Ny International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

Sustainable Remediation of Heavy Metal—
Contaminated Urban Lake Water Using Aquatic
Macrophyte-Based Phytoremediation

Umadevi KM, Sharadadevi Kallimani''

"Department of Studies in Environmental Science, Davangere University, Karnataka, India — 577007.

Abstract

Urban freshwater systems are increasingly threatened by physicochemical deterioration and heavy metal
accumulation, driven by rapid urbanization and wastewater inflows. The present study evaluates the
phytoextraction and rhizofiltration potential of three floating aquatic macrophytes—water hyacinth (WH),
Pistia stratiotes (PS), and duckweeds (DW)—for improving the water quality of Halasuru Lake,
Bengaluru, India. Baseline monitoring revealed elevated dissolved solids, organic pollution loads,
microbial contamination, and trace levels of heavy metals, including Cd, Pb, Cr, Hg, Zn, and As. Short-
term phytoextraction experiments demonstrated progressive reductions in electrical conductivity, total
dissolved solids, alkalinity, hardness, COD, BOD, and pathogenic indicators, with duckweed exhibiting
the highest remediation efficiency. Heavy metal concentrations declined systematically, with toxic metals
showing significant attenuation. Long-term rhizofiltration conducted over 4 months resulted in
approximately 45-50% reductions in major and trace metals, confirming sustained uptake by plant root
systems. Comparative performance followed the order DW > PS > WH. The findings establish floating
macrophyte-based remediation as a cost-effective, eco-friendly approach for restoring contaminated urban
lake systems and highlight duckweed as a highly efficient candidate for large-scale water quality
management.

Keywords: Phytoextraction; Rhizofiltration; Heavy metal removal; Aquatic macrophytes; Sustainable
water treatment.

1. Introduction

Water is a critical natural resource, indispensable for sustaining terrestrial and aquatic life, and a core
component of the hydrological cycle, regulating Earth’s ecosystems [1-2]. Conversely, the introduction of
pollutants alters the physical, chemical, and biological characteristics of water, thereby degrading its
quality and rendering it unsuitable for potable use [3]. Over the past decade, population growth and
industrialization have markedly increased demand for sustainable supplies of clean, safe water worldwide.
Water resources are becoming increasingly scarce due to the combined effects of population growth,
escalating pollution levels, altered climatic patterns, unsustainable consumption practices, and the impacts
of climate change and global warming [4]. Unfortunately, sediment accumulation disrupts the ecological
balance of aquatic ecosystems, reducing water quality and limiting the long-term usability of water bodies.
Aquatic habitats contribute significantly to global environmental sustainability by supporting diverse and
ecologically important species [5]. However, increasing metal accumulation in water bodies complicates
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remediation processes, accelerates water resource degradation, and intensifies the environmental urgency
of heavy metal contamination [6]. Major anthropogenic contributors to elevated metal concentrations
include industrial effluents, landfill leachate, and agricultural runoff, all of which pose severe risks to
aquatic ecosystems. Under natural conditions, heavy metals typically occur in water bodies at trace
concentrations; however, prolonged and persistent metal pollution degrades water quality, disrupts the
stability of aquatic ecosystems, and threatens the sustainable use of water resources [7-8]. Assessment of
heavy metal contamination in aquatic environments requires both measuring dissolved metal
concentrations in the water column and evaluating metal accumulation in bottom sediments. Heavy metal
contamination in aquatic systems often arises from interactions between natural geochemical processes
and anthropogenic activities, leading to the accumulation of metals in both water and bottom sediments
[9-10].

A comprehensive analysis of biota, sediments, and water provides essential evidence of pollution levels,
as excessive metal loads threaten ecosystem health and human safety. National and international
regulatory agencies have established permissible limits for toxic heavy metals to safeguard environmental
integrity and public health, recognizing that while trace amounts of certain metals are biologically
essential, excessive concentrations pose significant risks [11-12]. Human health is severely threatened
when heavy metal concentrations in water exceed regulatory limits, potentially resulting in fatal outcomes.
Although conventional mechanical removal methods are often costly, these expenses may be partially
mitigated through the beneficial utilization of remediation plants [13]. Consequently, findings reported at
the International Water Technology Conference (IWTC-8, 2004, Alexandria, Egypt) highlighted the strong
capacity of aquatic macrophytes to absorb heavy metal ions from contaminated waters, thereby stimulating
increased interest in the use of aquatic vegetation for pollution mitigation [14].

