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Abstract
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 demonstrated that lead contamination significantly impaired all vegetative and biochemical parameters in a dose dependent manner. 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. 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). 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).
Among the plant species evaluated for Pb phytoremediation potential, ornamental plants have attracted growing research attention due to their combined aesthetic and functional value. Sansevieria trifasciata (Asparagaceae), commonly known as the Snake Plant or Tiger Plant, is a CAM (Crassulacean Acid Metabolism) succulent noted for its remarkable tolerance to abiotic stresses and its capacity to accumulate heavy metals in root tissues (Boonyapookana, B., et al. (2005); Praja et al. (2025). Canna indica L. (Cannaceae), the Indian Shot plant, is a high biomass tropical ornamental that has demonstrated significant potential for Pb, Zn, and Cr phytoextraction from contaminated soils (Subhashini & Swamy, 2014; Čule et al., 2016). Tradescantia pallida D.R. Hunt (Commelinaceae), the Purple Heart plant, is a well-documented bioindicator of heavy metal pollution and has shown notable capacity for chromium and lead accumulation and tolerance through enhanced antioxidant enzyme activity (Sinha et al., 2014; Núñez Moreno, 2022).
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 molecularm 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).
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 levels: 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 millimeter 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)

	T₀ (Control)
	38.4 a
	168.2 a
	8.3 a
	46.8 a
	12.8 a
	18.7 a

	T₁
	31.6 b
	142.6 b
	7.1 b
	38.4 b
	10.4 b
	15.2 b

	T₂
	26.1 c
	118.4 c
	6.0 c
	30.6 c
	8.3 c
	12.4 c

	T₃
	34.8 ab
	156.3 ab
	7.6 ab
	43.1 ab
	11.6 ab
	16.9 ab

	T₄
	29.7 bc
	133.8 bc
	6.7 bc
	35.2 bc
	9.7 bc
	14.1 bc

	T₅
	36.2 a
	162.9 a
	7.9 a
	45.6 a
	12.1 a
	17.8 a

	T₆
	30.8 bc
	138.4 bc
	6.9 bc
	36.8 bc
	10.1 bc
	14.8 bc

	LSD (0.05)
	3.1
	12.4
	0.7
	4.2
	1.2
	1.8


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, leaf area of 168.2 cm², 8.3 leaves per plant, fresh weight of 46.8 g, dry weight of 12.8 g, and root length of 18.7 cm (Table 2). Pb stress imposed significant, dose-dependent reductions in all growth parameters. At 500 mg Pb kg⁻¹ (T₂), plant height decreased to 26.1 cm (31.8% reduction), 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%, considerably lower than at T₁ (81.3%), confirming a progressive threshold response.
Citric acid amendment at 1.0 g kg⁻¹ (T₅) resulted in near complete recovery of vegetative growth, with plant height reaching 36.2 cm (TI = 94.3%), the highest value among non-control treatments. This ameliorative effect is attributable to CA's chelating action, which reduces free Pb²⁺ phytotoxicity in the rhizosphere while simultaneously improving mineral nutrition) Wassay 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 suggest inherent tolerance mechanisms, possibly involving vacuolar sequestration and cell all Pb binding (Boonyapookana, B., 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)

