible parts was comparable across
species, with bell pepper exhibiting the lowest values (Figure 5).
Cd concentrations followed a similar trend, with bell pepper
accumulating the least Cd, whereas Swiss chard accumulated
the highest concentrations. These differences can be attributed to
species-specific traits such as root system architecture, affinity for
Cd transport mechanisms, and the ability to exclude or sequester
Cd in safer compartments within plant tissues.

When comparing the fresh biomass yield of edible parts with their
Cd concentrations, some species showed a greater “gap” between
these two attributes, indicating potentially more efficient mech-
anisms of Cd exclusion or compartmentalization into nonedible
tissues. These findings further reinforce the role of biochar as an
effective strategy for mitigating Cd-induced damage in vegetable
Ccrops.

4 | Conclusions

The application of 5% FCB proved effective in remediating Cd-
contaminated soil, reducing Cd availability and plant uptake to
safe levels. In addition to immobilizing Cd, FCB improved soil
fertility by increasing pH, organic carbon, and the availability
of nutrients. As a result, only plants grown with FCB reached
physiological maturity and produced edible tissues, demonstrat-
ing the amendment’s ability to mitigate phytotoxicity and restore
crop productivity. Species-specific responses in Cd uptake and
nutrient accumulation were observed, suggesting differences in
physiological traits such as root exudation and metal transporter
activity.

These findings highlight the potential of FCB as a sustainable
strategy for enhancing food safety and agricultural resilience
in tropical regions. However, the study was conducted under
greenhouse conditions with a single soil type and one application
rate, which may limit extrapolation. Future research should
include long-term field trials, different biochar doses, a broader
range of crops, and deeper investigation into the mechanisms of
Cd tolerance and the potential health risks of residual Cd in edible
parts.

Acknowledgments
The authors have nothing to report.

The Article Processing Charge for the publication of this research was
funded by the Coordenacdo de Aperfeicoamento de Pessoal de Nivel
Superior - Brasil (CAPES) (ROR identifier: 00x0ma614).

Disclosure

The founding sponsors had no role in the design of the study, in the
collection, analyses, or interpretation of data, in the writing of the
manuscript, and in the decision to publish the results.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data are available on request from the authors.

References

1. F. Kazemi and M. Jozay, “Developing a Sustainable Nature-Based
Agricultural Vertical System in Cadmium Polluted Urban Environ-
ments,” Ecological Engineering 208 (2024): 107385, https://doi.org/10.1016/
j-ecoleng.2024.107385.

2. U. Zulfigar, W. Jiang, W. Xiukang, et al., “Cadmium Phytotoxicity,
Tolerance, and Advanced Remediation Approaches in Agricultural Soils,
a Comprehensive Review,” Frontiers in Plant Science 13 (2022): 773815,
https://doi.org/10.3389/fpls.2022.773815.

3. H. Liu, C. Chen, X. Li, and P. Yang, “Meta-Analysis Compares the
Effectiveness of Modified Biochar on Cadmium Availability,” Frontiers
in Environmental Science 12 (2024): 1413047, https://doi.org/10.3389/fenvs.
2024.1413047.

4. P. Wang, H. Chen, P. M. Kopittke, and F. J. Zhao, “Cadmium Contam-
ination in Agricultural Soils of China and the Impact on Food Safety,”
Environmental Pollution 249 (2019): 1038-1048, https://doi.org/10.1016/].
envpol.2019.03.063.

10 of 12

CLEAN - Soil, Air, Water, 2025


https://doi.org/10.1016/j.ecoleng.2024.107385
https://doi.org/10.3389/fpls.2022.773815
https://doi.org/10.3389/fenvs.2024.1413047
https://doi.org/10.1016/j.envpol.2019.03.063

5. C. H. Wang and M. H. Bhattacharyya, “Effect of Cadmium on Bone
Calcium and 45Ca in Nonpregnant Mice on a Calcium-Deficient Diet:
Evidence of Direct Effect of Cadmium on Bone,” Toxicology and Applied
Pharmacology 120, no. 2 (1993): 228-239, https://doi.org/10.1006/taap.
1993.1107.

