


The effect of Biochar on the Growth and uptake of Pb by Spinach (Spinacia oleracea L.) grown in Contaminated Soil

Abstract
Agricultural soil contamination with lead (Pb) is a most serious problem because it adversely affects crop growth, soil quality and poses severe hazards to human health by way of its entry into the food web. A pot experiment was carried out to evaluate the interaction of Pb × biochar to assess the phytoremediation efficiency of spinach (Spinacia oleracea L.) plants in Pb-contaminated soils. The study’s findings that the application of biochar to soil at a rates of 75 and 150 g pot-1  significantly increased shoot and root length of spinach in Pb contaminated soil (21.87, 4.85%) and (35.86, 12.13%) in  (T7, T8) and shoot and root dry weight (6.59, 68.95%) and (4.54, 32.57%), respectively, of Spinacia oleracea L. Pb content at 80 mg kg-1 contamination levels with respect to the non-amendment (T1). It was observed that biochar significantly affected the form of Pb concentration in Spinacia oleracea L. (P<0.05). The minimum and maximum Pb concentrations present in the shoot and root (0.07±0.01, 6.99±1.70 mg kg-1) and (0.17±0.01, 8.21±1.42 mg kg-1), respectively, are Spinacia oleracea L. grown in contaminated Pb 80 mg kg-1 soils. While the Pb absorption in shoot and root declined up to (25.72% and 21.04%) and (20.75% and 18.59%) in treatments T7 and T8 as compared to non-amendment T0, respectively, by the addition of biochar at 80 mg kg⁻¹ Pb stress. TF was <1 at all contamination levels, indicating limited Pb translocation. The results showed that the interaction between Pb × biochar reduced Pb uptake by the plant, with uptake decreasing as the biochar application rate increased. Therefore, it highlights the importance of biochar and its applications in promoting environmental sustainability and ensuring global food security.
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Introduction
In recent years, Biochar amendments have become more popular for the remediation of contaminated soils. It’s defining characteristics like high surface area, excellent water-retention capacity, strong cation exchange capacity strong cation exchange capacity, and alkaline pH (Dhimans et al., 2020). Biochar contains all primary components viz. Carbon, Oxygen, Hydrogen, Sulphur, Nitrogen and other elements. These unique properties make it an effective conditioner for enhancing the physico-chemical features of soil. Due to the presence of large surface area and functional groups, it can absorb metallic elements and decrease the solubility and mobility of metallic elements (Nandillon et al., 2019, Wang et al., 2020). According to related research on biochar, its surface functional groups have the ability to absorb ions and anions of heavy metals, control their movement patterns and lessen the release chance of hazardous elements (Zhang et al., 2024 & Kim et al., 2025). Researchers have shown that using biochar, it can improve the ability of cementitious materials and the restraint capacity of heavy metals (Chi et al., 2024 and Wang et al., 2022).  Furthermore, pertinent research has shown that using biochar can improve cementitious materials in compressive strength, which is because it optimises the pore structure and drastically decreases the number of pollutant release channels (Mishra et al., 2023, Chen et al., 2022 and Shahmansouri et al., 2025).
According to (Agegnehu et al., 2017 & Ding et al., 2016), biochar has a substantial impact on the quality of soil, nutrient retention, crop output, as well as the growth of the soil carbon reservoir and the decrease of carbon dioxide emissions (Li et al., 2018). Furthermore, it has numerous uses for cleaning up soil contamination, including cleaning up organic and heavy metal contaminants (Dai et al., 2019 & O'Connor et al., 2018). Biochar, an accessible product, provides an effective method for cleaning up organic waste from industries and cultivating processes. In comparison to traditional soil remediation techniques, biochar proves essential for immobilising and remediating organic soil contaminants (heavy metal contaminants, Cd, Pb and Cr) and polycyclic aromatic hydrocarbons, polychlorinated biphenyls and antibiotics (Ahmad et al., 2014). Recent research suggests that employing soil enhancements like biochar to immobilise contaminants like PTEs in agricultural soil can help clean up polluted soil (Rizwan et al., 2016, Karami et al., 2011, Mohamed et al., 2015 & Lu et al., 2017).
       Further to enhancing plant development and production, biochar is essential for protecting plants from abiotic challenges such as salinity and severe drought (Shaaban et al., 2018). As shown by current studies, the use of biochar has increased significantly to mitigate the harmful effects of metallic trace element contamination (Younis et al., 2016). Recent research found that adding biochar to polluted soil significantly boosted the soil's antioxidant properties and promoted better plant growth and development. Applying biochar helps reduce the quantity of heavy metals that plants take up from the soil (Virk et al., 2020, El-Naggar et al., 2020).
           A plant-based technique called phytoremediation is used to restore harmed land and water supplies. It can use natural or genetically modified plant species (Muthu & Saravanan et al., 2018). The facility encourages the disintegration, immobilisation, and removal of contaminants from the environment (Shrestha et al., 2019). This is due to the fact that plants have a more immediate influence on contamination levels and because phytoextraction concentrates pollutants (heavy metals) from the environment into plant tissues. Even though this technology will slightly modify the landscape, it is less expensive than using a landfill or an off-site storage facility to dispose of hazardous waste. Therefore, the goal of this study was to estimate plant and Pb contamination indices in soil that had been intentionally polluted with Pb (i) to find out about the physico-chemical properties of SDI Farm pot soil (ii) to assess the impact of biochar on growth performance (dry wt. and length), interaction between Pb and the absorption of lead concentration in roots and shoots of spinach (iii) to find out the ability of the biochar for reducing the uptake of lead by a Spinacia oleracea L. growing in a soil added with Pb.
Materials and Methods
Collection, Extraction and Detection of Soils
          Samples of soil were collected from the outermost layer (0-20 cm) at an experimental (pot made of 5 kg black plastic) field in Sheila Dhar Institute Farm, Department of Chemistry, UoA, Prayagraj, (U.P.), India. Each soil samples were hands-crushed and allowed to air-dry in the laboratory before being passed through a sieve with a diameter of 2 mm.

