
.     
.
              . 
                     
	.
..



ASSESSMENT OF THE PHYTOREMEDIATION POTENTIAL OF WATER HYACINTH (Eichhornia crassipes) FOR THE REMOVAL OF HEAVY METALS FROM SPENT OIL-SIMULATED POLLUTED WATER 
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ABSTRACT 
Heavy-metal contamination of aquatic environments poses persistent ecological and public-health concerns because metals can remain in water and accumulate in biological systems. Conventional treatment methods may be costly and generate secondary waste, creating interest in plant-based remediation approaches. Water hyacinth (Eichhornia crassipes) has potential for phytoremediation because of its capacity to absorb and accumulate dissolved heavy metals from contaminated water. This study assessed the potential of water hyacinth (Eichhornia crassipes) in the phytoremediation of heavy metals (HMs) from simulated spent-oil-contaminated water under controlled experimental conditions. The study determined the concentrations of nickel (Ni), iron (Fe), lead (Pb), cadmium (Cd), and chromium (Cr) in slightly, moderately, and highly polluted water after treatment with E. crassipes. Healthy E. crassipes plants were obtained from Anagthigha in Calabar South LGA, Cross River State, and acclimatised before being introduced into simulated contaminated water. Water samples were collected on days 0, 7, and 14, while the plant samples were collected at the end of the experiment. Heavy metal concentrations were determined using an atomic absorption spectrophotometer (AAS) following appropriate sample preparation and acid digestion procedures. The data obtained were subjected to statistical analysis, specifically one-way analysis of variance and Tukey’s post hoc test, with significance accepted at p < 0.05. The results showed a decline in the concentrations of Ni, Fe, Pb, Cd, and Cr across the simulated polluted water test groups, demonstrating the phytoremediating ability of E. crassipes to bioaccumulate heavy metals. After 14 days, Ni removal efficiencies were 9.34%, 13.11%, and 31.07% in slightly, moderately, and highly polluted water, respectively, while Fe removal efficiencies were 11.90%, 16.78%, and 29.48%. Pb removal efficiencies were 8.70%, 28.89%, and 28.26%, whereas Cd recorded 7.35%, 12.31%, and 33.06%. Chromium removal efficiencies were 9.35%, 14.15%, and 31.48%, respectively. Metal accumulation was also detected in the leaf, stalk, and root tissues of E. crassipes. The findings demonstrate that Eichhornia crassipes has the potential as a low-cost, environmentally friendly phytoremediation agent for reducing Ni, Fe, Pb, Cd, and Cr in polluted water.
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1. INTRODUCTION

Water pollution due to industrial, agricultural, and domestic discharges remains a major global concern, particularly in developing regions where treatment infrastructure is often inadequate (Monroy-Licht et al., 2024). Among the most persistent and hazardous contaminants in aquatic systems are heavy metals (such as cadmium, lead, and mercury), along with excessive nutrients like nitrogen and phosphorus, which contribute to eutrophication (Briffa et al., 2020; Bonsdorff, 2021). The dual challenge of mitigating heavy metal toxicity and nutrient pollution has prompted a growing interest in nature-based solutions, particularly the use of phytoremediation. Eichhornia crassipes, commonly known as water hyacinth, has emerged as a promising plant for bioremediation due to its exceptional ability to absorb pollutants and adapt to a variety of environmental conditions. Oil spills are major pollutants that degrade water quality, harm aquatic life, and disrupt ecosystem services (Beyer et al., 2016). The persistence of petroleum hydrocarbons in freshwater ecosystems leads to long-term environmental damage (Beyer et al., 2016). Eutrophic lakes and rivers, which suffer from nutrient overload, are particularly vulnerable to the toxic effects of oil (Beyer et al., 2016; Bonsdorff, 2021). The nutrient enrichment of aquatic ecosystems (eutrophication) accelerates the degradation of water quality, promoting hypoxia and algal blooms, which complicate the remediation of additional pollutants like oil that accumulate (Bonsdorff, 2021). Water hyacinth (Eichhornia crassipes), a fast-growing aquatic plant, has demonstrated the ability to absorb heavy metals and hydrocarbons (Monroy-Licht et al., 2024). Its large biomass and rapid root development make it an excellent candidate for phytoremediation (Monroy-Licht et al., 2024). Water pollution is a global environmental issue with serious implications for human health, aquatic ecosystems, and sustainable development.  Recent reviews further describe E. crassipes as a macrophyte with broad potential for wastewater phytoremediation, including the removal of heavy metals and other aquatic pollutants (Monroy-Licht et al., 2024). Recent experimental evidence also shows that E. crassipes can accumulate Pb and Cd from prepared aqueous metal solutions, supporting its use in controlled heavy-metal phytoremediation studies (Maurya et al., 2025).
Recent evidence from agricultural environments in Cross River State indicates that heavy metals such as Cd and Pb may persist in dissolved forms, thereby increasing their potential availability for biological uptake and highlighting the importance of phytoremediation approaches for reducing metal contamination in aquatic and agricultural systems (Anigbo et al., 2026). Common heavy metals such as cadmium (Cd), lead (Pb), arsenic (As), mercury (Hg), and chromium (Cr) enter water bodies through industrial effluents, mining activities, electroplating, battery manufacturing, and the use of agrochemicals (Briffa et al., 2020). These metals are known to bioaccumulate through the food chain, causing genotoxic, carcinogenic, and mutagenic effects in humans and animals even at low concentrations (Briffa et al., 2020). Conventional techniques used for the removal of heavy metals from wastewater, including ion exchange, chemical precipitation, reverse osmosis, and electrochemical treatment, are often associated with several limitations. These include high operational costs, the need for complex infrastructure, incomplete removal of metals, and the production of toxic sludge that requires additional disposal or treatment (Bayuo et al., 2024). These drawbacks have spurred interest in alternative, more sustainable, and environmentally friendly approaches, particularly those that can be implemented in resource-limited settings. One such alternative is phytoremediation, a low-cost and green technology that uses the natural ability of certain plants to absorb, accumulate, stabilise, or transform pollutants, including heavy metals from contaminated water and soils (Bayuo et al., 2024). Phytoremediation is gaining recognition for its effectiveness in heavy metal removal, minimal environmental impact, aesthetic value, and ability to improve the ecological balance of degraded environments. Among the different forms of phytoremediation, rhizofiltration, the use of plant roots to absorb contaminants from aqueous solutions, is particularly applicable to treating heavy metal pollution in aquatic environments. Eid et al. (2021) emphasised that water hyacinth efficiently accumulates metals such as cadmium (Cd), lead (Pb), and chromium (Cr), with higher concentrations found in roots than shoots. Furthermore, Malar et al. (2014) evaluated the role of antioxidant enzymes and stress proteins in water hyacinth during heavy metal exposure. They noted that the plant activates several detoxification pathways, allowing it to survive and grow in polluted waters, which enhances its potential for long-term remediation. In response to these challenges, phytoremediation, the use of plants to clean up pollutants from water or soil, has emerged as a viable, cost-effective, and environmentally friendly alternative to conventional chemical and mechanical treatment methods (Bayuo et al., 2024). The dual-use potential of water hyacinth has gained attention in recent years as integrated pollution control strategies become more relevant in developing countries. Plant-based phytoremediation remains an established approach for cleaning metal-contaminated soil and water (Gunwal et al., 2021). Controlled studies using synthetic contaminated water likewise confirm that E. crassipes can take up heavy metals under laboratory conditions (Guayjarernpanishk & Sampanpanish, 2024).
Research gap: Within the scope of the present study, the phytoremediation performance of E. crassipes in spent-oil-simulated water containing Ni, Fe, Pb, Cd, and Cr requires direct evaluation under controlled conditions, including both changes in aqueous metal concentrations and metal accumulation in plant tissues.
Objective of the study: Therefore, this study aimed to assess the phytoremediation potential of E. crassipes for the removal of Ni, Fe, Pb, Cd, and Cr from spent-oil-simulated polluted water under controlled experimental conditions by monitoring metal concentrations over time and determining metal accumulation in plant tissues.
2. material and methods 

