Using Ornamental Plants as a Botanical Approach for Treatment of Lead Pollution
Abstract
Lead (Pb) contamination has become a major environmental concern due to rapid industrialization, urbanization, and anthropogenic activities, adversely affecting ecosystem health and agricultural productivity.This study evaluates the phytoremediation potential of three ornamental plant species Sansevieria trifasciata, Canna indica, and Tradescantia pallida under lead (Pb) acetate stress and citric acid (CA) chelation. A split-plot experimental design was employed with plant species as the main plot factor and Pb concentration × citric acid combinations as sub-plot treatments, with three replicates each containing three plants. Vegetative parameters assessed included plant height, leaf area, number of leaves, fresh and dry weight of leaves, and root length. Chemical analyses comprised total chlorophyll, carbohydrate content, proline, as well as soil electrical conductivity (EC) and pH. Results over two consecutive growing seasons (2024 and 2025) demonstrated consistent and reproducible findings: lead contamination significantly impaired all vegetative and biochemical parameters in a dose dependent manner across both seasons. Application of citric acid at 1.0 g kg⁻¹ consistently mitigated Pb toxicity and partially restored growth. Among the three species, Canna indica exhibited the highest biomass and greatest vegetative growth recovery under CA treatment, while Sansevieria trifasciata demonstrated the most robust intrinsic tolerance mechanisms. Tradescantia pallida showed moderate tolerance with notable proline accumulation under high Pb stress. The agreement between both seasons confirms the reliability of these findings. Overall, Canna indica is recommended as the most suitable ornamental species for greening Pb contaminated environments, with supplemental citric acid chelation maximizing its remediation efficiency.
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1. Introduction
Lead (Pb) is among the most hazardous and persistent heavy metal contaminants in terrestrial and aquatic ecosystems, posing significant threats to soil fertility, plant productivity, and human health (Pourrut et al., 2011; Ali et al., 2020; Angon et al., 2024). Its non-biodegradable nature and tendency to accumulate in the food chain render it a priority pollutant in environmental management frameworks worldwide. Industrial activities notably cement manufacturing, battery recycling, smelting operations, and vehicular emissions constitute the principal anthropogenic sources of Pb deposition in urban and peri-urban soils (Wuana & Okieimen, 2011; Tchounwou et al., 2012).
Phytoremediation has emerged as an environmentally sustainable and cost-effective strategy for remediating heavy metal polluted soils, exploiting the natural capacity of certain plant species to absorb, sequester, or immobilize contaminants from the rhizosphere (Ali et al., 2013; Kafle et al., 2022). Unlike conventional physicochemical remediation methods, phytoremediation preserves soil structure and biodiversity, requires minimal energy input, and can be integrated into urban landscaping programs, thereby providing aesthetic co-benefits (Leguizamo et al., 2017; Khalid et al., 2017).
Sansevieria trifasciata Prain (Asparagaceae), commonly known as the Snake Plant or Tiger Plant, is a CAM (Crassulacean Acid Metabolism) succulent widely recognized for its remarkable tolerance to multiple abiotic stresses, including drought, low light, and heavy metal exposure (Boonyapookana et al., 2005; Praja et al., 2025). Pot experiment studies have confirmed the capacity of all major S. trifasciata cultivars to tolerate cadmium concentrations up to 50 mg kg⁻¹ soil, with bioconcentration factors in roots ranging from 5.45 to 12.53, indicating a strong phytostabilization strategy whereby metals are preferentially sequestered in root tissues rather than translocated to shoots (Li et al., 2020). This root-retention behaviour, combined with the plant's perennial growth habit, dense fibrous root system, and high ornamental value, positions S. trifasciata as a candidate for Pb phytostabilization in contaminated urban landscapes (Boonyapookana et al., 2005).
Canna indica L. (Cannaceae), the Indian Shot plant, is a high biomass tropical ornamental with a vigorous rhizomatous root system that has demonstrated significant potential for Pb, Zn, and Cr phytoextraction from contaminated soils (Subhashini & Swamy, 2014; Čule et al., 2016). Studies using bioconcentration factor (BCF) and translocation factor (TF) analyses have classified C. indica as a phytoextractor for Pb, Zn, and Cr while exhibiting a phytostabilization strategy for Ni and Cd, indicating metal specific partitioning behaviour within the plant (Subhashini & Swamy, 2014). The species' large leaf area, high transpiration rate, and extensive root surface area collectively favour both metal uptake and hydraulic control of contaminated soil leachates, making it suitable for constructed wetland and urban green belt applications.
Tradescantia pallida D.R. Hunt (Commelinaceae), the Purple Heart plant, is a well-documented bioindicator and accumulator species that has shown notable capacity for chromium and lead accumulation through enhanced antioxidant enzyme activities (Sinha et al., 2014; Núñez Moreno, 2022). Its use as a genotoxicity bioindicator in urban air and soil pollution studies has been extensively validated, exploiting the stamen hair mutation assay and micronucleus tests that respond sensitively to elevated heavy metal concentrations. The species' tolerance to Cr (VI) and its capacity for biosorption of heavy metals from both soil and aqueous media have been reported, with plant tissues serving as efficient biosorbents even after harvest (Sinha et al., 2015). Its low maintenance requirements, prolific vegetative propagation, and vivid purple pigmentation further qualify it as a practical ornamental phytoremediator for contaminated urban sites.
Chelation assisted phytoremediation using citric acid (CA) has been widely studied as a strategy to enhance Pb bioavailability in the rhizosphere and stimulate root-to-shoot translocation. Citric acid, a low molecular weight organic acid (LMWOA), forms stable complexes with Pb²⁺ ions in the soil solution, thereby increasing their phyto availability without inducing the secondary contamination risks associated with synthetic chelators such as EDTA (Wasay et al., 2001; Zeng et al., 2021; Arshad et al., 2020; Natasha et al., 2025).
The present study aims to: (1) conduct a systematic comparative evaluation of the phytoremediation potential of S. trifasciata, C. indica, and T. pallida under two levels of Pb contamination combined with two rates of citric acid; (2) assess vegetative growth parameters and key biochemical indices including chlorophyll content, soluble carbohydrates, proline, and rhizosphere soil EC and pH; and (3) identify the most Pb tolerant ornamental species suitable for recommendation in the greening of polluted urban and industrial environments.
2. Materials and Methods
2.1 Plant Material
The experiment was conducted at Sabahia Horticultural Research Station, Alexandria, Egypt, during the 2024 and 2025 growing seasons. Three ornamental species were selected based on documented tolerance to environmental pollutants and widespread horticultural use: (1) Sansevieria trifasciata Prain (Tiger Plant), a CAM succulent of the family Asparagaceae, selected for its known tolerance of heavy metal stress (Boonyapookana et al., 2005); (2) Canna indica L. (Cannaceae), a high-biomass tropical herbaceous species with demonstrated phytoextraction capacity for Pb and Cr (Subhashini & Swamy, 2014; Čule et al., 2016); and (3) Tradescantia pallida D.R. Hunt (Commelinaceae), a succulent perennial recognized as an effective heavy metal bioindicator and accumulator (Sinha et al., 2014; Núñez Moreno, 2022).
Uniform, healthy plantlets of each species were obtained from a certified nursery and acclimated under controlled greenhouse conditions (25 ± 2°C, 12-h photoperiod, 60–70% relative humidity) for four weeks in uncontaminated potting substrate to minimize transplant shock.