	T₀ (Control)
	54.3 a
	284.6 a
	11.4 a
	78.3 a
	19.6 a
	24.8 a

	T₁
	44.7 b
	238.4 b
	9.6 b
	63.8 b
	16.2 b
	20.4 b

	T₂
	36.2 c
	192.8 c
	7.8 c
	48.4 c
	12.4 c
	16.1 c

	T₃
	49.8 ab
	263.2 ab
	10.7 ab
	71.6 ab
	18.1 ab
	22.9 ab

	T₄
	41.3 bc
	218.6 bc
	8.9 bc
	57.4 bc
	14.6 bc
	18.6 bc

	T₅
	52.6 a
	278.4 a
	11.0 a
	76.2 a
	19.1 a
	24.1 a

	T₆
	43.4 bc
	226.8 bc
	9.2 bc
	60.8 bc
	15.4 bc
	19.3 bc

	LSD (0.05)
	4.8
	21.6
	1.0
	6.8
	1.7
	2.3


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, with control plants attaining mean height of 54.3 cm, leaf area of 284.6 cm², 11.4 leaves, fresh weight of 78.3 g, dry weight of 19.6 g, and root length of 24.8 cm(Table 3). 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% and dry weight by 36.7%, indicating significant stress sensitivity at high Pb concentrations.
However, C. indica responded most favourably to citric acid amendment. Treatment T₅ (250 mg Pb + 1.0 g CA kg⁻¹) restored plant height to 52.6 cm (TI = 96.9%) and dry weight to 19.1 g values not significantly different from the control. This pronounced 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.








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)

	T₀ (Control)
	28.6 a
	112.4 a
	14.2 a
	32.6 a
	8.4 a
	14.2 a

	T₁
	23.4 b
	94.6 b
	12.1 b
	26.8 b
	6.9 b
	11.6 b

	T₂
	18.8 c
	74.2 c
	9.8 c
	20.4 c
	5.3 c
	9.2 c

	T₃
	26.2 ab
	104.8 ab
	13.4 ab
	30.1 ab
	7.8 ab
	13.1 ab

	T₄
	21.6 bc
	86.4 bc
	11.2 bc
	24.2 bc
	6.2 bc
	10.6 bc

	T₅
	27.8 a
	109.6 a
	13.8 a
	31.4 a
	8.1 a
	13.7 a

	T₆
	22.4 bc
	89.2 bc
	11.6 bc
	25.4 bc
	6.5 bc
	10.9 bc

	LSD (0.05)
	2.6
	9.8
	0.9
	3.4
	0.8
	1.4


Means followed by different letters within the same column are significantly different at P ≤ 0.05 (DMRT). n = 3.
Tradescantia pallida,(Table 4) while exhibiting the lowest absolute growth values among the three species (reflecting its naturally compact morphology), demonstrated consistent performance under moderate Pb stress. Control plants achieved height of 28.6 cm and dry weight of 8.4 g. At 500 mg Pb kg⁻¹ (T₂), height declined to 18.8 cm (34.3% reduction) and leaf area to 74.2 cm² (34.0% reduction). These reductions are consistent with the dose dependent growth inhibition reported by Sinha et al. (2014) for T. pallida under Cr (VI) stress, where biochemical changes including reduced carbohydrate and protein content were documented as early tolerance responses.
The species responded positively to citric acid, with T₅ restoring height to 27.8 cm (TI = 97.2%) and dry weight to 8.1 g. The bioindicator function of T. pallida extensively documented for vehicular heavy metal pollution (Šiukšta et al., 2018) 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