3.1 Materials
The materials, chemicals, and equipment used in this study were selected based on standard protocols for phytoremediation experiments. All instruments and reagents were handled according to safety and laboratory best practices.
3.1.1 Chemicals/ Reagents
1. Spent oil. 
1. Distilled water. 
1. Dechlorinated tap water. 
1. Nitric acid (HNO₃). 
1. Perchloric acid (HClO₄). 
1. Whatman filter paper No. 42. 
1. Plastic sampling bottles (500 mL). 
1. Polyethylene gloves. 
1. Laboratory coats. 
1. Markers. 
3.2 Equipment/Apparatus
The following equipment was used for the study.
1. Cylindrical experimental tanks (capacity: 2–5 litres). 
1. Atomic Absorption Spectrophotometer (AAS). 
1. pH meter. 
1. Laboratory oven (60–70°C). 
1. Analytical balance (±0.001 g accuracy). 
1. Hot plate
1. Fume hood
1. Measuring cylinders. 
1. Pipettes. 
1. Stopwatch/timer. 
All equipment was calibrated before use and operated according to the manufacturer’s instructions to ensure the accuracy and reproducibility of the results.
3.2 Methods
3.2.1 Study Description
The study was conducted in a controlled experimental setting designed to simulate polluted aquatic conditions, reflecting realistic wastewater contamination scenarios. The experimental setup was located within the premises of the Department of Biochemistry, University of Cross River State, situated in Calabar, Nigeria. This location lies within the tropical climatic zone, characterised by distinct wet and dry seasons. Average annual temperatures range between 24°C and 35°C, with relative humidity between 60% and 85%. These climatic conditions are ideal for the growth and survival of aquatic macrophytes such as Eichhornia crassipes, which was cultivated under semi-natural but controlled conditions. The experimental units consisted of large plastic tanks measuring 4 litres, filled with dechlorinated tap water and spiked with spent oil at concentrations replicating those found in domestic or industrial wastewater, as obtained from previous environmental assessments. The tanks were arranged in an open area to allow exposure to natural light, yet protected from rainfall and sunlight to maintain uniformity of conditions across replicates. Water samples for contamination were prepared in the laboratory using spent oil, ensuring precise control of pollutant concentrations. This site was chosen for its accessibility, controlled infrastructure, and ecological relevance to lowland freshwater systems common to the region, where eutrophication and heavy metal contamination are prevalent due to agricultural runoff, industrial discharge, and improper waste disposal.
3.2.2 Experimental Design
The study employed a completely randomised design (CRD) to evaluate the phytoremediation performance of Eichhornia crassipes in removing selected heavy metals from simulated polluted water over a specified treatment period. A total of five (5) experimental groups were established, each containing equal volumes of contaminated water. The treatments were as follows:
Table 1 Experimental Design 
	Groups
	Pollution Level
	Treatment
	Exposure Period
	Plant Material

	N C
	Uncontaminated water
	Water without heavy-metal contamination and without Eichhornia crassipes
	Day 0, 7 and 14
	Nil

	P C
	Contaminated water
	Simulated contaminated water without Eichhornia crassipes
	Day 0, 7 and 14
	Nil

	T 1
	Slightly contaminated (SC)
	Simulated contaminated water exposed to Eichhornia crassipes
	Day 0, 7 and 14
	Eichhornia crassipes

	T 2
	Moderately contaminated (MC)
	Simulated contaminated water exposed to Eichhornia crassipes
	Day 0, 7 and 14
	Eichhornia crassipes

	T 3
	Highly contaminated (HC)
	Simulated contaminated water exposed to Eichhornia crassipes
	Day 0, 7 and 14
	Eichhornia crassipes


Where:
NC = Normal Control 
PC = Positive control
T1 = Slightly contaminated
T2 = Moderately contaminated
T3 = Highly contaminated
Each treatment was replicated three times (n = 3) to ensure statistical robustness. Plants of uniform size and biomass were introduced into the tanks and acclimatised for 48 hours before pollution exposure. The experimental duration lasted fourteen (14) days, during which water samples were collected at regular intervals (days 0, 7, and 14), while the plants were harvested at the end of the experimental period.
3.3 Collection and Preparation of Plant Samples
Healthy and mature Eichhornia crassipes (water hyacinth) were collected from Anatingha in Calabar South Local Government Area, a natural freshwater body known to be free from industrial or chemical pollution. The collection sites were chosen based on accessibility, ecological integrity, and the absence of known anthropogenic contaminants to ensure that baseline metal concentrations in plant tissues were minimal. Immediately after collection, the plants were carefully placed in clean polyethylene bags to prevent desiccation and mechanical damage during transport. The samples were transported to the laboratory within 2 hours of collection under shaded conditions to minimise physiological stress. Upon arrival, the plants were thoroughly rinsed with deionized water to remove any adhering soil particles, debris, or epiphytic organisms. After cleaning, the plants were visually inspected to ensure uniformity in size, health status, and the absence of pests or diseases. To acclimatise the plants and reduce transplant shock, they were kept in separate holding tanks filled with deionized water for a period of 5–7 days under natural light conditions. During this period, no nutrients or contaminants were added, and the water was renewed every 48 hours to maintain optimal physiological conditions. Any wilted or yellowing parts were removed to avoid decomposition that could affect water quality during the experiment. Before the start of the experiment, plant biomass was standardised (the length and weight of the plants were taken) to ensure consistency across treatment units. The plants were then introduced into their respective treatment tanks containing simulated spent-oil-contaminated water. Each plant was assigned to its designated treatment group, and care was taken to avoid physical damage during placement. 
3.4 Experimental Setup
The experimental setup was established to evaluate the phytoremediation capacity of Eichhornia crassipes (water hyacinth) in removing selected heavy metals from simulated polluted water under controlled conditions. The experimental tanks were clearly labelled according to their respective treatment groups to ensure proper identification throughout the study. Clean plastic tanks with a capacity of approximately 2–5 L were used as the experimental units. Each tank was filled with an equal volume (4 litres) of prepared deionized water. The experimental treatments contained simulated polluted water prepared as described in 3.2.2. The polluted water was allowed to stabilise before the introduction of the plant samples. Healthy and approximately uniform-sized Eichhornia crassipes plants were selected and weighed to obtain relatively comparable initial biomass among the treatment units. The plants were carefully introduced into their respective tanks containing the prepared water. The plants were positioned so that their roots remained completely immersed in the water while the leaves and other aerial portions remained above the water surface. This arrangement provided direct contact between the extensive root system of the plant and the contaminated water, thereby facilitating the adsorption of dissolved pollutants. The experimental units were placed in an open but protected area where the plants could receive adequate natural light and atmospheric conditions while being protected from sunlight, direct rainfall, and other external sources of contamination. 



[image: ][image: ]
Plate 1: Experimental setup during the phytoremediation period.