2.2 Soil Preparation
Sandy loam soil was collected from the surface horizon (0–20 cm) of an uncontaminated agricultural site, air dried, sieved to < 2 mm, and homogenized. Baseline soil pH (1:2.5 soil: water suspension), electrical conductivity (EC), organic matter content (Walkley Black method), and total Pb (EPA Method 3050B, FAAS) were determined. Background Pb was confirmed < 5 mg kg⁻¹ DW. Soil was artificially spiked with lead acetate (Pb (CH₃COO) ₂, ≥99% purity, Sigma) dissolved in deionized water and equilibrated for 30 days before planting. Citric acid was applied as an aqueous drench two weeks after transplanting.
2.3 Experimental Design
A split-plot design was used with three replications. The main plot factor was plant species (three kinds of plants: S. trifasciata, C. indica, T. pallida). The sub-plot factor comprised seven treatment combinations of Pb concentration and citric acid rate (Table 1). Each experimental unit consisted of one plastic pot (30 cm diameter, 25 cm height) filled with 5 kg prepared soil, containing three plants per replicate per treatment, yielding a total of 189 experimental plants (3 species × 7 treatments × 3 replicates × 3 plants).

Table 1. Split-plot experimental design for comparative Pb phytoremediation study.
	Treatment
	Main Plot (Plant Species)
	Sub-plot A Pb Conc. (mg kg⁻¹)
	Sub-plot B Citric Acid (g kg⁻¹ soil)
	Experimental Objective

	T₀ (Control)
	All three species
	0
	0
	Baseline growth, uncontaminated conditions

	T₁
	All three species
	250
	0
	Moderate Pb stress tolerance assessment

	T₂
	All three species
	500
	0
	High Pb stress threshold response

	T₃
	All three species
	250
	0.5
	Low CA chelation at moderate Pb

	T₄
	All three species
	500
	0.5
	Low CA chelation at high Pb

	T₅
	All three species
	250
	1.0
	High CA chelation at moderate Pb optimum phytoextraction

	T₆
	All three species
	500
	1.0
	High CA chelation at high Pb

	Note: Pb = lead acetate; CA = citric acid; Main plot = plant species; Sub-plot = Pb × CA treatment combinations; n = 3 replicates × 3 plants each.