Table 1. The treatments applied in the pot trial experiment in detail
	Sr. No.
	Treatment ID
	Rate of Application

	1.
	T0 (Control)
	Biochar 0.0 g pot-1 + Pb 0.0 mg kg-1

	2.
	T1
	Biochar 75 g pot-1 + Pb 0.0 mg kg-1

	3.
	T2
	Biochar 150 g pot-1 + Pb 0.0 mg kg-1

	4.
	T3
	Biochar 0.0 g pot-1 + Pb 40 mg kg-1

	5.
	T4
	Biochar 75 g pot-1 + Pb 40 mg kg-1

	6.
	T5
	Biochar 150 g pot-1 + Pb 40 mg kg-1

	7.
	T6
	Biochar 0.0 g pot-1 + Pb 80 mg kg-1

	8.
	T7
	Biochar 75 g pot-1 + Pb 80 mg kg-1

	9.
	T8
	Biochar 150 g pot-1 + Pb 80 mg kg-1


Note: Control treatment ID: soil without amendment and Treatment ID: identification number
           The experimental soil's physicochemical properties are shown in Table 3. 4 kg of uniform, air-dried soil mixed with various treatments was used to prepare the pots. There were nine applications of biochar soil additions, either alone or in combination, along with a control (soil without amendment) Table 1. There were triplicates of each experiment. In order to modify the soil, biochar was employed. Following that, tags with the treatment identification number and the amount of amendment applied were placed on each of the experimental pots. In this investigation, biochar was obtained from a local market shop in Alopibagh, Prayagraj (U.P.), and India.
Extraction of Lead (Pb) Content in Soil
          The di-acid mixture method (HNO3 and HClO4 in a 9:4 ratio) was used to digest the collected soil samples. One g soil material was digested in 5 ml of HNO3 and HClO4 (perchloric acid, 60%) and the mixture was heated until dry. Hot distilled water was then added after that. After being filtered, the contents were measured, with the standard method of (Li et al., 1995) and 50 ml was made for the heavy metals assessment.
Cultivation of Spinacia oleracea L.	
        For the pot experiment, the test crop, Spinacia oleracea L. was grown under various conditions in Prayagraj, Uttar Pradesh, and India. A local seed shop in Alopibagh provided fresh and high-quality spinach seeds. Most of the seeds germinated within 6 days of seeding, and the seeds were harvested between January 12, 2024, and March 17, 2025. In order to establish favourable conditions for the growth of seedlings, various intercultural activities were often carried out, including light irrigation, weeding, and thinning.
Plant Sample Collection	
         65 days after seeding, the roots and shoots of S. oleracea L. were harvested when they were fully grown. Plant samples that had been harvested were placed in sterile polythene bags with labels and delivered to the lab for additional processing and examination. The samples were cut into small pieces after being thoroughly cleaned using distilled water to get rid of dust and other contaminants, then finally oven-dried for 48 hours at 70 °C to calculate the dry weight biomass previously published by (Luo et al., 2020)
Extraction of lead (Pb) content in plants	
          To find the presence of Pb in plants, 1 g fine powder plant matter was digested using a 15-ml tri-acid mixture that had 5:1:2 ratio of HNO3, H2SO4, and HClO4. The prepared mixture was then heated for 30 minutes on a hot plate at 60°C (Kumar & Mani, 2010). A tri-acid combination extract's total Pb concentration was determined using an AAS at NBRI Lucknow.
Biochar preparation
          Poplar is a distinctively energetic woody plant. A variety of conversion techniques exist, with pyrolysis standing out as one of the more promising ones that might quickly convert biomass into combustible gases, solid biochar, and liquid bio-oil (Gholizadeh et al. 2019, Kan et al. 2016). Poplar wood was used to produce biochar, which was then heated to 550oC for 48 hours. Poplar wood was cut into 2.5-cm-long pieces after being air-dried in the sun. According to the study's methodology, slow pyrolysis was performed in a stainless-steel tube furnace at 550 °C with residence times of approximately 8 hours to produce biochar from the poplar wood pieces. We also found similar findings by (Kloss et al., 2012). A 2 mm sieve was used to filter the ground biochar before it was added to the soil. The poplar biochar's basic characteristics are displayed in Table 2.