3.5 Sampling and Analytical Procedures
To evaluate the phytoremediation efficiency of E. crassipes in removing heavy metals (Pb, Cr, Ni, Cd, and Fe) from simulated polluted water, systematic sampling and standardised analytical procedures were employed throughout the experimental period. Sampling was performed at regular intervals for water, and plant tissue samples were collected and analysed for heavy metal concentrations at the end of the experimental period.
3.5.1 Water Sampling
Water samples were collected from each experimental tank on Day 0 (before plant introduction) and subsequently on Days 7 and 14. The procedure was as follows: using sterilised 50 mL plastic sample bottles, water was collected from mid-depth in each tank to avoid surface contamination or sediment interference. The samples were immediately acidified to pH < 2 with a few drops of concentrated nitric acid (HNO₃) to prevent metal precipitation and microbial activity during storage. Acidified samples were stored at 4°C in a refrigerator until digestion. Prior to heavy metal analysis, samples were filtered through Whatman No. 42 filter paper to remove suspended solids and plant debris.
3.5.2 Plant Tissue Sampling
Plant samples were harvested from each treatment group at the end of the experimental period. Plants were gently removed from the tanks using gloved hands to avoid mechanical damage. Each plant was rinsed with deionised water to eliminate any adhering particles from the plant surface. The samples were separated into roots, stalks, and shoots, blotted dry, and weighed to record fresh biomass. The plant tissues were then oven-dried at 65–70°C to constant weight for dry biomass determination. Dried samples were ground into fine powder using a mechanical grinder and stored in airtight containers for digestion and analysis.
3.5.3 Digestion of Plant Samples
To prepare samples for heavy metal analysis, a wet digestion method was employed using concentrated nitric and perchloric acids: Accurately 0.5 mL of the oil and water and 0.5 g of dried, ground plant material were placed in a digestion flask, and 10 mL of a mixture of concentrated HNO₃ and HClO₄ (in a ratio of 3:1) was added. The mixture was heated on a hot plate at 120°C in a fume hood until a clear solution was obtained (approximately 2–3 hours). After cooling, the digested solution was filtered and diluted to 100 mL with distilled water in a volumetric flask. This digest was used for the determination of metal content in plant tissues.
3.5.4 Determination of Heavy Metals
The concentrations of Pb, Cd, Ni, Cr, and Fe in both water and plant digests were determined using Atomic Absorption Spectrophotometry (AAS) following standard procedures. Calibrations were performed using certified standard solutions for each metal. Blanks and standard reference materials were included for quality control. Results were expressed in mg/L for water and oil, and mg/kg dry weight for plant tissues.
3.6 Heavy Metal Analysis Techniques.
Accurate detection and quantification of heavy metals in water and plant tissues are essential for evaluating phytoremediation efficiency. In this study, Atomic Absorption Spectrophotometry (AAS) was employed due to its proven sensitivity, precision, and suitability for trace metal analysis in environmental matrices (Lagalante, 1999).
3.6.1 Principle of Atomic Absorption Spectrophotometry (AAS)
AAS is based on the principle that free atoms in the ground state absorb light at specific wavelengths unique to each element. When a sample containing heavy metals is atomised in a flame or furnace, a beam of light from a hollow cathode lamp passes through the atomised vapour. The atoms absorb part of this light, and the amount of absorption is measured. The absorbance is directly proportional to the concentration of the metal in the sample (Lagalante, 1999).
3.6.2 Instrumentation
A flame AAS system, model GBC SENSAA Serial no. A7935, was utilised, fitted with the following components:
Hollow Cathode Lamps (HCLs) for Pb, Hg, As, Cd, and Zn
Air-acetylene flame as the atomization source
Monochromator for wavelength selection
Photomultiplier tube for signal detection
Integrated software for calibration and result computation
Calibration was performed using a series of certified standard solutions for each metal (0.5–10 mg/L), and a calibration curve was generated for quantification according to the method of Ramal et al. (2021).
3.6.3 Sample Preparation for AAS
Water samples were filtered using Whatman No. 42 paper, acidified to pH < 2 with HNO₃, and stored at 4°C. Plant tissue samples were dried, ground, and digested using a wet digestion method with concentrated HNO₃ and HClO₄ (3:1). The digested solutions were filtered and diluted to a final volume of 50 mL with deionized water (Akinyele & Shokunbi, 2015; Ramal et al., 2021). All samples were analysed within 48 hours to prevent deterioration or contamination. Water samples were analysed for residual metal concentrations using Atomic Absorption Spectrophotometry (AAS), while plant tissues were digested and analysed to assess bioaccumulation. Ancillary water quality parameters such as pH, electrical conductivity, total dissolved solids (TDS), and dissolved oxygen (DO) were also recorded using standardised instruments.
3.6.4 Determination of Heavy Metal Concentrations in Spent Oil 
The baseline concentrations of the selected heavy metals in the spent oil were determined before preparation of the simulated polluted water. An aliquot (0.5 mL) of the spent oil sample was collected and subjected to acid digestion to release the metals into solution. A measured volume of the spent oil was transferred into a digestion flask, followed by the addition of concentrated HNO₃ and HClO₄ (in a ratio of 3:1). The mixture was heated gently on a hot plate until digestion was completed and a clear digest was obtained. The digest was allowed to cool and was filtered to remove insoluble materials. The filtrate was quantitatively transferred into a volumetric flask and made up to 100 mL volume with deionized water. The concentrations of nickel (Ni), iron (Fe), lead (Pb), cadmium (Cd), and chromium (Cr) in the digested spent oil were determined using an Atomic Absorption Spectrophotometer (AAS) at the appropriate wavelength for each metal. Calibration standards of known concentrations were prepared for each element, and calibration curves were generated from the absorbance readings. Reagent blanks were also analysed to correct for any background contamination. The concentration of each heavy metal in the original spent oil sample was calculated from the corresponding calibration curve and expressed in mg/L. These baseline concentrations served as the reference values for preparing the different pollution levels used in the phytoremediation experiment.
3.6.5 Determination of Heavy Metal Concentrations in Eichhornia crassipes Before Experimental Exposure to Spent Oil
The baseline concentrations of Ni, Fe, Pb, Cd, and Cr in Eichhornia crassipes were determined before the plants were exposed to the simulated polluted water. Healthy and mature plants were collected and thoroughly washed with clean water to remove adhering soil, sediments, and other external contaminants. The plants were subsequently rinsed with deionized water and separated into leaf, stalk, and root tissues. Each plant part was allowed to drain and was oven-dried at an appropriate temperature until a constant weight was obtained. The dried plant tissues were separately ground into fine powder using a clean laboratory mortar and pestle and stored in labelled containers until analysis. 0.5 g of each powdered plant tissue was subjected to acid digestion using concentrated HNO₃ and HClO₄ (in a ratio of 3:1) with heating until a clear digest was obtained. The digested samples were allowed to cool, filtered, and diluted to 100 mL volume with deionized water. The concentrations of Ni, Fe, Pb, Cd, and Cr in the digested leaf, stalk, and root samples were determined using an Atomic Absorption Spectrophotometer (AAS). Appropriate calibration standards and reagent blanks were analysed alongside the samples to ensure analytical accuracy and quality control. The baseline concentration of each heavy metal was calculated from the respective calibration curve and expressed in mg/kg dry weight. These baseline values represented the initial metal burden of the E. crassipes tissues before experimental exposure and were used for comparison with the metal concentrations measured after the phytoremediation experiment.
3.7.1 Percentage Removal Efficiency
The phytoremediation efficiency (removal percentage) was calculated using the formula:
Removal Efficiency (%) =  X 100
Where:
· Cinitial​ = Initial concentration of the pollutant (mg/L)
· Cfinal = Final concentration of the pollutant after treatment (mg/L)
This experimental design enabled a robust comparison of phytoremediation performance across the three pollution levels under uniform and controlled conditions.
3.8 Data Collection and Statistical Analysis
The collected data were subjected to statistical analysis to determine the significance of differences between treatments, the temporal changes in metal concentrations, and the phytoremediation performance of Eichhornia crassipes across the pollution levels. Means, standard deviations (SD), and coefficients of variation were calculated for all measured parameters to summarise the central tendencies and variability of the data. One-way ANOVA was used to test for significant differences (p < 0.05) in metal concentrations across treatment groups and time intervals. Where significant differences were found, post hoc comparisons using Tukey’s Honestly Significant Difference (HSD) test were conducted. Paired t-tests were used to compare initial and final concentrations within the same treatment groups to evaluate the temporal effectiveness of phytoremediation. A significance level of p < 0.05 was adopted. 