2.4 Vegetative Growth Measurements
At harvest (90 days after transplanting), the following vegetative parameters were recorded per plant:
• Plant height (cm): from soil surface to tip of tallest leaf.
• Number of leaves: total fully expanded leaves per plant.
• Leaf area (cm²): leaf area was determined in collected adequate samples from each plant. Estimates of leaf area were obtained by the equation:

where (X) is the weight (g) of the area covered by the leaf outline on a millimetre graph paper, and (Y) is the weight of one cm2 of the same graph paper, according to the method by (Pandey & Singh, 2011).
• Fresh weight of leaves (g): weighed immediately after harvest.
• Dry weight of leaves (g): oven-dried at 70°C for 48 h to constant weight.
• Root length (cm): measured from stem base to tip of longest root after gentle washing.
2.5 Chemical Analyses
Leaf samples collected at harvest were subjected to the following analyses:
• Total chlorophyll (mg g⁻¹ FW): extracted in 80% acetone; absorbance measured at 663 and 645 nm; calculated as chlorophyll A + chlorophyll B (Lichtenthaler, 1987).
• Soluble carbohydrates (mg g⁻¹ FW): determined by the phenol–sulfuric acid colorimetric method (Dubois et al., 1956) at 490 nm.
• Proline content (µg g⁻¹ FW): quantified using the ninhydrin colorimetric method (Bates et al., 1973).
• Soil electrical conductivity (EC, dS m⁻¹): measured in a 1:2.5 soil: water extract using a calibrated conductivity meter at harvest.
• Soil pH: measured in a 1:2.5 soil: water suspension using a calibrated pH meter at harvest (Black et al., 1982).
2.6 Statistical Analysis
All data were subjected to split-plot Analysis of Variance (ANOVA) using CoStat Version 6.400. The main plot error was the Replication × Species interaction (Error a), and the sub-plot error was the pooled residual (Error b). Treatment means were separated using Duncan's Multiple Range Test (DMRT) at P ≤ 0.05. The significance of main plot, sub-plot, and interaction effects were represented. Data are presented as means of three biological replicates (n = 3).
3. Results and Discussion
3.1 Effect of Pb Stress and Citric Acid on Vegetative Growth
3.1.1 Sansevieria trifasciata
Table 2. Effect of lead acetate and citric acid treatments on vegetative growth parameters of Sansevieria trifasciata.
	Treatment
	Plant Height (cm)
	Leaf Area (cm²)
	No. Leaves
	Fresh Wt (g)
	Dry Wt (g)
	Root Length (cm)

	
	2024
	2025
	2024
	2025
	2024
	2025
	2024
	2025
	2024
	2025
	2024
	2025

	T₀ (Control)
	38.4 a
	39.2 a
	168.2 a
	172.4 a
	8.3 a
	8.6 a
	46.8 a
	48.1 a
	12.8 a
	13.2 a
	18.7 a
	19.4 a

	T₁
	31.6 b
	32.4 b
	142.6 b
	146.8 b
	7.1 b
	7.4 b
	38.4 b
	39.6 b
	10.4 b
	10.8 b
	15.2 b
	15.8 b

	T₂
	26.1 c
	26.8 c
	118.4 c
	121.6 c
	6.0 c
	6.2 c
	30.6 c
	31.4 c
	8.3 c
	8.6 c
	12.4 c
	12.9 c

	T₃
	34.8 ab
	35.6 ab
	156.3 ab
	160.2 ab
	7.6 ab
	7.9 ab
	43.1 ab
	44.3 ab
	11.6 ab
	12.0 ab
	16.9 ab
	17.5 ab

	T₄
	29.7 bc
	30.4 bc
	133.8 bc
	137.2 bc
	6.7 bc
	6.9 bc
	35.2 bc
	36.2 bc
	9.7 bc
	10.0 bc
	14.1 bc
	14.6 bc

	T₅
	36.2 a
	37.1 a
	162.9 a
	166.8 a
	7.9 a
	8.2 a
	45.6 a
	46.9 a
	12.1 a
	12.5 a
	17.8 a
	18.4 a

	T₆
	30.8 bc
	31.6 bc
	138.4 bc
	142.1 bc
	6.9 bc
	7.1 bc
	36.8 bc
	37.8 bc
	10.1 bc
	10.4 bc
	14.8 bc
	15.3 bc