One of the world’s most aggressive invasive aquatic species is water hyacinth (WH; FEichhornia
crassipes), a member of the Pontederiaceae family closely related to lily-like plants. It is distinguished by
an extensive fibrous root system and erect, curved leaves that enhance nutrient and metal uptake [15]. The
species exhibits rapid vegetative expansion via stolon’s emerging from the parent plant, representing the
dominant mode of reproduction and population spread. A notable characteristic of WH is its capacity to
thrive in highly contaminated environments while progressively removing pollutants from surrounding
waters. It exhibits exceptional remediation efficiency for a broad spectrum of contaminants, including
organic compounds, heavy metals, nutrients, TSS, and TDS [16].

Furthermore, the plant’s optimal growth rate is closely linked to enhanced metal and nutrient removal
efficiency. The exceptional biomass accumulation, pollutant tolerance, and broad-spectrum adsorption
capability of Eichhornia crassipes position it as a highly efficient macrophyte for wastewater remediation.
It demonstrates bioaccumulation efficiency toward heavy metals—including As, Zn, Hg, Ni, Cu, and Pb-
supporting its application in treating industrial and domestic effluents containing hazardous metal
contaminants [17-18].

Duckweed (DW) commonly forms dense mats on the surface of stagnant or slow-moving freshwater
bodies, consisting of minute, free-floating aquatic plants. Taxonomically, it belongs to the family Araceae
and is classified under the subfamily Lemnoideae [19]. Comprising approximately 40 species distributed
across 5 genera-Wolffia, Wolffiella, Spirodela, Lemna, and Landoltia—this group of aquatic macrophytes
is commonly referred to as water lentils. These fast-growing plants are globally widespread and
predominantly inhabit ponds, canals, and drainage channels [20]. DW exhibits remarkable environmental
adaptability, tolerating a broad pH range of approximately 3.5-10.5 and temperatures between 7 and 35
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°C. This broad physiological tolerance enables duckweed species to perform effectively in
phytoremediation applications, even under conditions of variable pH, temperature, and nutrient
availability [21-22]. The high contaminant uptake capacity of DW extends to heavy metals, agrochemicals,
organic and inorganic pollutants, and wastewater-derived nutrients. Their accelerated biomass expansion
enables rapid surface coverage, limiting algal blooms and fungal growth within aquatic systems [23]. DW
facilitates nitrogen attenuation in marine environments by promoting ammonium assimilation and
stimulating microbial denitrification. Furthermore, systematic harvesting of accumulated biomass
substantially improves the removal performance for COD, BOD, TN, TSS, and NHs—N, contributing to
sustained nutrient load reduction and overall water quality enhancement [24].
Pistia stratiotes L., a member of the Araceae family, is a free-floating freshwater macrophyte widely
distributed across lentic and low-flow aquatic environments, including ponds, lakes, and slow-moving
streams. The species has light-green, velvety leaves measuring 10-20 cm in length and up to 20 cm in
width, with fine, whitish trichomes on the abaxial (lower) leaf surface. Beneath the floating rosette, a
dense, feathery root system extends into the water column, facilitating efficient nutrient and contaminant
uptake [25]. The ecological resilience of Pistia stratiotes is reflected in its broad tolerance to temperature
and pH fluctuations. Although vegetative propagation via stolon formation predominates, reproductive
cycles also involve seed production, with dormant seeds persisting in submerged substrates until
environmental triggers, such as rainfall, stimulate germination [26]. The phytoremediation efficiency of
Pistia stratiotes is associated with rapid biomass turnover and elevated contaminant assimilation rates. Its
capacity to attenuate organic load (BOD, COD), nutrient fractions (TKN, NHs, NO2", NOs~, PO+*"), and
dissolved oxygen imbalances underscores its applicability in wastewater treatment systems. Comparative
studies indicate superior Zn and Hg uptake relative to WH, attributed to enhanced bioaccumulation
dynamics and a higher surface-area-to-biomass ratio [27].
The present investigation was designed to assess the effectiveness of floating aquatic macrophytes in
restoring the physicochemical, microbiological, and heavy metal quality of polluted urban lake water
through combined phytoextraction and rhizofiltration processes. Surface water from Halasuru Lake was
systematically characterized for key water quality parameters, including pH, EC, TDS, alkalinity,
hardness, major ions, COD, BOD, microbial indicators, and a broad spectrum of heavy metals using
standardized analytical protocols.
Short-term phytoextraction experiments were conducted using water hyacinth, water lettuce, and
duckweed to evaluate immediate improvements in water quality under controlled natural conditions.
Subsequently, long-term rhizofiltration was performed at monthly intervals to monitor sustained heavy
metal removal efficiency over four months.
The specific objectives of the study were to:
¢ (Quantify baseline physicochemical, microbial, and heavy metal contamination levels in urban lake
water
e Evaluate the short-term phytoextraction efficiency of selected aquatic macrophytes
e Assess long-term rhizofiltration performance for toxic and significant metal attenuation
e Compare remediation efficiencies among plant species
e Establish an eco-sustainable remediation strategy for polluted freshwater ecosystems
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2. Materials and Methods