3. results and discussion

4.1 Results
4.1.1 Baseline Heavy Metal Concentrations in Spent Oil before simulation
Table 2 presents the baseline concentrations of nickel (Ni), iron (Fe), lead (Pb), cadmium (Cd), and chromium (Cr) detected in the spent oil used for the preparation of the simulated polluted water. The results showed that Ni had the highest concentration (0.7864 ± 0.0008 mg/L), followed by Fe (0.5187 ± 0.0012 mg/L), Cd (0.0868 ± 0.0002 mg/L), and Pb (0.0186 ± 0.0004 mg/L), with Cr recording the lowest concentration (0.0149 ± 0.0003 mg/L). The relatively high concentration of Ni suggests that nickel was the predominant heavy metal in the spent oil. Nickel can originate from metallic components, engine wear, lubricating-oil additives, and combustion-related processes associated with petroleum products. The relatively high concentration of Fe may similarly be associated with abrasion and corrosion of ferrous engine components during equipment operation. The presence of Cd, Cr, and Pb at lower concentrations indicates that these metals were also present in the spent oil and could potentially contribute to metal contamination when the oil enters aquatic environments.
4.1.2 Baseline Heavy Metal Concentrations in Eichhornia crassipes Before Exposure
Table 3 presents the baseline concentrations of Ni, Fe, Pb, Cd, and Cr in the leaf, stalk, and root tissues of Eichhornia crassipes before exposure to the simulated polluted water. The results showed that all the investigated heavy metals were present at very low concentrations in the plant tissues prior to exposure, indicating a low background metal burden in the plant. For Ni, the highest concentration was recorded in the root (0.0007 ± 0.0001 mg/kg), followed by the leaf (0.0004 ± 0.0001 mg/kg), while the stalk had the lowest concentration (0.0001 ± 0.0000 mg/kg). The concentration of Fe was highest in the root (0.0018 ± 0.0002 mg/kg), followed by the stalk (0.0013 ± 0.0002 mg/kg), while the leaf recorded the lowest concentration (0.0006 ± 0.0001 mg/kg). For Pb, the root recorded the highest concentration (0.0006 ± 0.0001 mg/kg), followed by the stalk (0.0004 ± 0.0001 mg/kg), whereas the leaf had the lowest concentration (0.0001 ± 0.0000 mg/kg). Cd showed a different distribution pattern. The stalk recorded the highest concentration (0.0009 ± 0.0002 mg/kg), followed by the leaf (0.0004 ± 0.0001 mg/kg), while the root had the lowest concentration (0.0003 ± 0.0001 mg/kg). For Cr, the highest concentration was observed in the leaf (0.0009 ± 0.0002 mg/kg), followed by the stalk (0.0006 ± 0.0001 mg/kg), while the root recorded the lowest concentration (0.0002 ± 0.0001 mg/kg). 


Table 2: Baseline Heavy Metal Concentrations in Spent Oil
	Heavy metal
	Concentration (mg/L), mean ± SD

	Ni
	0.7864 ± 0.0008

	Fe
	0.5187 ± 0.0012

	Pb
	0.0186 ± 0.0004

	Cd
	0.0868 ± 0.0002

	Cr
	0.0149 ± 0.0003





Table 3: Baseline Heavy Metal Concentrations in Eichhornia crassipes Before Exposure
	Heavy metal
	Leaf (mg/kg)
	Stalk (mg/kg)
	Root (mg/kg)

	Ni
	0.0004 ± 0.0001
	0.0001 ± 0.0000
	0.0007 ± 0.0001

	Fe
	0.0006 ± 0.0001
	0.0013 ± 0.0002
	0.0018 ± 0.0002

	Pb
	0.0001 ± 0.0000
	0.0004 ± 0.0001
	0.0006 ± 0.0001

	Cd
	0.0004 ± 0.0001
	0.0009 ± 0.0002
	0.0003 ± 0.0001

	Cr
	0.0009 ± 0.0002
	0.0006 ± 0.0001
	0.0002 ± 0.0001




4.1.3 Concentrations of Heavy Metals in Simulated Contaminated Water During 14 Days of Exposure to Eichhornia crassipes
Table 4 presents the concentrations of Ni, Fe, Pb, Cd, and Cr remaining in the simulated contaminated water following exposure to Eichhornia crassipes for 0, 7, and 14 days. The results generally show a progressive reduction in heavy-metal concentrations with increasing exposure duration, indicating that E. crassipes removed or accumulated part of the metals from the contaminated water. The magnitude of reduction, however, varied among the metals and pollution levels. For nickel (Ni), the initial concentrations at Day 0 were 0.2377 ± 0.0006, 0.2304 ± 0.0006, and 0.2359 ± 0.0002 mg/L for slightly, moderately and highly contaminated water, respectively. These values decreased to 0.2230 ± 0.0009, 0.2111 ± 0.0006, and 0.2274 ± 0.0004 mg/L at Day 7. By Day 14, Ni concentrations further declined to 0.2155 ± 0.0004, 0.2002 ± 0.0002, and 0.1626 ± 0.0004 mg/L, respectively. The highest Ni concentration at Day 14 was observed in the slightly contaminated water (0.2155 mg/L), while the lowest was recorded in the highly contaminated water (0.1626 mg/L). Within each pollution level, Ni concentrations differed significantly across Days 0, 7, and 14, as indicated by different superscript letters (p < 0.05). For iron (Fe), the Day 0 concentrations were 0.1672 ± 0.0002, 0.1609 ± 0.0001, and 0.1652 ± 0.0004 mg/L for slightly, moderately and highly contaminated water, respectively. These decreased at Day 7 to 0.1548 ± 0.0002, 0.1446 ± 0.0001, and 0.1588 ± 0.0004 mg/L, and further declined at Day 14 to 0.1473 ± 0.0003, 0.1339 ± 0.0002, and 0.1165 ± 0.0002 mg/L. The highest Fe concentration after 14 days occurred in the slightly contaminated treatment (0.1473 mg/L), whereas the lowest occurred in the highly contaminated treatment (0.1165 mg/L). For lead (Pb), the changes were relatively small compared with Ni and Fe. In the slightly contaminated treatment, Pb decreased from 0.0046 ± 0.0000 mg/L at Day 0 to 0.0044 ± 0.0000 mg/L at Day 7 and 0.0042 ± 0.0000 mg/L at Day 14; the differences were not statistically significant (p > 0.05). In the moderately contaminated treatment, Pb decreased from 0.0045 ± 0.0000 mg/L at Day 0 to 0.0041 ± 0.0000 mg/L at Day 7, followed by 0.0032 ± 0.0000 mg/L at Day 14. In the highly contaminated treatment, Pb remained at 0.0046 ± 0.0000 mg/L at Day 0 and 0.0044 ± 0.0000 mg/L at Day 7, before declining to 0.0033 ± 0.0000 mg/L at Day 14. The Day 14 value was significantly different from the other values. For cadmium (Cd), the slightly contaminated treatment declined from 0.0476 ± 0.0003 mg/L at Day 0 to 0.0450 ± 0.0003 mg/L at Day 7 and 0.0441 ± 0.0002 mg/L at Day 14; the differences were not statistically significant (p > 0.05). In the moderately contaminated treatment, Cd decreased from 0.0471 ± 0.0002 mg/L at Day 0 to 0.0431 ± 0.0001 mg/L at Day 7 and 0.0413 ± 0.0002 mg/L at Day 14. In the highly contaminated treatment, Cd decreased from 0.0496 ± 0.0001 mg/L at Day 0 to 0.0458 ± 0.0001 mg/L at Day 7 and 0.0332 ± 0.0001 mg/L at Day 14.  For chromium (Cr), the slightly contaminated treatment decreased from 0.0107 ± 0.0000 mg/L at Day 0 to 0.0101 ± 0.0000 mg/L at Day 7 and 0.0097 ± 0.0000 mg/L at Day 14. All three values had the same superscript, indicating that the reduction was not statistically significant. In the moderately contaminated treatment, Cr decreased from 0.0106 ± 0.0000 mg/L at Day 0 to 0.0095 ± 0.0000 mg/L at Day 7 and 0.0091 ± 0.0000 mg/L at Day 14. In the highly contaminated tank, however, the Cr concentration decreased from 0.0108 ± 0.0000 mg/L at Day 0 to 0.0102 ± 0.0000 mg/L at Day 7 and finally to 0.0074 ± 0.0000 mg/L at Day 14.