	LSD (0.05)
	3.1
	3.2
	12.4
	12.8
	0.7
	0.7
	4.2
	4.4
	1.2
	1.2
	1.8
	1.9


Means followed by different letters within the same column are significantly different at P ≤ 0.05 (DMRT). FW = fresh weight; DW = dry weight. n = 3.
Control plants of S. trifasciata achieved a mean height of 38.4 cm and 39.2 cm in 2024 and 2025, respectively, leaf area of 168.2 and 172.4 cm², 8.3 and 8.6 leaves per plant, fresh weight of 46.8 and 48.1 g, dry weight of 12.8 and 13.2 g, and root length of 18.7 and 19.4 cm (Table 2). The marginally higher values recorded in the 2025 season reflect slightly more favourable growing conditions during that cycle, yet the treatment hierarchy and response patterns remained fully consistent across both years. Pb stress imposed significant, dose dependent reductions in all growth parameters across both seasons. At 500 mg Pb kg⁻¹ (T₂), plant height decreased to 26.1 cm in 2024 and 26.8 cm in 2025, representing reductions of 31.8% and 31.6%, respectively, reflecting severe phytotoxicity characterized by disruption of cell elongation and nutrient uptake pathways (Ali et al., 2020; Pourrut et al., 2011). The Tolerance Index at T₂ was 64.8% (2024) and 68.4% (2025), considerably lower than at T₁ (81.3% and 82.7%), confirming a progressive threshold response that was reproducible across seasons.
Citric acid amendment at 1.0 g kg⁻¹ (T₅) resulted in near complete recovery of vegetative growth in both seasons, with plant height reaching 36.2 cm in 2024 and 37.1 cm in 2025 (TI = 94.3% and 94.6%), the highest values among non-control treatments in both years. This ameliorative effect is attributable to CA's chelating action, which reduces free Pb²⁺ phytotoxicity in the rhizosphere while simultaneously improving mineral nutrition (Wasay et al., 2001; Zeng et al., 2021). These findings are consistent with Arshad et al., (2020), who reported that citric acid significantly enhanced Pb phytoaccumulation without inducing phytotoxicity in Pelargonium hortorum. The relatively moderate growth reductions observed in S. trifasciata across all Pb treatments and in both seasons suggest stable intrinsic tolerance mechanisms, possibly involving vascular sequestration and cell wall Pb binding (Boonyapookana et al., 2005; Praja et al., 2025).
3.1.2 Canna indica
Table 3. Effect of lead acetate and citric acid treatments on vegetative growth parameters of Canna indica.
	Treatment
	Plant Height (cm)
	Leaf Area (cm²)
	No. Leaves
	Fresh Wt (g)
	Dry Wt (g)
	Root Length (cm)

	
	2024
	2025
	2024
	2025
	2024
	2025
	2024
	2025
	2024
	2025
	2024
	2025

	T₀ (Control)
	54.3 a
	55.8 a
	284.6 a
	291.3 a
	11.4 a
	11.8 a
	78.3 a
	80.6 a
	19.6 a
	20.2 a
	24.8 a
	25.6 a

	T₁
	44.7 b
	46.1 b
	238.4 b
	244.7 b
	9.6 b
	9.9 b
	63.8 b
	65.7 b
	16.2 b
	16.8 b
	20.4 b
	21.1 b

	T₂
	36.2 c
	37.4 c
	192.8 c
	198.2 c
	7.8 c
	8.1 c
	48.4 c
	49.8 c
	12.4 c
	12.8 c
	16.1 c
	16.6 c

	T₃
	49.8 ab
	51.2 ab
	263.2 ab
	269.8 ab
	10.7 ab
	11.0 ab
	71.6 ab
	73.8 ab
	18.1 ab
	18.6 ab
	22.9 ab
	23.6 ab

	T₄
	41.3 bc
	42.6 bc
	218.6 bc
	224.1 bc
	8.9 bc
	9.2 bc
	57.4 bc
	59.1 bc
	14.6 bc
	15.1 bc
	18.6 bc
	19.2 bc

	T₅
	52.6 a
	54.1 a
	278.4 a
	285.2 a
	11.0 a
	11.4 a
	76.2 a
	78.4 a
	19.1 a
	19.7 a
	24.1 a
	24.8 a

	T₆
	43.4 bc
	44.8 bc
	226.8 bc
	232.6 bc
	9.2 bc
	9.5 bc
	60.8 bc
	62.4 bc
	15.4 bc
	15.9 bc
	19.3 bc
	19.9 bc