	T₀ (Control)
	2.82 a
	6.84 a
	42.5 d
	48.6 a
	6.82 a

	T₁
	2.31 b
	5.62 b
	64.8 c
	40.1 b
	6.42 ab

	T₂
	1.78 c
	4.18 c
	88.6 b
	36.4 c
	6.08 b

	T₃
	2.54 ab
	6.21 ab
	54.3 cd
	44.8 ab
	6.64 a

	T₄
	2.08 bc
	4.86 bc
	76.1 b
	38.6 bc
	6.24 ab

	T₅
	2.71 a
	6.58 a
	48.7 d
	46.4 ab
	6.76 a

	T₆
	2.14 bc
	5.04 bc
	79.4 b
	39.2 bc
	6.18 ab

	LSD (0.05)
	0.24
	0.42
	7.1
	3.8
	0.28


Means followed by different letters within the same column are significantly different at P ≤ 0.05 (DMRT). FW = fresh weight. n = 3.
Data presented in Table (5) cleared that total chlorophyll in S. trifasciata declined progressively from 2.82 mg g⁻¹ FW (T₀) to 1.78 mg g⁻¹ FW (T₂), a 36.9% reduction 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 also decreased from 6.84 to 4.18 mg g⁻¹ FW, reflecting impairment of photosynthetic carbon fixation under Pb stress consistent with findings of Sinha et al. (2014), who observed reduced carbohydrate content in T. pallida under chromium exposure. Proline concentration increased markedly from 42.5 µg g⁻¹ FW (T₀) to 88.6 µg g⁻¹ FW (T₂), acting as an Osmo protectant and reactive oxygen species (ROS) scavenger under oxidative stress (Hayat et al., 2012).
Soil EC increased with Pb loading, indicating elevated ionic strength from acetate dissociation (Liu et al., 2018). Soil pH declined from 6.82 (T₀) to 6.08 (T₂), consistent with proton release during Pb-organic acid complex formation and root-induced rhizosphere acidification. Citric acid treatments (T₅) largely restored chlorophyll (2.71 mg g⁻¹ FW) and carbohydrates (6.58 mg g⁻¹ FW) to near-control levels, while reducing proline content to 48.7 µg g⁻¹ FW, indicating effective alleviation of oxidative stress.

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

	T₀ (Control)
	3.16 a
	7.92 a
	38.4 d
	49.8 a
	6.91 a

	T₁
	2.58 b
	6.48 b
	58.7 c
	41.4 b
	6.54 ab

	T₂
	1.96 c
	4.86 c
	82.1 b
	37.2 c
	6.14 b

	T₃
	2.84 ab
	7.34 ab
	48.6 cd
	46.1 ab
	6.72 ab

	T₄
	2.28 bc
	5.64 bc
	72.4 bc
	39.6 bc
	6.32 ab

	T₅
	3.04 a
	7.72 a
	42.8 d
	48.4 a
	6.84 a

	T₆
	2.36 bc
	5.84 bc
	74.8 bc
	40.2 bc
	6.28 ab

	LSD (0.05)
	0.27
	0.54
	6.8
	4.1
	0.32


Means followed by different letters within the same column are significantly different at P ≤ 0.05 (DMRT). n = 3.
As cleared in Table (6) Canna indica exhibited the highest baseline chlorophyll (3.16 mg g⁻¹ FW) and carbohydrate content (7.92 mg g⁻¹ FW) among the three species, consistent with its high biomass and vigorous photosynthetic activity. Pb stress reduced chlorophyll to 1.96 mg g⁻¹ FW (T₂), a proportional reduction similar to S. trifasciata. Proline accumulation reached 82.1 µg g⁻¹ FW at T₂, reflecting significant osmotic adjustment. Treatment T₅ restored chlorophyll to 3.04 mg g⁻¹ FW and carbohydrates to 7.72 mg g⁻¹ FW, the best biochemical recovery among all species-treatment combinations. The consistently superior biochemical recovery of C. indica under CA amendment reinforces its suitability as the recommended phytoremediation species.
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