Table 4: Concentrations of Heavy Metals in Simulated Contaminated Water During 14 Days of Exposure to Eichhornia crassipes
	Heavy Metal
	PL
	Day 0
 PC (mg/L)
	Day 0 
NC (mg/L)
	Day 0 E. crassipes
(mg/L)
	Day 7 
PC (mg/L)
	Day 7 
NC (mg/L)
	Day 7 E. crassipes
(mg/L)
	Day 14 PC (mg/L)
	Day 14 NC (mg/L)
	Day 14 E. crassipes (mg/L)

	Ni
	SC
	0.2377 ± 0.0006
	0.0004 ± 0.0003
	0.2377 ± 0.0006ᵃ
	0.2370 ± 0.0006
	0.0004 ± 0.0003
	0.2230 ± 0.0009ᵇ
	0.2364 ± 0.0005
	0.0004 ± 0.0003
	0.2155 ± 0.0004ᶜ

	
	MC
	0.2304 ± 0.0006
	0.0004 ± 0.0003
	0.2304 ± 0.0006ᵃ
	0.2298 ± 0.0005
	0.0004 ± 0.0003
	0.2111 ± 0.0006ᵇ
	0.2291 ± 0.0006
	0.0004 ± 0.0003
	0.2002 ± 0.0002ᶜ

	
	HC
	0.2359 ± 0.0002
	0.0004 ± 0.0003
	0.2359 ± 0.0002ᵃ
	0.2351 ± 0.0003
	0.0004 ± 0.0003
	0.2274 ± 0.0004ᵇ
	0.2345 ± 0.0003
	0.0004 ± 0.0003
	0.1626 ± 0.0004ᶜ

	Fe
	SC
	0.1672 ± 0.0002
	0.0006 ± 0.0004
	0.1672 ± 0.0002ᵃ
	0.1667 ± 0.0002
	0.0006 ± 0.0004
	0.1548 ± 0.0002ᵇ
	0.1661 ± 0.0002
	0.0006 ± 0.0004
	0.1473 ± 0.0003ᶜ

	
	MC
	0.1609 ± 0.0001
	0.0006 ± 0.0004
	0.1609 ± 0.0001ᵃ
	0.1604 ± 0.0001
	0.0006 ± 0.0004
	0.1446 ± 0.0001ᵇ
	0.1598 ± 0.0001
	0.0006 ± 0.0004
	0.1339 ± 0.0002ᶜ

	
	HC
	0.1652 ± 0.0004
	0.0006 ± 0.0004
	0.1652 ± 0.0004ᵃ
	0.1646 ± 0.0004
	0.0006 ± 0.0004
	0.1588 ± 0.0004ᵇ
	0.1640 ± 0.0003
	0.0006 ± 0.0004
	0.1165 ± 0.0002ᶜ

	Pb
	SC
	0.0046 ± 0.0000
	0.0001 ± 0.0002
	0.0046 ± 0.0000ᵃ
	0.0046 ± 0.0000
	0.0001 ± 0.0002
	0.0044 ± 0.0000ᵃ
	0.0045 ± 0.0000
	0.0001 ± 0.0002
	0.0042 ± 0.0000ᵃ

	
	MC
	0.0045 ± 0.0000
	0.0001 ± 0.0002
	0.0045 ± 0.0000ᵃ
	0.0045 ± 0.0000
	0.0001 ± 0.0002
	0.0041 ± 0.0000ᵇ
	0.0044 ± 0.0000
	0.0001 ± 0.0002
	0.0032 ± 0.0000ᵃ

	
	HC
	0.0046 ± 0.0000
	0.0001 ± 0.0002
	0.0046 ± 0.0000ᵃ
	0.0046 ± 0.0000
	0.0001 ± 0.0002
	0.0044 ± 0.0000ᵃ
	0.0045 ± 0.0000
	0.0001 ± 0.0002
	0.0033 ± 0.0000ᵇ

	Cd
	SC
	0.0476 ± 0.0003
	0.0004 ± 0.0001
	0.0476 ± 0.0003ᵃ
	0.0475 ± 0.0003
	0.0004 ± 0.0001
	0.0450 ± 0.0003ᵃ
	0.0473 ± 0.0003
	0.0004 ± 0.0001
	0.0441 ± 0.0002ᵃ

	
	MC
	0.0471 ± 0.0002
	0.0004 ± 0.0001
	0.0471 ± 0.0002ᵃ
	0.0470 ± 0.0002
	0.0004 ± 0.0001
	0.0431 ± 0.0001ᵇ
	0.0468 ± 0.0002
	0.0004 ± 0.0001
	0.0413 ± 0.0002ᵃ

	
	HC
	0.0496 ± 0.0001
	0.0004 ± 0.0001
	0.0496 ± 0.0001ᵃ
	0.0494 ± 0.0001
	0.0004 ± 0.0001
	0.0458 ± 0.0001ᵇ
	0.0492 ± 0.0001
	0.0004 ± 0.0001
	0.0332 ± 0.0001ᶜ

	Cr
	SC
	0.0107 ± 0.0000
	0.0009 ± 0.0002
	0.0107 ± 0.0000ᵃ
	0.0107 ± 0.0000
	0.0009 ± 0.0002
	0.0101 ± 0.0000ᵃ
	0.0106 ± 0.0000
	0.0009 ± 0.0002
	0.0097 ± 0.0000ᵃ

	
	MC
	0.0106 ± 0.0000
	0.0009 ± 0.0002
	0.0106 ± 0.0000ᵃ
	0.0106 ± 0.0000
	0.0009 ± 0.0002
	0.0095 ± 0.0000ᵇ
	0.0105 ± 0.0000
	0.0009 ± 0.0002
	0.0091 ± 0.0000ᵃ