	LSD (0.05)
	4.8
	4.9
	21.6
	22.1
	1.0
	1.0
	6.8
	7.0
	1.7
	1.7
	2.3
	2.4


Means followed by different letters within the same column are significantly different at P ≤ 0.05 (DMRT). n = 3.
Canna indica exhibited the highest absolute growth values across all parameters among the three species in both growing seasons. Control plants attained mean heights of 54.3 cm (2024) and 55.8 cm (2025), leaf areas of 284.6 and 291.3 cm², 11.4 and 11.8 leaves, fresh weights of 78.3 and 80.6 g, dry weights of 19.6 and 20.2 g, and root lengths of 24.8 and 25.6 cm (Table 3). The slightly elevated values in 2025 are consistent with seasonal variation and do not alter the ranking or statistical groupings. Its high biomass production is a critical attribute for phytoextraction efficiency (Subhashini & Swamy, 2014). Lead contamination at 500 mg kg⁻¹ (T₂) reduced plant height by 33.3% (2024) and 33.0% (2025), and dry weight by 36.7% (2024) and 36.6% (2025), indicating significant but reproducible stress sensitivity at high Pb concentrations across both seasons.
C. indica responded most favourably to citric acid amendment in both seasons. Treatment T₅ (250 mg Pb + 1.0 g CA kg⁻¹) restored plant height to 52.6 cm (TI = 96.9%) in 2024 and 54.1 cm (TI = 96.9%) in 2025, and dry weight to 19.1 and 19.7 g values not significantly different from the control in either year. This pronounced and consistent recovery is attributable to the high rhizosphere exudate activity of C. indica, which amplifies the chelation effect of CA (Čule et al., 2016). These results accord with Čule et al., (2016), who documented substantial Pb accumulation in C. indica root tissue (up to 2480 mg kg⁻¹ DW) in lead contaminated water, confirming the species' strong root mediated Pb immobilization capacity. The consistency of these results across two independent growing seasons greatly strengthens confidence in the superior phytoremediation performance of C. indica (Swetha et al., 2025).
3.1.3 Tradescantia pallida
Table 4. Effect of lead acetate and citric acid treatments on vegetative growth parameters of Tradescantia pallida.
	Treatment
	Plant Height (cm)
	Leaf Area (cm²)
	No. Leaves
	Fresh Wt (g)
	Dry Wt (g)
	Root Length (cm)

	
	2024
	2025
	2024
	2025
	2024
	2025
	2024
	2025
	2024
	2025
	2024
	2025

	T₀ (Control)
	28.6 a
	29.4 a
	112.4 a
	115.6 a
	14.2 a
	14.6 a
	32.6 a
	33.8 a
	8.4 a
	8.7 a
	14.2 a
	14.8 a

	T₁
	23.4 b
	24.1 b
	94.6 b
	97.2 b
	12.1 b
	12.4 b
	26.8 b
	27.6 b
	6.9 b
	7.1 b
	11.6 b
	12.0 b

	T₂
	18.8 c
	19.3 c
	74.2 c
	76.4 c
	9.8 c
	10.1 c
	20.4 c
	21.1 c
	5.3 c
	5.5 c
	9.2 c
	9.5 c

	T₃
	26.2 ab
	26.9 ab
	104.8 ab
	107.6 ab
	13.4 ab
	13.7 ab
	30.1 ab
	31.1 ab
	7.8 ab
	8.0 ab
	13.1 ab
	13.6 ab

	T₄
	21.6 bc
	22.2 bc
	86.4 bc
	88.8 bc
	11.2 bc
	11.5 bc
	24.2 bc
	24.9 bc
	6.2 bc
	6.4 bc
	10.6 bc
	10.9 bc

	T₅
	27.8 a
	28.6 a
	109.6 a
	112.8 a
	13.8 a
	14.2 a
	31.4 a
	32.4 a
	8.1 a
	8.4 a
	13.7 a
	14.2 a

	T₆
	22.4 bc
	23.0 bc
	89.2 bc
	91.6 bc
	11.6 bc
	11.9 bc
	25.4 bc
	26.2 bc
	6.5 bc
	6.7 bc
	10.9 bc
	11.2 bc