6. T. Colborn, S. Vom, S. Frederick, and A. M. Soto, “Developmental
Effects of Endocrine-Disrupting Chemicals in Wildlife and Humans,”
Environmental Health Perspectives 101, no. 5 (1993): 378-384, https://doi.
org/10.1289/ehp.9310137.

7. G. J. Fosmire, “Zinc Toxicity,” American Journal of Clinical Nutrition
51, no. 2 (1990): 225-227, https://doi.org/10.1093/ajcn/51.2.225.

8. W. Shi and X. Ma, “Effects of Heavy Metal Cd Pollution on Microbial
Activities in Soil,” Annals of Agricultural and Environmental Medicine 24,
no. 4 (2017): 722-725, https://doi.org/10.26444/aaem/80920.

9. L. Huang, Q. Wang, Q. Zhou, et al., “Cadmium Uptake From Soil
and Transport by Leafy Vegetables: A Meta-Analysis,” Environmental
Pollution 264 (2020): 114677, https://doi.org/10.1016/j.envpol.2020.114677.

10. A. Taraqqi-A-Kamal, C.J. Atkinson, A. Khan, et al., “Biochar Remedi-
ation of Soil: Linking Biochar Production With Function in Heavy Metal
Contaminated Soils,” Plant, Soil and Environment 67, no. 4 (2021): 183-201,
https://doi.org/10.17221/544/2020- PSE.

11. J. Chew, S. Joseph, G. Chen, et al., “Biochar-Based Fertiliser Enhances
Nutrient Uptake and Transport in Rice Seedlings,” Science of the Total
Environment 826 (2022): 154174, https://doi.org/10.1016/j.scitotenv.2022.
154174.

12.J. Han, D. Wu, J. Yang, et al., “A Biochar-Based Amendment
Improved Cadmium (Cd) Immobilization, Reduced Its Bioaccumulation,
and Increased Rice Yield,” Frontiers in Environmental Science 12 (2024):
1487190, https://doi.org/10.3389/fenvs.2024.1487190.

13. Z. Li, Z. Song, B. P. Singh, and H. Wang, “The Impact of Crop Residue
Biochars on Silicon and Nutrient Cycles in Croplands,” Science of the Total
Environment 659 (2019): 673-680, https://doi.org/10.1016/j.scitotenv.2018.
12.381.

14. R. P. Premalatha, J. Poorna Bindu, E. Nivetha, et al., “A Review
on Biochar’s Effect on Soil Properties and Crop Growth,” Frontiers in
Energy Research 11 (2023): 1092637, https://doi.org/10.3389/fenrg.2023.
1092637.

15. Y. Huang, C. He, C. Shen, et al., “Toxicity of Cadmium and Its Health
Risks From Leafy Vegetable Consumption,” Food & Function 8, no. 4
(2017): 1373-1401, https://doi.org/10.1039/C6FO01580H.

16. S. Mubeen, W. Ni, C. He, and Z. Yang, “Agricultural Strategies to
Reduce Cadmium Accumulation in Crops for Food Safety,” Agriculture
13, no. 2 (2023): 471, https://doi.org/10.3390/agriculture13020471.

17. T. Ran, G. Cao, L. Xiao, et al., “Effects of Cadmium Stress on the
Growth and Physiological Characteristics of Sweet Potato,” BMC Plant
Biology 24, no. 1(2024): 850, https://doi.org/10.1186/s12870-024-05551-1.

18.P. C. Teixeira, G. K. Donagemma, A. Fontana, and W. G.
Teixeira, Manual de métodos de andlise de solo (Embrapa, 2017),
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/181717/1/
Manual-de-Metodos-de- Analise-de-Solo-2017.pdf.

19. W. T. Mcgeorge, “Diagnosis and Improvement of Saline and Alkaline
Soils,” Soil Science Society of America Journal 18, no. 3 (1954): 348.

20. K. P. V. da Cunha, C. W. A. do Nascimento, R. M. Pimentel, and C.
P. Ferreira, “Cellular Localization of Cadmium and Structural Changes in
Maize Plants Grown on a Cadmium Contaminated Soil With and Without
Liming,” Journal of Hazardous Materials 160, no. 1 (2008): 228-234,
https://doi.org/10.1016/j.jhazmat.2008.02.118.