	
	HC
	0.0108 ± 0.0000
	0.0009 ± 0.0002
	0.0108 ± 0.0000ᵃ
	0.0108 ± 0.0000
	0.0009 ± 0.0002
	0.0102 ± 0.0000ᵇ
	0.0107 ± 0.0000
	0.0009 ± 0.0002
	0.0074 ± 0.0000ᶜ


Values are presented as mean ± standard deviation (SD). Superscript letters within each pollution level indicate comparisons among days of exposure. Values bearing different superscript letters are significantly different, while values bearing the same superscript letter are not significantly different at p < 0.05. HM = Heavy Metal; PL = Pollution Level; PC = Positive Control; NC = Negative Control; SC = Slightly Contaminated; MC = Moderately Contaminated; HC = Highly Contaminated.
4.1.4 Heavy Metal Concentrations in Eichhornia crassipes Leaf, stalk, and root of Eichhornia crassipes exposed to slightly, moderately, and highly contaminated simulated water.
Table 5 shows the concentrations of Ni, Fe, Pb, Cd, and Cr accumulated in the leaf, stalk, and root of Eichhornia crassipes exposed to slightly, moderately, and highly contaminated simulated water. The results demonstrate that heavy-metal accumulation varied according to both pollution level and plant part. In general, the concentrations of the metals in the plants decreased as the pollution category changed from slightly to highly contaminated, although the pattern differed somewhat among the plant tissues. For nickel (Ni), the highest concentrations were generally recorded under the slightly contaminated condition. In the leaf, Ni concentration decreased from 0.1626 ± 0.0004 mg/kg at the slightly contaminated level to 0.1237 ± 0.0002 mg/kg at the moderately contaminated level and 0.1058 ± 0.0003 mg/kg at the highly contaminated level. Similarly, the stalk concentration decreased from 0.1444 ± 0.0001 mg/kg under slightly contaminated conditions to 0.1166 ± 0.0001 mg/kg under moderately contaminated conditions, although it increased slightly to 0.1178 ± 0.0002 mg/kg at the highly contaminated level. In the root, Ni decreased from 0.1613 ± 0.0003 mg/kg at the slightly contaminated level to 0.1430 ± 0.0001 mg/kg at the moderately contaminated level and 0.0609 ± 0.0002 mg/kg at the highly contaminated level. For iron (Fe), the leaf concentration decreased progressively from 0.1165 ± 0.0002 mg/kg under slightly contaminated conditions to 0.0870 ± 0.0002 mg/kg at moderate pollution and 0.0734 ± 0.0002 mg/kg at high pollution. The root similarly decreased from 0.1150 ± 0.0002 mg/kg to 0.1017 ± 0.0001 mg/kg and 0.0398 ± 0.0001 mg/kg under slightly, moderately, and highly contaminated conditions, respectively. In the stalk, Fe decreased from 0.0986 ± 0.0001 mg/kg under slightly contaminated conditions to 0.0815 ± 0.0001 mg/kg under moderate pollution and remained relatively unchanged at 0.0814 ± 0.0001 mg/kg under high pollution. For lead (Pb), the concentrations were lower than those recorded for Ni and Fe. Leaf Pb decreased from 0.0033 ± 0.0000 mg/kg under slightly contaminated conditions to 0.0024 ± 0.0000 mg/kg at moderate pollution and 0.0021 ± 0.0000 mg/kg at high pollution. The root concentration decreased from 0.0031 ± 0.0000 mg/kg to 0.0028 ± 0.0000 mg/kg and 0.0012 ± 0.0000 mg/kg across the three pollution levels. In the stalk, Pb decreased from 0.0028 ± 0.0000 mg/kg under slightly contaminated conditions to 0.0023 ± 0.0000 mg/kg at moderate pollution and remained at 0.0023 ± 0.0000 mg/kg under high pollution. For cadmium (Cd), the leaf concentration decreased from 0.0332 ± 0.0001 mg/kg under slightly contaminated conditions to 0.0250 ± 0.0001 mg/kg at moderate pollution and 0.0214 ± 0.0001 mg/kg at high pollution. Root Cd also decreased from 0.0319 ± 0.0002 mg/kg to 0.0293 ± 0.0001 mg/kg and 0.0119 ± 0.0000 mg/kg across the three pollution levels. In the stalk, Cd decreased from 0.0281 ± 0.0001 mg/kg at the slightly contaminated level to 0.0238 ± 0.0001 mg/kg at moderate pollution and 0.0234 ± 0.0001 mg/kg at high pollution. The leaf and root showed significant differences among pollution levels, whereas the moderate and highly contaminated stalk treatments were not significantly different. Chromium (Cr) concentrations also generally decreased with increasing pollution intensity. In the leaf, Cr decreased from 0.0074 ± 0.0000 mg/kg under slightly contaminated conditions to 0.0057 ± 0.0000 mg/kg at moderate pollution and 0.0047 ± 0.0000 mg/kg at high pollution. Root Cr decreased from 0.0073 ± 0.0000 mg/kg to 0.0066 ± 0.0000 mg/kg and 0.0025 ± 0.0000 mg/kg across the three pollution levels. In the stalk, Cr decreased from 0.0064 ± 0.0000 mg/kg under slightly contaminated conditions to 0.0053 ± 0.0000 mg/kg at moderate pollution and 0.0034 ± 0.0000 mg/kg at high pollution. The results therefore indicate that the concentrations of Cr in the plant tissues were generally highest under slightly contaminated conditions and lowest under highly contaminated conditions.


Table 5: Concentrations of Heavy Metals in the Leaf, Stalk and Root of Eichhornia crassipes
	Heavy Metal
	Pollution Level
	LEAF (mg/kg)
	STALK (mg/kg)
	ROOT (mg/kg)

	Ni
	SC
	0.1626 ± 0.0004ᵃ
	0.1444 ± 0.0001ᵃ
	0.1613 ± 0.0003ᵃ

	
	MC
	0.1237 ± 0.0002ᵇ
	0.1166 ± 0.0001ᵇ
	0.1430 ± 0.0001ᵇ

	
	HC
	0.1058 ± 0.0003ᶜ
	0.1178 ± 0.0002ᵇ
	0.0609 ± 0.0002ᶜ

	Fe
	SC
	0.1165 ± 0.0002ᵃ
	0.0986 ± 0.0001ᵃ
	0.1150 ± 0.0002ᵃ

	
	MC
	0.0870 ± 0.0002ᵇ
	0.0815 ± 0.0001ᵇ
	0.1017 ± 0.0001ᵇ

	
	HC
	0.0734 ± 0.0002ᶜ
	0.0814 ± 0.0001ᵇ
	0.0398 ± 0.0001ᶜ

	Pb
	SC
	0.0033 ± 0.0000ᵃ
	0.0028 ± 0.0000ᵃ
	0.0031 ± 0.0000ᵃ

	
	MC
	0.0024 ± 0.0000ᵇ
	0.0023 ± 0.0000ᵇ
	0.0028 ± 0.0000ᵇ

	
	HC
	0.0021 ± 0.0000ᶜ
	0.0023 ± 0.0000ᵇ
	0.0012 ± 0.0000ᶜ

	Cd
	SC
	0.0332 ± 0.0001ᵃ
	0.0281 ± 0.0001ᵃ
	0.0319 ± 0.0002ᵃ

	
	MC
	0.0250 ± 0.0001ᵇ
	0.0238 ± 0.0001ᵇ
	0.0293 ± 0.0001ᵇ

	
	HC
	0.0214 ± 0.0001ᶜ
	0.0234 ± 0.0001ᵇ
	0.0119 ± 0.0000ᶜ

	Cr
	SC
	0.0074 ± 0.0000ᵃ
	0.0064 ± 0.0000ᵃ
	0.0073 ± 0.0000ᵃ

	
	MC
	0.0057 ± 0.0000ᵇ
	0.0053 ± 0.0000ᵇ
	0.0066 ± 0.0000ᵇ

	
	HC
	0.0047 ± 0.0000ᶜ
	0.0034 ± 0.0000ᵇ
	0.0025 ± 0.0000ᶜ


Values are presented as mean ± standard deviation (SD). Different superscript letters within the same heavy metal and plant part indicate significant differences among pollution levels at p < 0.05, while values bearing the same superscript letter are not significantly different.