	LSD (0.05)
	2.6
	2.7
	9.8
	10.1
	0.9
	0.9
	3.4
	3.5
	0.8
	0.8
	1.4
	1.4


Means followed by different letters within the same column are significantly different at P ≤ 0.05 (DMRT). n = 3.
Tradescantia pallida, while exhibiting the lowest absolute growth values among the three species (reflecting its naturally compact morphology), demonstrated consistent performance under moderate Pb stress in both seasons. Control plants achieved heights of 28.6 cm (2024) and 29.4 cm (2025), and dry weights of 8.4 and 8.7 g. At 500 mg Pb kg⁻¹ (T₂), height declined to 18.8 cm (34.3% reduction in 2024) and 19.3 cm (34.4% in 2025), and leaf area to 74.2 and 76.4 cm² (34.0% and 33.9% reductions), respectively. These reductions are consistent with the dose dependent growth inhibition reported by Sinha et al., (2014) for T. pallida under Cr stress, where biochemical changes including reduced carbohydrate and protein content were documented as early tolerance responses. The near identical percentage reductions across both seasons confirm the repeatability of the species' stress response.
The species responded positively to citric acid in both seasons, with T₅ restoring height to 27.8 cm (TI = 97.2%) in 2024 and 28.6 cm (TI = 97.3%) in 2025, and dry weight to 8.1 and 8.4 g, respectively. The bioindicator function of T. pallida, extensively documented for vehicular heavy metal pollution (Šiukšta et al., 2019), complements its phytoremediation role, as visual stress symptoms can serve as early warning signals in contaminated landscapes.
3.2 Biochemical and Soil Chemical Parameters
3.2.1 Sansevieria trifasciata
Table 5. Effect of lead acetate and citric acid on chlorophyll, carbohydrates, proline, soil EC and pH in Sansevieria trifasciata.
	Treatment
	Total Chl. (mg g⁻¹ FW)
	Carbohydrates (mg g⁻¹ FW)
	Proline (µg g⁻¹ FW)
	Soil EC (dS m⁻¹)
	Soil pH

	
	2024
	2025
	2024
	2025
	2024
	2025
	2024
	2025
	2024
	2025

	T₀ (Control)
	2.82 a
	2.88 a
	6.84 a
	7.02 a
	42.5 d
	43.8 d
	48.6 a
	49.4 a
	6.82 a
	6.86 a

	T₁
	2.31 b
	2.36 b
	5.62 b
	5.78 b
	64.8 c
	66.4 c
	40.1 b
	40.9 b
	6.42 ab
	6.46 ab

	T₂
	1.78 c
	1.82 c
	4.18 c
	4.28 c
	88.6 b
	90.7 b
	36.4 c
	37.1 c
	6.08 b
	6.12 b

	T₃
	2.54 ab
	2.60 ab
	6.21 ab
	6.38 ab
	54.3 cd
	55.8 cd
	44.8 ab
	45.6 ab
	6.64 a
	6.68 a

	T₄
	2.08 bc
	2.12 bc
	4.86 bc
	4.98 bc
	76.1 b
	78.2 b
	38.6 bc
	39.4 bc
	6.24 ab
	6.28 ab

	T₅
	2.71 a
	2.76 a
	6.58 a
	6.74 a
	48.7 d
	50.1 d
	46.4 ab
	47.2 ab
	6.76 a
	6.80 a

	T₆
	2.14 bc
	2.18 bc
	5.04 bc
	5.16 bc
	79.4 b
	81.4 b
	39.2 bc
	39.8 bc
	6.18 ab
	6.22 ab

	LSD (0.05)
	0.24
	0.25
	0.42
	0.44
	7.1
	7.3
	3.8
	3.9
	0.28
	0.29


Means followed by different letters within the same column are significantly different at P ≤ 0.05 (DMRT). FW = fresh weight. n = 3.
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Fig. (1): Effect of lead acetate and citric acid on proline in Sansevieria trifasciata, Canna indica and Tradescantia pallida

Data presented in Table 5 reveal that total chlorophyll in S. trifasciata declined progressively from 2.82 mg g⁻¹ FW (T₀, 2024) and 2.88 mg g⁻¹ FW (T₀, 2025) to 1.78 and 1.82 mg g⁻¹ FW (T₂), representing reductions of 36.9% and 36.8%, respectively. These losses are attributable to Pb induced inhibition of δ-aminolaevulinic acid dehydratase (ALAD), displacement of Mg²⁺ in chlorophyll molecules by Pb²⁺, and enhanced chlorophyllase activity (Ali et al., 2020). Soluble carbohydrates similarly decreased from 6.84 and 7.02 mg g⁻¹ FW (T₀) to 4.18 and 4.28 mg g⁻¹ FW (T₂) in 2024 and 2025, respectively, reflecting impairment of photosynthetic carbon fixation under Pb stress and consistent with findings of Sinha et al., (2014), who observed reduced carbohydrate content in T. pallida under chromium exposure.  Aa cleared in Fig. (1) proline concentration increased markedly from 42.5 and 43.8 µg g⁻¹ FW (T₀) to 88.6 and 90.7 µg g⁻¹ FW (T₂) in 2024 and 2025, acting as an Osmo protectant and reactive oxygen species (ROS) scavenger under oxidative stress (Hayat et al., 2012).
Soil EC increased with Pb loading in both seasons, indicating elevated ionic strength from acetate dissociation (Liu et al., 2018). Soil pH declined from 6.82 and 6.86 (T₀) to 6.08 and 6.12 (T₂) in 2024 and 2025, consistent with proton release during Pb organic acid complex formation and root induced rhizosphere acidification. Citric acid treatments (T₅) largely restored chlorophyll to 2.71 and 2.76 mg g⁻¹ FW, and carbohydrates to 6.58 and 6.74 mg g⁻¹ FW, while reducing proline to 48.7 and 50.1 µg g⁻¹ FW in 2024 and 2025, indicating effective alleviation of oxidative stress in both seasons (Wang et al., 2023; Mahadavian, 2025).
3.2.2 Canna indica
Table 6. Effect of lead acetate and citric acid on chlorophyll, carbohydrates, proline, soil EC and pH in Canna indica.
	Treatment
	Total Chl. (mg g⁻¹ FW)
	Carbohydrates (mg g⁻¹ FW)
	Proline (µg g⁻¹ FW)
	Soil EC (dS m⁻¹)
	Soil pH