21. T. Sharma, I. G. Hakeem, A. B. Gupta, et al., “Parametric Influence of
Process Conditions on Thermochemical Techniques for Biochar Produc-
tion: A State-of-the-Art Review,” Journal of the Energy Institute 113 (2024):
101559, https://doi.org/10.1016/J.JOEI.2024.101559.

22. B. Singh, M. Camps-Arbestain, and J. Lehmann, Biochar: A Guide to
Analytical Methods (Csiro Publishing, 2017).

23. United States Environmental Protection Agency (USEPA). Method
3050B: Acid Digestion of Sediments, Sludges, and Soils (USEPA, 1996),
https://www.epa.gov/sites/default/files/2015-06/documents/epa-
3050b.pdf.

24. D. Yin, X. Wang, C. Chen, B. Peng, C. Tan, and H. Li, “Varying Effect
of Biochar on Cd, Pb and As Mobility in a Multi-Metal Contaminated
Paddy Soil,” Chemosphere 152 (2016): 196-206, https://doi.org/10.1016/j.
chemosphere.2016.01.044.

25. CONSELHO NACIONAL DO MEIO AMBIENTE—CONAMA. “Dis-
poe sobre critérios e valores orientadores de qualidade do solo quanto
a presenca de substancias quimicas e estabelece diretrizes para o
gerenciamento ambiental de dreas contaminadas por essas substancias
em decorréncia de atividades antropicas.” Diario Oficial [da] Republica
Federativa do Brasil, December 30, 2009, http://www.mma.gov.br/port/
conama/legianol.

26. M. Irfan, M. Mudassir, M. J. Khan, et al., “Heavy Metals Immobiliza-
tion and Improvement in Maize (Zea mays L.) Growth Amended With
Biochar and Compos,” Scientific Reports 11, no. 1 (2021): 18416, https://doi.
0rg/10.1038/s41598-021-97525-8.

27. E. F. Zama, B. J. Reid, H. P. H. Arp, G.-X. Sun, H.-Y. Yuan, and
Y.-G. Zhu, “Advances in Research on the Use of Biochar in Soil for
Remediation: A Review,” Journal of Soils and Sediments 18, no. 7 (2018):
2433-2450, https://doi.org/10.1007/s11368-018-2000-9.

28.Z. Du, X. Sun, S. Zheng, et al., “Optimal Biochar Selection for Cad-
mium Pollution Remediation in Chinese Agricultural Soils Via Optimized
Machine Learning,” Journal of Hazardous Materials 476 (2024): 135065,
https://doi.org/10.1016/j.jhazmat.2024.135065.

29.J. Sun, Q. Fan, J. Ma, et al., “Effects of Biochar on Cadmium (Cd)
Uptake in Vegetables and Its Natural Downward Movement in Saline-
Alkali Soil,” Environmental Pollutants and Bioavailability 32, no. 1 (2020):
36-46, https://doi.org/10.1080/26395940.2020.1714487.

30. V. L. Veloso, F. B. V. Silva, P. R. M. Aradjo, T. S. Paraizo, E. R. Souza,
and C. W. A. Nascimento, “Rice Straw Biochar Mitigates Metal Stress in
Maize and Assists in the Phytoattenuation of a Slag-Contaminated Soil,”
Revista Brasileira De Ciéncia Do Solo 49 (2025): 0240171, https://doi.org/
10.36783/18069657rbcs20240171.

31. K. Su, Q. Qin, J. Yang, L. Li, and S. Deng, “Recent Advance on
Torrefaction Valorization and Application of Biochar From Agricultural
Waste for Soil Remediation,” Journal of Renewable Materials 10, no. 2
(2022): 247-261, https://doi.org/10.32604/jrm.2022.018146.

32. L. A. Biederman and W. Stanley Harpole, “Biochar and Its Effects
on Plant Productivity and Nutrient Cycling: A Meta-Analysis,” GCB
Bioenergy 5, no. 2 (2013): 202-214, https://doi.org/10.1111/gcbb.12037.

33.K. Pandian, P. Subramaniayan, P. Gnasekaran, and S.
Chitraputhirapillai, “Effect of Biochar Amendment on Soil Physical,
Chemical and Biological Properties and Groundnut Yield in Rainfed
Alfisol of Semi-Arid Tropics,” Archives of Agronomy and Soil Science 62,
no. 9 (2016): 1293-1310, https://doi.org/10.1080/03650340.2016.1139086.