Table 2. Parameters of the biochar used for this investigation on a dry weight basis (Bio Dea et al., 2021).
	Characteristics
	Unit
	Value (>550 oC)

	pH
	-
	8.85±1.81

	EC
	at 25oC (dS/m)
	4.4±0.80

	Total Carbon
	(%)
	65±4.80

	CEC
	(cmol (p+) kg-1)
	96.5±6.20

	Water holding capacity (maximum)
	(%)
	210±9

	Ash content
	(%)
	5.5±0.70

	Total Nitrogen
	(%)
	<0.19±0.02

	Phosphorous
	(mg/kg)
	0.07±0.01

	Potassium
	(mg/kg)
	3019±211

	Total Calcium
	(mg/kg)
	9920±420

	Available Pb
	(mg/kg)
	0.06±0.01

	Available Cr
	(mg/kg)
	0.07±0.01

	C:N ratio
	-
	130±6.20: 1±0.1


 Note: Three repetitions of each value (n = 3, mean±SD). At a significance level of p<0.05, all show data represented at variations between observed applications of various treatments.
Translocation factor (TF)
         The value of TF was compulsive from the ratio of heavy metals in plants` aerial parts to those in plant roots, as shown (Levizou et al., 2016).
             TF =                    
         Where Cshoot is the concentration of metals measured in mg kg-1 for every plant shoot's dry weight. For determining whether a plant is a metal hyperaccumulator, Croot = mg kg-1 metals concentration in plant roots and TF must be considered. At all levels of contamination, TF was <1 (Baker & Brooks, 1989 & Kabata-Pendias, 2011).


Statistical Analysis
       The results were analysed using the ICARGOA WASP-1.0, Goa, India, and MS Excel 2011. The influence of biochar on plant growth and Pb uptake. All data were presented as the roots and shoots average lead (Pb) concentrations were measured. Using one-way three repetitions of the analysis of variance (ANOVA) and a degree of significance differences set at (P<0.05). Utilising GraphPad Prism 9.3.1.471 (MSI, Version 2.0, USA), the graphic work was done.

Results and Discussion
Physicochemical characteristics of soils and additions like biochar amendments 
         Organic carbon (OC) of soil samples and biochar were 0.45±0.06 and >65±4.8%, respectively, and the available nutrients N, P, and K contents in soil were 175±7.59, 23±3.06, and 5.26±1.15 kg ha-1 at Sheila Dhar Institute Farm, as shown in Table 1. The sandy loam textures, which are sand, silt, and clay, made up the percentage of soil samples at 68.5±4.5, 19.30±2.1, and 12.10±1.9%, respectively. pH samples of soil and biochar were 7.72±2.45 and 8.85±1.81, respectively. The electrical conductivity and cation exchange capacity of soil samples with biochar’s were found to be 0.18±0.01, 4.4±0.8 at 25oC dSm-1, and 21.9±1.57, 96.5±6.2 (cmol (p+) kg-1, respectively. Popular wood biochar application at different rates (0, 75, and 150 g p ot-1) in pots increases rates, generally decreasing the available heavy metal concentration as compared to the control soil (Table 1) present in the artificially contaminated soils, also similar results have been found by (Liu et al., 2016).
Table 3. Physicochemical characteristics of soil before the installation of the experiment at Sheila Dhar Institute Farm, Prayagraj region (U.P.), India
	Soil characteristics
	Unit
	Experimental (pot) soil