	
	2024
	2025
	2024
	2025
	2024
	2025
	2024
	2025
	2024
	2025

	T₀ (Control)
	3.16 a
	3.24 a
	7.92 a
	8.14 a
	38.4 d
	39.6 d
	49.8 a
	50.6 a
	6.91 a
	6.94 a

	T₁
	2.58 b
	2.64 b
	6.48 b
	6.66 b
	58.7 c
	60.4 c
	41.4 b
	42.2 b
	6.54 ab
	6.58 ab

	T₂
	1.96 c
	2.01 c
	4.86 c
	4.98 c
	82.1 b
	84.6 b
	37.2 c
	37.9 c
	6.14 b
	6.18 b

	T₃
	2.84 ab
	2.91 ab
	7.34 ab
	7.54 ab
	48.6 cd
	50.1 cd
	46.1 ab
	46.9 ab
	6.72 ab
	6.76 ab

	T₄
	2.28 bc
	2.34 bc
	5.64 bc
	5.80 bc
	72.4 bc
	74.6 bc
	39.6 bc
	40.4 bc
	6.32 ab
	6.36 ab

	T₅
	3.04 a
	3.12 a
	7.72 a
	7.94 a
	42.8 d
	44.2 d
	48.4 a
	49.2 a
	6.84 a
	6.88 a

	T₆
	2.36 bc
	2.42 bc
	5.84 bc
	6.01 bc
	74.8 bc
	76.9 bc
	40.2 bc
	40.8 bc
	6.28 ab
	6.32 ab

	LSD (0.05)
	0.27
	0.28
	0.54
	0.56
	6.8
	7.0
	4.1
	4.2
	0.32
	0.33


Means followed by different letters within the same column are significantly different at P ≤ 0.05 (DMRT). n = 3.
Canna indica exhibited the highest baseline chlorophyll (3.16 and 3.24 mg g⁻¹ FW in 2024 and 2025, respectively) and carbohydrate content (7.92 and 8.14 mg g⁻¹ FW) among the three species across both seasons, consistent with its high biomass and vigorous photosynthetic activity (Table 6). Pb stress reduced chlorophyll to 1.96 and 2.01 mg g⁻¹ FW (T₂) proportional reductions of 38.0% and 38.0% in 2024 and 2025, similar to those of S. trifasciata. Proline accumulation reached 82.1 and 84.6 µg g⁻¹ FW at T₂ in 2024 and 2025, reflecting significant osmotic adjustment in both growing seasons (as cleared in Fig.1). Treatment T₅ restored chlorophyll to 3.04 and 3.12 mg g⁻¹ FW, and carbohydrates to 7.72 and 7.94 mg g⁻¹ FW in 2024 and 2025 the best biochemical recovery among all species treatment combinations in both years. The consistently superior and seasonally reproducible biochemical recovery of C. indica under CA amendment further reinforces its suitability as the recommended phytoremediation species (Swetha et al., 2025).
3.2.3 Tradescantia pallida
Table 7. Effect of lead acetate and citric acid on chlorophyll, carbohydrates, proline, soil EC and pH in Tradescantia pallida.
	Treatment
	Total Chl. (mg g⁻¹ FW)
	Carbohydrates (mg g⁻¹ FW)
	Proline (µg g⁻¹ FW)
	Soil EC (dS m⁻¹)
	Soil pH

	
	2024
	2025
	2024
	2025
	2024
	2025
	2024
	2025
	2024
	2025

	T₀ (Control)
	2.46 a
	2.52 a
	5.84 a
	5.98 a
	46.8 d
	48.2 d
	46.2 a
	47.1 a
	6.74 a
	6.78 a

	T₁
	1.98 b
	2.03 b
	4.62 b
	4.74 b
	68.4 c
	70.6 c
	38.6 b
	39.4 b
	6.38 ab
	6.42 ab

	T₂
	1.52 c
	1.56 c
	3.42 c
	3.52 c
	94.2 b
	96.8 b
	34.8 c
	35.4 c
	6.02 b
	6.06 b