4.1.5 Removal Efficiency of Heavy Metals from Simulated Contaminated Water by Eichhornia 
Table 6 shows the percentage removal of Ni, Fe, Pb, Cd, and Cr from the simulated contaminated water after 14 days of exposure to Eichhornia crassipes. The results demonstrate that the removal efficiency varied according to both the heavy metal and pollution condition. For Ni, removal efficiency increased from 9.34% under slightly contaminated conditions to 13.11% under moderately contaminated conditions and to 31.07% under highly contaminated conditions. Thus, the highest Ni removal occurred under the highly contaminated treatment. For Fe, the removal efficiency increased from 11.90% in slightly contaminated water to 16.78% in moderately contaminated water and to 29.48% in highly contaminated water. The highest Fe removal was therefore recorded at the highly contaminated level. Pb removal efficiency was 8.70% under slightly contaminated conditions and increased substantially to 28.89% under moderately contaminated conditions. It was 28.26% under highly contaminated conditions. Thus, the moderately contaminated treatment recorded the highest Pb removal, although its value was very close to that of the highly contaminated treatment. Cd removal efficiency increased from 7.35% under slightly contaminated conditions to 12.31% under moderately contaminated conditions and reached 33.06% under highly contaminated conditions. Cd therefore showed the highest removal efficiency among all the metals, with 33.06% removal under highly contaminated conditions. For Cr, removal efficiency increased from 9.35% at the slightly contaminated level to 14.15% at the moderately contaminated level and 31.48% at the highly contaminated level. 


Table 6: Removal Efficiency of Heavy Metals from Simulated Contaminated Water by Eichhornia crassipes
	Heavy
Metal
	SC (%)
	MC (%)
	HC (%)

	Ni
	9.34
	13.11
	31.07

	Fe
	11.90
	16.78
	29.48

	Pb
	8.70
	28.89
	28.26

	Cd
	7.35
	12.31
	33.06

	Cr
	9.35
	14.15
	31.48


Values are expressed as percentage (%) removal efficiency.
Discussion
The present study demonstrated that Eichhornia crassipes was capable of reducing the concentrations of Ni, Fe, Pb, Cd, and Cr in simulated spent-oil-polluted water over 14 days. The progressive decline in the concentrations of the investigated metals from Day 0 through Days 7 and 14 indicates that the plant participated in the removal of metals from the aqueous medium. This observation agrees with the established application of E. crassipes as an aquatic phytoremediator because of its extensive root system, rapid growth, and capacity to interact with dissolved contaminants in water. Saha et al. (2017) reported that E. crassipes is particularly effective in rhizofiltration of contaminated effluents, including waters containing heavy metals. The results for nickel (Ni) showed that E. crassipes was capable of reducing the metal concentration under all three pollution conditions. Nickel concentrations decreased from 0.2377, 0.2304, and 0.2359 mg/L at Day 0 to 0.2155, 0.2002, and 0.1626 mg/L at Day 14 under slightly, moderately and highly polluted conditions, respectively. The corresponding removal efficiencies were 9.34%, 13.11%, and 31.07%, indicating greater Ni removal at the higher pollution level. This result demonstrates that the plant was able to interact with and remove dissolved Ni from the simulated spent-oil-polluted water during the exposure period. The finding is in accordance with the report by Eid et al. (2021), who studied nine heavy metals, including Ni, and reported significant relationships between metal concentrations in water and their accumulation in different organs of the plant, confirming the ability of the plant to take up metals from contaminated water. The comparatively higher Ni removal observed under the highly polluted condition may be related to the greater availability of Ni ions in the water, which could increase the concentration gradient between the aqueous medium and the plant roots and consequently promote metal uptake through the stalks and leaves. However, prolonged exposure to elevated metal concentrations may impose physiological stress on the plant and potentially limit its remediation capacity. The results demonstrate that the response of E. crassipes differed among the metals. Ni and Fe showed significant reductions across the exposure periods in all pollution treatments, whereas Pb, Cd, and Cr showed different patterns of statistical significance depending on pollution intensity. The distribution of metals among the leaf, stalk, and root of E. crassipes further confirms that metal uptake was tissue-dependent. In the present study, Ni, Fe, Pb, Cd, and Cr were detected in all three plant parts, but their concentrations varied considerably according to pollution level and tissue. This tissue-specific distribution is consistent with the findings of Eid et al. (2019), who reported that heavy-metal accumulation in aquatic plants differed among plant organs and that roots generally played an important role in metal accumulation. The high metal concentrations detected in the roots under several treatments may be explained by the direct contact between the extensive root system and the contaminated water. The roots of E. crassipes provide a large surface area for adsorption and absorption of dissolved metal ions. Metal ions may bind to negatively charged functional groups within the root cell wall or become retained within root tissues, thereby reducing their concentration in the surrounding water. Zhou et al. (2020) reported the accumulation of Pb, Zn, Cd, and Mn in the roots rather than in the shoots, attributing this pattern partly to the strong metal-retention capacity of the root system. 
The removal-efficiency results provide a direct measure of the phytoremediation performance of E. crassipes. The results showed that removal generally increased with exposure duration and, for most metals, was greater under the highly polluted condition. Ni, Fe, Cd, and Cr recorded their highest removal efficiencies under highly polluted conditions, with values of 31.07%, 29.48%, 33.06%, and 31.48%, respectively. Pb showed its highest removal efficiency under moderately polluted conditions at 28.89%, although the value under highly polluted conditions was very similar at 28.26%. The relatively high removal efficiencies recorded after 14 days demonstrate that E. crassipes was able to reduce the dissolved-metal burden in the simulated water within the experimental period. However, the removal percentages were lower than those reported in some controlled studies. Peng et al. (2020), for example, reported removal exceeding 80% for Pb, Cu, Cd and As under their experimental conditions. Zhou et al. (2020) also reported removal efficiencies exceeding 79.5% for Pb and Mn. Because Ni, Fe, Pb, Cd, and Cr were present simultaneously, competition among metal ions for binding sites and uptake pathways could have affected the amount of each metal removed by the plant. Metal ions may compete for adsorption sites on the root surface and for transport mechanisms within plant tissues. Consequently, the uptake of one metal may influence the uptake of another. This could partly explain why the metals did not display identical removal patterns despite being exposed to the same plant and environmental conditions. The variation in tissue distribution observed in the present study is also consistent with the metal-specific uptake behaviour reported for E. crassipes by Eid et al. (2019) and Eid et al. (2021).
4. Conclusion

The present study established that Eichhornia crassipes has the capacity to reduce the concentrations of selected heavy metals, namely nickel (Ni), iron (Fe), lead (Pb), cadmium (Cd), and chromium (Cr), in simulated spent-oil-polluted water. The reduction in metal concentrations observed over the 14-day exposure period indicates that the plant was capable of removing or accumulating heavy metals from the aqueous medium. The effectiveness of the plant varied among the metals and pollution levels, suggesting that metal uptake was influenced by the concentration of the contaminants and the specific characteristics of each metal. The study further demonstrated that E. crassipes can serve as a potential phytoremediating macrophyte for the treatment of heavy-metal-contaminated water. Its extensive root system provides a large surface area for adsorption and uptake of dissolved metals, while the accumulation of metals within the plant tissues contributes to the reduction of contaminants in the surrounding water. The observed removal of Ni, Fe, Pb, Cd, and Cr after 14 days confirms the potential usefulness of E. crassipes as a relatively simple and environmentally friendly approach to reducing heavy-metal pollution in contaminated aquatic systems.  