34. A. E. Latawiec, B. B. N. Strassburg, A. B. Junqueira, et al., “Biochar
Amendment Improves Degraded Pasturelands in Brazil: Environmental
and Cost-Benefit Analysis,” Scientific Reports 9, no.1(2019): 11993, https://
doi.org/10.1038/541598-019-47647-X.

35.J. L. Munera-Echeverri, V. Martinsen, L. T. Strand, V. Zivanovic,
G. Cornelissen, and J. Mulder, “Cation Exchange Capacity of Biochar:
An Urgent Method Modification,” Science of the Total Environment 642
(2018): 190-197, https://doi.org/10.1016/j.scitotenv.2018.06.017.

36. F. D. Dakora and D. A. Phillips, “Root Exudates as Mediators of
Mineral Acquisition in Low-Nutrient Environments,” Plant and Soil 245,
no. 1(2002): 35-47, https://doi.org/10.1023/A:1020809400075.

37. M. L. Guerinot, “The ZIP Family of Metal Transporters,” Biochimica
Et Biophysica Acta (BBA)—Biomembranes 1465, no. 1-2 (2000): 190-198,
https://doi.org/10.1016/S0005-2736(00)00138-3.

38. M. Liang, L. Lu, H. He, J. Li, Z. Zhu, and Y. Zhu, “Applications of
Biochar and Modified Biochar in Heavy Metal Contaminated Soil: A

CLEAN - Soil, Air, Water, 2025

11 of 12


https://doi.org/10.1006/taap.1993.1107
https://doi.org/10.1289/ehp.9310137
https://doi.org/10.1093/ajcn/51.2.225
https://doi.org/10.26444/aaem/80920
https://doi.org/10.1016/j.envpol.2020.114677
https://doi.org/10.17221/544/2020-PSE
https://doi.org/10.1016/j.scitotenv.2022.154174
https://doi.org/10.3389/fenvs.2024.1487190
https://doi.org/10.1016/j.scitotenv.2018.12.381
https://doi.org/10.3389/fenrg.2023.1092637
https://doi.org/10.1039/C6FO01580H
https://doi.org/10.3390/agriculture13020471
https://doi.org/10.1186/s12870-024-05551-1
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/181717/1/Manual-de-Metodos-de-Analise-de-Solo-2017.pdf
https://doi.org/10.1016/j.jhazmat.2008.02.118
https://doi.org/10.1016/J.JOEI.2024.101559
https://www.epa.gov/sites/default/files/2015-06/documents/epa-3050b.pdf
https://doi.org/10.1016/j.chemosphere.2016.01.044
http://www.mma.gov.br/port/conama/legiano1
https://doi.org/10.1038/s41598-021-97525-8
https://doi.org/10.1007/s11368-018-2000-9
https://doi.org/10.1016/j.jhazmat.2024.135065
https://doi.org/10.1080/26395940.2020.1714487
https://doi.org/10.36783/18069657rbcs20240171
https://doi.org/10.32604/jrm.2022.018146
https://doi.org/10.1111/gcbb.12037
https://doi.org/10.1080/03650340.2016.1139086
https://doi.org/10.1038/s41598-019-47647-x
https://doi.org/10.1016/j.scitotenv.2018.06.017
https://doi.org/10.1023/A:1020809400075
https://doi.org/10.1016/S0005-2736(00)00138-3

Descriptive Review,” Sustainability 13, no. 24 (2021): 14041, https://doi.
0rg/10.3390/su132414041.

39. M. E. Haque, C. Shen, T. Li, et al., “Influence of Biochar on Deposition
and Release of Clay Colloids in Saturated Porous Media,” Journal of
Environmental Quality 46, no. 6 (2017): 1480-1488, https://doi.org/10.2134/
j€q2017.06.0223.

40. M. Kamran, Z. Malik, A. Parveen, et al., “Biochar Alleviates Cd
Phytotoxicity by Minimizing Bioavailability and Oxidative Stress in Pak
Choi (Brassica chinensis L.) Cultivated in Cd-Polluted Soil,” Journal of
Environmental Management 250 (2019): 109500, https://doi.org/10.1016/
jjenvman.2019.109500.