	Texture
	–
	Sandy loam

	Sand
	(%)
	68.5±4.50

	Silt
	(%)
	19.30±2.10

	Clay
	(%)
	12.20±1.95

	pH
	–
	7.72±2.45

	EC
	at 25oC (dS/m)
	0.18±0.01

	OC
	(%)
	0.45±0.06

	CEC
	(cmol) (p+)/kg)
	21.9±1.57

	Available N
	(kg/ha)
	175.76±7.59

	Available P
	(kg/ha)
	23.28±3.06

	Available K
	(kg/ha)
	5.26±1.15

	Total N
	(%)
	0.14±0.01

	Lead
	(mg/kg)
	0.38±0.04


 Note: A total of three replications of all values were conducted. P>0.05 is the limit for significance, all the represented data show variations between observed applications of various treatments.

Growth Responses
Shoot length
        The results showed that, as compared to no modifications (T0), Pb treatments (of 0, 40, and 80 mg kg-1) reduced shoot length (cm) of the Spinacia oleracea L. crop. After biochar was applied, the shoot length increased by 21.87 and 4.85% in tests (T7) and (T8) with Pb contamination levels of 80 mg kg-1 and 75 and 150 g pot-1, respectively. The longest shoot length was obtained when (0, 75, and 150 g pot-1) of biochar were applied in the (T0) treatment number, which was free of Pb contamination. Amendments were found to be helpful at lengthening shoots in Pb-contaminated soil. Mixed application of household waste, biochar organic amendment improved the higher yields of Spinach over the single use of either organic or inorganic sources of nutrients (Rahman, 2010, Rahman, 2013), have also observed similar findings (Fig. 1a).

Root length
         Results showed that roots of plants Pb at doses of (0, 40, and 80 mg kg-1) Spinacia oleracea L. crop growth in Pb-contaminated soil compared to non-amendments (T0). The use of biochar increased the roots in comparison to (T5). The application enhanced the root length by 35.86 and 12.13% in (T7) and (T8) at 75 and 150 g pot-1 biochar and 80 mg kg-1 Pb contaminated, in that order, respectively, over non-amended conditions (T0). In Pb-contaminated soil, biochar was found to be effective at increasing root length (Fig. 1b) also similar findings have been reported by Naeem et al. (2020).
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[image: ]Fig. 1. Graph Showing how the application of biochar affected the shoot and root lengths (a and b) of spinach plants cultivated in soil contaminated with lead. 

Dry weight of shoot
The plants' shoot dry weights were considerably (P<0.05) decreased after Pb treatment of the Spinacia oleracea L. crop by 6.59 and 32.57% in (T7) and (T8) at both application 75 and 150 g pot-1 biochar and treatments 80 mg kg-1, respectively, as compared to non-amendment under soil (T0) (Fig. 2a), also similar findings have been reported by (Khan et al., 2017).
Root dry weight
          Results in (Fig. 2b) showed that biochar application considerably increased root dry weight in comparison to non-amendment (T0) while Pb reduced root dry weight. As the Pb contamination level increased, the root's dry weight decreased. There was a 6.59 and 68.95% reduction shown in (T7) and (T8) root dry weights of Spinacia oleracea L. grown at 75 and 150 g pot -1, respectively, as compared to non-amendment (T0) (Gul & Whalen, 2016).
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Fig. 2. Graph Showing how the application of biochar affects the weight of the dry shoots and dry roots (a and b) in Spinach plants that are grown in soil contaminated with lead.

Effect of biochar on Pb concentration in root and shoot 
        According to this study, applying biochar to the soil at the Sheila Dhar Institute Farm resulted in Spinach plants having higher Pb concentrations in their root and shoot associated to the control at each absorption level (Fig. 3b, Table 3. Application of 80 mg kg-1 Pb in (T7 and T8) drastically promoted the concentration of Pb by 25.72 and 21.04% in shoot and 20.75 and 18.59% in root for the treatments (T7 and T8) over the treatment non-amendment (T0), respectively. Applying 80 mg kg-1 of Pb registered the highest concentration of Pb (8.21±1.42 and 6.99±1.70 mg kg-1 in the respective root and shoot of spinach in Fig. 3a, b. The study further indicated that the Pb-toxicity when used in combination with biochar 150 g pot-1 along with varying rates of Pb (0, 40, and 80 mg kg-1) decreased significantly. Applying Pb in treatment (T9) increases plant’s roots and shoots to accumulate more Pb than the control, also similar findings have been found by (Mani et al., 2012).
[bookmark: _GoBack]
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[image: ]Fig. 3. Graph Showing the effect of biochar application on the Pb concentration in the shoot and the Pb concentration in the root (a and b) of a spinach plant growing in Pb-contaminated soils.