Limitations
The study was conducted under controlled conditions using spent-oil-simulated polluted water and a 14-day exposure period; therefore, the findings may not directly represent field conditions or longer treatment periods. The experiment focused on Ni, Fe, Pb, Cd, and Cr and assessed metal concentrations in water and plant tissues. Variations in environmental conditions, contaminant mixtures, plant growth, and exposure duration were not evaluated beyond the conditions used in this experiment. These factors should be considered when interpreting the applicability of the results to natural or operational treatment systems.

COMPETING INTERESTS
The authors have declared that no competing interests exist.

Declaration of AI Use


This manuscript was prepared through the intellectual contributions of the author(s) to the study design, data analysis, interpretation of results, and scholarly content. Grammarly and ChatGPT were used solely to assist with grammatical refinement and reference formatting during manuscript revision. The author(s) accept full responsibility for the accuracy, integrity, and final content of the manuscript.


References


Akinyele, I. O., & Shokunbi, O. S. (2015). Comparative analysis of dry ashing and wet digestion methods for the determination of trace and heavy metals in food samples. Food Chemistry, 173, 682–684. https://doi.org/10.1016/j.foodchem.2014.10.097
Anigbo, J. C., Effiong, K. A., Ajah, B. U., Michael, M. M., Ebuta, D. O., Abegim, H. U., Ogar, J. A., Agara, S. A., & Okpashi, V. (2026). Geochemical speciation and potential mobility of heavy metals in agricultural soils of Cross River State, Nigeria: A Visual MINTEQ modelling approach. Unicross Journal of Science, Engineering and Technology, 1(2), 31–43. https://doi.org/10.67254/0wt7n564
Bayuo, J., Rwiza, M. J., Choi, J. W., Njau, K. N., & Mtei, K. M. (2024). Recent and sustainable advances in phytoremediation of heavy metals from wastewater using aquatic plant species: Green approach. Journal of Environmental Management, 370, 122523. https://doi.org/10.1016/j.jenvman.2024.122523
Beyer, J., Trannum, H. C., Bakke, T., Hodson, P. V., & Collier, T. K. (2016). Environmental effects of the Deepwater Horizon oil spill: A review. Marine Pollution Bulletin, 110(1), 28–51. https://doi.org/10.1016/j.marpolbul.2016.06.027
Bonsdorff, E. (2021). Eutrophication: Early warning signals, ecosystem-level and societal responses, and ways forward. Ambio, 50(4), 753–758. https://doi.org/10.1007/s13280-020-01432-7
Briffa, J., Sinagra, E., & Blundell, R. (2020). Heavy metal pollution in the environment and their toxicological effects on humans. Heliyon, 6(9), e04691. https://doi.org/10.1016/j.heliyon.2020.e04691
Eid, E. M., Shaltout, K. H., Almuqrin, A. H., Aloraini, D. A., Khedher, K. H., Taher, M. A., Alfarhan, A. H., Picó, Y., & Barceló, D. (2021). Uptake prediction of nine heavy metals by Eichhornia crassipes grown in irrigation canals: A biomonitoring approach. Science of the Total Environment, 782, 146887. https://doi.org/10.1016/j.scitotenv.2021.146887
Eid, E. M., Shaltout, K. H., Moghanm, F. S., Youssef, M. S. G., El-Mohsnawy, E., & Haroun, S. A. (2019). Bioaccumulation and translocation of nine heavy metals by Eichhornia crassipes in Nile Delta, Egypt: Perspectives for phytoremediation. International Journal of Phytoremediation, 21(8), 821–830. https://doi.org/10.1080/15226514.2019.1566885
Guayjarernpanishk, W., & Sampanpanish, P. (2024). Efficiency of sodium phytate in the remediation of As, Mn, and Cu contamination in acid mine drainage using water hyacinth. Heliyon, 10(4), e26590. https://doi.org/10.1016/j.heliyon.2024.e26590
Gunwal, I., Mathur, R., Agrawal, Y., & Mago, P. (2021). Plants useful for phytoremediation of soil and water in India. Asian Journal of Plant and Soil Sciences, 6(1), 103–110. https://doi.org/10.56557/ajopss/2021/v6i140
Lagalante, A. F. (1999). Atomic absorption spectroscopy: A tutorial review. Applied Spectroscopy Reviews, 34(3), 173–189. https://doi.org/10.1081/ASR-100100844
Malar, S., Sahi, S. V., Favas, P. J. C., & Perumal, V. (2014). Lead heavy metal toxicity induced changes on growth and antioxidative enzymes level in water hyacinths [Eichhornia crassipes (Mart.)]. Botanical Studies, 55, 54. https://doi.org/10.1186/s40529-014-0054-6
Maurya, N. K., Shivakumar, M., Bhooleshwari, Samal, K., Jayaswal, R., Lakshmipathi, M. T., Kumar, V., & Annappaswamy, T. S. (2025). Phytoremediation of metal contamination: Evaluating Pistia stratiotes and Eichhornia crassipes for lead and cadmium removal. International Journal of Environment and Climate Change, 15(4), 205–221. https://doi.org/10.9734/ijecc/2025/v15i44804
Monroy-Licht, A., Carranza-Lopez, L., De la Parra-Guerra, A. C., & Acevedo-Barrios, R. (2024). Unlocking the potential of Eichhornia crassipes for wastewater treatment: Phytoremediation of aquatic pollutants, a strategy for advancing Sustainable Development Goal-06 clean water. Environmental Science and Pollution Research, 31, 43561–43582. https://doi.org/10.1007/s11356-024-33698-9
Peng, H., Wang, Y., Tan, T. L., & Chen, Z. (2020). Exploring the phytoremediation potential of water hyacinth by FTIR spectroscopy and ICP-OES for treatment of heavy metal contaminated water. International Journal of Phytoremediation, 22(9), 939–951. https://doi.org/10.1080/15226514.2020.1774499
Ramal, M. M., Jalal, A. D., & Abdulhameed, U. H. (2021). Heavy metal assessment in taps drinking water of Ramadi City using water quality indices, Anbar Province, Iraq. International Journal of Sustainable Development and Planning, 16(7), 1349–1357. https://doi.org/10.18280/ijsdp.160715
Saha, P., Shinde, O., & Sarkar, S. (2017). Phytoremediation of industrial mines wastewater using water hyacinth. International Journal of Phytoremediation, 19(1), 87–96. https://doi.org/10.1080/15226514.2016.1216078
Zhou, J.-M., Jiang, Z.-C., Qin, X.-Q., Zhang, L.-K., Huang, Q.-B., Xu, G.-L., & Dionysiou, D. D. (2020). Efficiency of Pb, Zn, Cd, and Mn removal from karst water by Eichhornia crassipes. International Journal of Environmental Research and Public Health, 17(15), 5329. https://doi.org/10.3390/ijerph17155329

image1.jpeg




image2.jpeg