41. M. Arif, S. Ali, M. Ilyas, et al., “Enhancing Phosphorus Availability,
Soil Organic Carbon, Maize Productivity and Farm Profitability Through
Biochar and Organic-Inorganic Fertilizers in an Irrigated Maize Agroe-
cosystem Under Semi-Arid Climate,” Soil Use and Management 37, no. 1
(2021): 104-119, https://doi.org/10.1111/sum.12661.

42. N. Hagemann, S. Joseph, H. P. Schmidt, et al., “Organic Coating on
Biochar Explains Its Nutrient Retention and Stimulation of Soil Fertility,”
Nature Communications 8, no. 1 (2017): 1089, https://doi.org/10.1038/
$41467-017-01123-0.

43. H. A. Miot, “Correlation Analysis in Clinical and Experimental
Studies,” Jornal Vascular Brasileiro 17, no. 4 (2018): 275-279, https://doi.
0rg/10.1590/1677-5449.174118.

44.J. Lehmann, M. C. Rillig, J. Thies, C. A. Masiello, W. C. Hockaday, and
D. Crowley, “Biochar Effects on Soil Biota—A Review,” Soil Biology and
Biochemistry 43, no. 9 (2011): 1812-1836, https://doi.org/10.1016/j.soilbio.
2011.04.022.

45. D. Houben, L. Evrard, and P. Sonnet, “Mobility, Bioavailability and
pH-Dependent Leaching of Cadmium, Zinc and Lead in a Contaminated
Soil Amended With Biochar,” Chemosphere 92, no. 11 (2013): 1450-1457,
https://doi.org/10.1016/j.chemosphere.2013.03.055.

46.J. N. Jacob, J. M. Okuo, U. Archibong, et al., “Comparative Studies
on the Effects of Biochar and Cow Dung Amendments on the Mobility,
Bioavailability and Toxicity of Heavy Metals in Lead-Acid Contaminated
Soil,” Dutse Journal of Pure and Applied Sciences 8, no. 2a (2022): 171-186,
https://doi.org/10.4314/dujopas.v8i2a.17.

47.Y. Xu, B. Seshadri, B. Sarkar, et al., “Biochar Modulates Heavy Metal
Toxicity and Improves Microbial Carbon Use Efficiency in Soil,” Science
of the Total Environment 621 (2018): 148-159, https://doi.org/10.1016/].
scitotenv.2017.11.214.

48. S. Zhao, N. Ta, Z. Li, et al., “Varying Pyrolysis Temperature Impacts
Application Effects of Biochar on Soil Labile Organic Carbon and Humic
Fractions,” Applied Soil Ecology 123 (2018): 484-493, https://doi.org/10.
1016/j.aps0il.2017.09.007.

49. M. Adrees, S. Ali, M. Rizwan, et al., “Mechanisms of Silicon-Mediated
Alleviation of Heavy Metal Toxicity in Plants: A Review,” Ecotoxicology
and Environmental Safety 119 (2015): 186-197, https://doi.org/10.1016/j.
ecoenv.2015.05.011.

50. L. Hou, S. Ji, Y. Zhang, X. Wu, L. Zhang, and P. Liu, “The Mechanism
of Silicon on Alleviating Cadmium Toxicity in Plants: A Review,”
Frontiers in Plant Science 14 (2023): 1141138, https://doi.org/10.3389/fpls.
2023.1141138.

51. K. H. Alamer and T. M. Galal, “Safety Assessment and Sustainability
of Consuming Eggplant (Solanum melongena L.) Grown in Wastewater-
Contaminated Agricultural Soils,” Scientific Reports 12, no. 1 (2022): 9768,
https://doi.org/10.1038/s41598-022-13992-7.

52.R. S. Riseh, M. G. Vazvani, N. Hajabdollahi, and V. K. Thakur,
“Bioremediation of Heavy Metals by Rhizobacteria,” Applied Biochemistry
and Biotechnology 195, no. 8 (2023): 4689-4711, https://doi.org/10.1007/
$12010-022-04177-z.