	T₀ (Control)
	2.46 a
	5.84 a
	46.8 d
	46.2 a
	6.74 a

	T₁
	1.98 b
	4.62 b
	68.4 c
	38.6 b
	6.38 ab

	T₂
	1.52 c
	3.42 c
	94.2 b
	34.8 c
	6.02 b

	T₃
	2.22 ab
	5.28 ab
	58.4 cd
	42.8 ab
	6.58 a

	T₄
	1.76 bc
	4.06 bc
	82.6 b
	36.8 bc
	6.18 ab

	T₅
	2.38 a
	5.62 a
	52.4 cd
	44.6 ab
	6.66 a

	T₆
	1.84 bc
	4.22 bc
	84.8 b
	37.4 bc
	6.12 ab

	LSD (0.05)
	0.21
	0.38
	8.2
	3.6
	0.24


Means followed by different letters within the same column are significantly different at P ≤ 0.05 (DMRT). n = 3.
Table (7) showed that Tradescantia pallida exhibited the highest proline accumulation relative to control values (94.2 µg g⁻¹ FW at T₂ vs. 46.8 µg g⁻¹ FW at T₀  a 101.3% increase), indicating a more pronounced 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 (38.2% reduction at T₂), suggesting relatively greater vulnerability of the photosynthetic apparatus to Pb induced oxidative damage. Despite this, the species' strong bioindicator characteristics and compact ornamental form support its use in contaminated landscapes where space is limited.
4. Conclusion
Lead (Pb) acetate contamination imposed significant, dose dependent phytotoxicity across all three ornamental species, 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.
Citric acid application at 1.0 g kg⁻¹ effectively mitigated Pb toxicity across all species 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 (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), 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, supporting its complementary role in contaminated landscape monitoring.
5. Recommendation
Based on the results of this study, 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 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 Phyto stabilization 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 multi species 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.
References