Table 4. Effect of the interaction between Pb and biochar on length of plants, dry weight, and transfer factor, as well as Pb concentration in shoot and root tissue
	Treatments
ID
	Length (cm)
	Weight of dry matter (g pot-1)
	Pb-Concentration
(mg kg-1)
	TF
(mg kg-1)

	
	Root
	Shoot
	Root
	Shoot
	Root
	Shoot
	-

	T0
	7.5±1.2
	29.87±2.0
	1.32±0.
	3.64±0.6
	0.32±0.1
	0.22±0.1
	0.68±0.3

	T1
	9.38±1.1
	31.19±21
	1.85±0.5
	4.83±0.14
	0.23±0.1
	0.13±0.1
	0.56±0.2

	T2
	10.98±3
	33.58±0.55
	2.4±0.4
	8.34±13
	0.17±0.1
	0.07±0.1
	0.41±0.1

	T3
	4.25±0.5
	12.43±1.5
	1.01±0.1
	1.48±0.4
	7.54±1.85
	6.32±1.03
	0.83±0.04

	T4
	5.99±1.1
	29.69±1.7
	1.64±0.2
	5.78±1.6
	6.29±1.22
	5.18±0.50
	0.82±0.03

	T5
	7.73±0.9
	31.07±1.8
	1.98±0.5
	7.28±1.1
	5.23±0.50
	4.15±0.35
	0.79±0.02

	T6
	3.03±0.3
	9.48±0.9
	0.94±0.1
	1.28±0.2
	8.21±1.42
	6.99±1.70
	0.85±0.04

	T7
	4.81±1.4
	23.33±1.3
	1.38±0.2
	3.88±0.6
	6.96±0.75
	5.88±0.89
	0.84±0.03

	T8
	6.59±1.4
	28.42±1.4
	1.75±0.2
	6.15±1.1
	6.27±0.88
	4.85±0.80
	0.77±0.02


Note: ID= identification number, T0= Control and TF= translocation factor. Each value is three replicates (n = 3, mean±SD). At p<0.05.

Translocation factor (TF)
         The metals concentration ratio is known as the transfer factor of metals since root to shoot and from shoot to soil to determine whether shoots have the ability to transmit metals from contaminated soil to shoot tissues (Kormoker et al., 2020). The determined TF values for the various treatments are shown in Fig. 4a, where a greater TF value indicates a higher potential for transporting Pb ions from the soil to the shoot. The lowest and highest TF values were observed for spinach at 0.41±0.01 mg kg-1 and 0.85±0.04 mg kg-1 (T2, T6, and Table 4, respectively, showing the efficacy of  applying biochar (at a mixing rate of 150 g, Pb 0 mg kg-1, and biochar 0 g, Pb 80 mg kg-1, respectively) to reduce the transfer of Pb from the soil to the shoot.
[image: ]Fig. 4. Graph Showing that applying biochar affects the amount of Pb that moves from the roots to the shoots of (a) spinach plants that have grown in response to various treatments. 

Conclusion	
               In the present study, organic amendment (biochar) was used to enhance soil fertility, spinach growth, and reduce the phytotoxicity of varying amounts of Pb. The findings showed that Pb contamination of the soil had an adverse effect on spinach growth and development. Significant soil properties that biochar can affect include increased organic matter, nutrient content, pH, and water-holding capacity; it can also draw in and improve physico-chemical properties of soil, enhance cation exchange capacity (CEC), and enhanced the capacity to retain nutrients and sequester carbon. Biochar increased plant height, dry biomass (root and shoot) and the accumulation of soil in rhizodeposits under contaminated soils, and the positive influence was observed to be more profound when biochar was used. Thus, it can be concluded that the application of biochar is a viable option for reducing heavy metals toxicity in plants and to improve the plant growth cultivated in polluted soils. In the present scenario, conservation of natural resources is most important. Thus, to combat the increasing effect of pollution, there is a need to expand this type of research further.
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