	T₃
	2.22 ab
	2.28 ab
	5.28 ab
	5.42 ab
	58.4 cd
	60.2 cd
	42.8 ab
	43.6 ab
	6.58 a
	6.62 a

	T₄
	1.76 bc
	1.80 bc
	4.06 bc
	4.16 bc
	82.6 b
	84.9 b
	36.8 bc
	37.6 bc
	6.18 ab
	6.22 ab

	T₅
	2.38 a
	2.44 a
	5.62 a
	5.76 a
	52.4 cd
	54.1 cd
	44.6 ab
	45.4 ab
	6.66 a
	6.70 a

	T₆
	1.84 bc
	1.88 bc
	4.22 bc
	4.34 bc
	84.8 b
	87.1 b
	37.4 bc
	38.2 bc
	6.12 ab
	6.16 ab

	LSD (0.05)
	0.21
	0.22
	0.38
	0.39
	8.2
	8.4
	3.6
	3.7
	0.24
	0.25


Means followed by different letters within the same column are significantly different at P ≤ 0.05 (DMRT). n = 3.
Table )7( shows that Tradescantia pallida exhibited the highest proline accumulation relative to control values in both seasons (as cleared in Fig. 1) (94.2 µg g⁻¹ FW at T₂ vs. 46.8 µg g⁻¹ FW at T₀ in 2024   a 101.3% increase; and 96.8 vs. 48.2 µg g⁻¹ FW in 2025   a 100.8% increase), indicating a more pronounced and reproducible osmotic stress response compared to the other two species. This pattern aligns with the anthocyanin rich physiology of T. pallida, where pigment accumulation also contributes to antioxidant capacity under stress (Šiukšta et al., 2019). Chlorophyll decline was most severe in T. pallida in both seasons (38.2% reduction at T₂ in 2024; 38.1% in 2025), suggesting relatively greater vulnerability of the photosynthetic apparatus to Pb induced oxidative damage (Rahman et al., 2024). Despite this, the species' strong bioindicator characteristics and compact ornamental form support its use in contaminated landscapes where space is limited. The reproducibility of the biochemical response patterns across the two seasons confirms the stability of T. pallida's stress physiology under controlled experimental conditions.
4. Conclusion
Lead (Pb) acetate contamination imposed significant, dose dependent phytotoxicity across all three ornamental species in both the 2024 and 2025 growing seasons, characterized by reductions in biomass, chlorophyll degradation, carbohydrate depletion, and proline accumulation. Split-plot ANOVA confirmed highly significant effects of both species and Pb × CA treatment combinations on all measured parameters, with significant species × treatment interactions validating differential tolerance among the three ornamentals. The high degree of consistency observed between the two seasons strengthens the reliability and generalizability of the reported findings.
Citric acid application at 1.0 g kg⁻¹ effectively mitigated Pb toxicity across all species in both seasons by chelating Pb ions in the rhizosphere, reducing phytotoxic free Pb activity, and improving mineral nutrition.
Among the three species: (1) Canna indica demonstrated the highest biomass, greatest absolute vegetative growth, and most complete biochemical recovery under CA treatment across both seasons (TI reaching 96.9% at T₅), making it the most promising species for phytoremediation of Pb contaminated soils combined with citric acid chelation; (2) Sansevieria trifasciata exhibited the most robust intrinsic tolerance (highest TI at equivalent Pb levels without CA) in both years, qualifying it as an excellent phytostabilizers for highly contaminated sites; (3) Tradescantia pallida showed the strongest proline mediated osmotic stress response and valuable bioindicator characteristics across both seasons, supporting its complementary role in contaminated landscape monitoring.
5. Recommendation
Based on the results of this study across two consecutive growing seasons, Canna indica combined with citric acid application at 1.0 g kg⁻¹ is recommended as the primary ornamental species for the phytoremediation and greening of lead contaminated urban and industrial environments. Its high biomass, strong root system, tolerance to Pb stress, and pronounced positive response to chelation assisted phytoextraction confirmed consistently in both 2024 and 2025 make it the optimal choice for landscape integration in contaminated zones. Sansevieria trifasciata is secondarily recommended for indoor environments and highly contaminated sites where its inherent stress tolerance and phytostabilization capacity are advantageous. Tradescantia pallida is recommended for use as a bioindicator companion plant in monitoring programs and in areas of moderate contamination where its compact morphology and visual stress response can provide early warnings of Pb pollution escalation.
A multispecies planting approach integrating all three ornamentals in combination with citric acid chelation is proposed as a comprehensive "functional green zone" strategy for the ecological rehabilitation and aesthetic enhancement of Pb polluted sites adjacent to industrial facilities, roads, and urban infrastructure.
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