53. V. de Lima Veloso, F. B. V. da Silva, N. M. Dos Santos, and C. W. A. do
Nascimento, “Phytoattenuation of Cd, Pb, and Zn in a Slag-contaminated
Soil Amended With Rice Straw Biochar and Grown With Energy Maize,”

Environmental Management 69, no. 1 (2022): 196-212, https://doi.org/10.
1007/s00267-021-01530-6.

54. I. Sperdouli, “Heavy Metal Toxicity Effects on Plants,” Toxics 10, no. 12
(2022): 715, https://doi.org/10.3390/toxics10120715.

55. X. Zhu, B. Chen, L. Zhu, and B. Xing, “Effects and Mechanisms
of Biochar-Microbe Interactions in Soil Improvement and Pollution
Remediation: A Review,” Environmental Pollution 227 (2017): 98-115,
https://doi.org/10.1016/j.envpol.2017.04.032.

56. M. Gao, J. Zhou, H. Liu, et al., “Foliar Spraying With Silicon and
Selenium Reduces Cadmium Uptake and Mitigates Cadmium Toxicity in
Rice,” Science of the Total Environment 631-632 (2018): 1100-1108, https://
doi.org/10.1016/j.scitotenv.2018.03.047.

57.S. Gaur, J. Kumar, D. Kumar, D. K. Chauhan, S. M. Prasad, and P.
K. Srivastava, “Fascinating Impact of Silicon and Silicon Transporters in
Plants: A Review,” Ecotoxicology and Environmental Safety 202 (2020):
110885, https://doi.org/10.1016/j.ecoenv.2020.110885.

58. 1. Haider, M. A. Ali, M. Sanaullah, et al., “Unlocking the Secrets
of Soil Microbes: How Decades-Long Contamination and Heavy Metals
Accumulation From Sewage Water and Industrial Effluents Shape Soil
Biological Health,” Chemosphere 342 (2023): 140193, https://doi.org/10.
1016/j.chemosphere.2023.140193.

12 of 12

CLEAN - Soil, Air, Water, 2025


https://doi.org/10.3390/su132414041
https://doi.org/10.2134/jeq2017.06.0223
https://doi.org/10.1016/j.jenvman.2019.109500
https://doi.org/10.1111/sum.12661
https://doi.org/10.1038/s41467-017-01123-0
https://doi.org/10.1590/1677-5449.174118
https://doi.org/10.1016/j.soilbio.2011.04.022
https://doi.org/10.1016/j.chemosphere.2013.03.055
https://doi.org/10.4314/dujopas.v8i2a.17
https://doi.org/10.1016/j.scitotenv.2017.11.214
https://doi.org/10.1016/j.apsoil.2017.09.007
https://doi.org/10.1016/j.ecoenv.2015.05.011
https://doi.org/10.3389/fpls.2023.1141138
https://doi.org/10.1038/s41598-022-13992-7
https://doi.org/10.1007/s12010-022-04177-z
https://doi.org/10.1007/s00267-021-01530-6
https://doi.org/10.3390/toxics10120715
https://doi.org/10.1016/j.envpol.2017.04.032
https://doi.org/10.1016/j.scitotenv.2018.03.047
https://doi.org/10.1016/j.ecoenv.2020.110885
https://doi.org/10.1016/j.chemosphere.2023.140193

	Filter Cake Biochar Reduces Cadmium Bioavailability and Accumulation in Vegetables Grown in Contaminated Soil
	1 | Introduction
	2 | Materials and Methods
	2.1 | Soil Analyses and Cd-Induced Contamination Procedures
	2.2 | Biochar Production
	2.3 | Greenhouse Experiment Setup
	2.4 | Harvest and Plant Tissue Analysis
	2.5 | Soil Sampling and Analysis
	2.6 | Quality Control and Statistical Analysis

	3 | Results and Discussion
	3.1 | Effectiveness of Biochar in Reducing Contamination
	3.2 | Effects of Biochar on Soil Fertility
	3.3 | Nutrient Concentrations in the Aerial Parts of Vegetables
	3.4 | Dry Matter Production in Vegetables
	3.5 | Pearson Correlations
	3.6 | Cd Concentrations in the Edible Parts of Vegetables

	4 | Conclusions
	Acknowledgments
	Disclosure
	Conflicts of Interest
	Data Availability Statement
	References