Ali, H., Khan, E., & Sajad, M. A. (2013). Phytoremediation of heavy metals — concepts and applications. Chemosphere, 91(7), 869–881. https://doi.org/10.1016/j.chemosphere.2013.01.075
Ali, S., Abbas, Z., Rizwan, M., Zaheer, I. E., Yavaş, İ., Ünay, A., ... & Kalderis, D. (2020). Application of floating aquatic plants in phytoremediation of heavy metals polluted water: A review. Sustainability, 11(20), 5801. https://doi.org/10.3390/su11205801
 Arshad a,  Naqvi N. a, Gul I.a, Yaqoob K.b,  Bilal M. c,  Kallerhoff J. d (2020).  Lead phytoextraction by Pelargonium hortorum: Comparative assessment of EDTA and DIPA for Pb mobility and toxicity Volume 748 , 141496.
Bates, L. S., Waldren, R. P., & Teare, I. D. (1973). Rapid determination of free proline for water-stress studies. Plant and Soil, 39(1), 205–207. https://doi.org/10.1007/BF00018060
Black, C. A., Evans, D. D., White, J. L., Ensminger, L. E., & Clark, F. E. (1982). Methods of Soil Analysis — Part 2: Chemical and Microbiological Properties. American Society of Agronomy, Madison, WI.
Boonyapookana, B., et al. (2005). "Phytoaccumulation of lead by sunflower (Helianthus annuus), tobacco (Nicotiana tabacum), and vetiver (Vetiveria zizanioides)". Journal of Environmental Management. 
Čule, N., Vilotić, D., Nešić, M., Veselinović, M., Dražić, D., & Mitrović, S. (2016). Phytoremediation potential of Canna indica L. in water contaminated with lead. Fresenius Environmental Bulletin, 25(9), 3728–3733.
Dubois, M., Gilles, K. A., Hamilton, J. K., Rebers, P. A., & Smith, F. (1956). Colorimetric method for determination of sugars and related substances. Analytical Chemistry, 28(3), 350–356. https://doi.org/10.1021/ac60111a017
Hayat, S., Hayat, Q., Alyemeni, M. N., Wani, A. S., Pichtel, J., & Ahmad, A. (2012). Role of proline under changing environments: a review. Plant Signaling & Behavior, 7(11), 1456–1466. https://doi.org/10.4161/psb.21949 
Kafle, A., Timilsina, A., Gautam, A., Adhikari, K., Bhattarai, A., & Aryal, N. (2022). Phytoremediation: Mechanisms, plant selection and enhancement by natural and synthetic agents. Environmental Advances, 8, 100203. https://doi.org/10.1016/j.envadv.2022.100203
Khalid, S., Shahid, M., Khan Niazi, N., Murtaza, B., Bibi, I., & Dumat, C. (2017). A comparison of technologies for remediation of heavy metal contaminated soils. Journal of Geochemical Exploration, 182(Part B), 247–268. https://doi.org/10.1016/j.gexplo.2016.11.021
Leguizamo, M. A. O., Gómez, W. D. F., & Sarmiento, M. C. G. (2017). Native herbaceous plant species with potential use in phytoremediation of heavy metals, spotlight on wetlands — a review. Chemosphere, 168, 1230–1247. https://doi.org/10.1016/j.chemosphere.2016.10.075
Lichtenthaler, H. K. (1987). Chlorophylls and carotenoids: Pigments of photosynthetic bio membranes. Methods in Enzymology, 148, 350–382. https://doi.org/10.1016/0076-6879(87)48036-1
 Liu C. a, Lin H. a b,  Dong Y. a b, Li B.a b,  Liu Y. a ( 2018 ). Investigation on microbial community in remediation of lead-contaminated soil by Trifolium repensL. Volume 165 Pages 52-60 
Núñez Moreno, M. S. (2022). Application of phytoremediation techniques in soils contaminated with lead and cadmium. ConcienciaDigital, 5(1), 6–21. 
Pandey, S. and H. Singh, 2011: A simple, cost-effective method for leaf area estimation. Journal of Botany, 2011.
Pourrut, B., Shahid, M., Dumat, C., Winterton, P., & Pinelli, E. (2011). Lead uptake, toxicity, and detoxification in plants. Reviews of Environmental Contamination and Toxicology, 213, 113–136. https://doi.org/10.1007/978-1-4419-9860-6_4
Praja A. A. 1,  Tangahu B.V.1,2*,  Yulikasari A.1,2,  Arliyani I.1,2, Mashudi1,2,  Titah H.S.1,2,  Ramadhani M.A.1,  Fauziah N.F.1,  Lam Y.M.3,  Wang Y.3, Hurun In1 and  Soesilo M.M.1 (2025) Phytomining Potential of Jatropha curcas and Sansevieria trifasciata for Chromium (Cr) and Vanadium (V) Uptake from Red Mud Amended with Sludge-Manure Mixture Environmental and Hazard Mitigation BIO Web Conf. Volume 157.
Sinha, V., Pakshirajan, K., & Chaturvedi, R. (2014). Chromium (VI) accumulation and tolerance by Tradescantia pallida: biochemical and antioxidant study. Applied Biochemistry and Biotechnology, 173(8), 2297–2306. https://doi.org/10.1007/s12010-014-1035-7
Sinha, V., Pakshirajan, K., & Chaturvedi, R. (2015). Evaluation of Cr (VI) exposed and unexposed plant parts of Tradescantia pallida (Rose) D. R. Hunt for Cr removal from wastewater by biosorption. International Journal of Phytoremediation, 17(12), 1204–1211. https://doi.org/10.1080/15226514.2015.1045135
Šiukšta, R., Bondzinskaitė, S., Kleizaitė, V., Žvingila, D., Taraškevičius, R., Mockeliūnas, L., ... & Čėsnienė, T. (2019). Response of Tradescantia plants to oxidative stress induced by heavy metal pollution of soils from industrial areas. Environmental Science and Pollution Research, 25(35), 35090–35103. https://doi.org/10.1007/s11356-018-3224-3
Subhashini, V., & Swamy, A. V. V. S. (2014). Phytoremediation of metal (Pb, Ni, Zn, Cd and Cr) contaminated soils using Canna indica. Current World Environment, 9(3), 592–598. 
Tchounwou, P. B., Yedjou, C. G., Patlolla, A. K., & Sutton, D. J. (2012). Heavy metal toxicity and the environment. Molecular, Clinical and Environmental Toxicology, 133–164. https://doi.org/10.1007/978-3-7643-8340-4_6
Wasay, S. A., Barrington, S., & Tokunaga, S. (2001). Organic acids for the ex-situ extraction of heavy metals from polluted soils. Journal of Environmental Quality, 30(3), 727-733.
Wuana, R. A., & Okieimen, F. E. (2011). Heavy metals in contaminated soil: a review of sources, chemistry, risks and best available strategies for remediation. ISRN Ecology, 2011, 402647. https://doi.org/10.5402/2011/402647
Zeng, F., Mallhi, Z. I., Khan, N., Rizwan, M., Ali, S., Ahmad, A., ... & Alyemeni, M. N. (2021). Combined citric acid and glutathione augments lead (Pb) stress tolerance and phytoremediation of castorbean through antioxidant machinery and Pb uptake. Sustainability, 13(7), 4073. https://doi.org/10.3390/su13074073