2.1. Halasuru Lake

Halasuru Lake, situated in central Bengaluru, Karnataka, is one of the city’s prominent freshwater lakes
and serves as an essential urban water body supporting local ecological functions. Originally developed
as a traditional irrigation reservoir, the lake has been subjected to significant environmental stress due to
rapid urban expansion. In recent years, untreated domestic sewage, urban stormwater runoff, and
anthropogenic discharges have substantially degraded water quality, leading to elevated organic matter
levels, nutrient enrichment, and eutrophication. The continuous inflow of municipal wastewater and
surface runoff further suggests the accumulation of inorganic pollutants, particularly heavy metals, within
the water column and bottom sediments. These conditions make Halasuru Lake a suitable site for assessing
contamination levels and evaluating the phytoremediation potential of aquatic macrophytes to improve
water quality and mitigate metal pollution.

2.2. Study Area and Sample Collection

Surface water samples were collected from Halasuru Lake, Bengaluru, Karnataka, India, following
standard environmental sampling protocols. Samples were obtained using pre-cleaned high-density
polyethylene (HDPE) bottles (1 L) for physicochemical and heavy metal analyses, while sterile plastic
containers (250 mL) were used for microbiological assessment. All collected samples were preserved
under controlled conditions, transported promptly to the laboratory, and analyzed within the recommended
holding periods to ensure data accuracy and reliability.

2.3. Physicochemical Characterization of Water Samples

The physicochemical properties of surface water collected from Halasuru Lake were systematically
evaluated to assess overall water quality. Parameters, including pH, turbidity, electrical conductivity (EC),
total dissolved solids (TDS), alkalinity, total hardness, major ions (chloride, calcium, magnesium, sulfate,
and silica), as well as organic pollution indicators such as chemical oxygen demand (COD) and biological
oxygen demand (BOD), were determined using standardized analytical procedures. All analyses were
conducted in accordance with protocols recommended by the Bureau of Indian Standards (IS 3025 series).
The pH was measured using a calibrated digital pH meter, while EC and TDS were determined using
conductivity and TDS meters, respectively. COD was quantified by the dichromate reflux method, and
BOD was determined by the five-day incubation method. Other chemical constituents were analyzed using
titrimetric and spectrophotometric techniques as prescribed in standard methods. The obtained values were
benchmarked against permissible limits specified in IS 10500:2012 to evaluate suitability for potable and
environmental quality.

2.4. Physico-Chemical Characterization of Lake Water

The physicochemical properties of water samples collected from Halasuru Lake were analyzed following
standardized protocols prescribed by the Bureau of Indian Standards. Turbidity was quantified by
nephelometry, and color was assessed by visual inspection. The pH was measured with a calibrated digital
pH meter, and electrical conductivity was measured with a portable conductivity meter. Total dissolved
solids (TDS) were estimated through gravimetric analysis. Alkalinity and total hardness were determined
using standard titrimetric procedures. Chloride content was analyzed by argentometric titration, whereas
calcium and magnesium concentrations were measured using ethylenediaminetetraacetic acid (EDTA)
complexometric methods. Sulfate concentration was quantified employing turbidimetric analysis. Organic
pollution indicators, including chemical oxygen demand (COD) and biological oxygen demand (BOD),
were evaluated using the dichromate reflux method and five-day incubation technique, respectively.
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Heavy metal concentrations were determined using inductively coupled plasma—optical emission
spectroscopy (ICP-OES), and results were expressed in mg L™".

2.5. Heavy Metal Quantification

The concentrations of trace and heavy metals in surface water collected from Halasuru Lake were
determined using advanced instrumental analytical techniques. The target metals analyzed included
aluminum (Al), arsenic (As), boron (B), cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), lead (Pb),
manganese (Mn), mercury (Hg), selenium (Se), and zinc (Zn). Prior to instrumental measurement, water
samples were acidified and subjected to appropriate digestion procedures in accordance with established
laboratory standard operating protocols to ensure complete solubilization of metal species. Quantitative
results were reported in milligrams per liter (mg L™).

2.6. Microbiological Assessment of Lake Water

The microbiological quality of surface water from Halasuru Lake was evaluated using standard culture-
based techniques to determine key indicator organisms. Total viable bacterial counts were quantified and
expressed as colony-forming units per milliliter (CFU mL™"). Additionally, total coliforms and Escherichia
coli were enumerated and reported as CFU per 100 mL to assess fecal contamination. These microbial
indicators provided insight into biological pollution levels and overall water safety status.

2.7. Experimental Framework for Phytoextraction Evaluation

The phytoextraction study was systematically designed to assess the remediation efficiency of three
floating aquatic macrophytes—water hyacinth (WH), water lettuce (PS), and duckweed (DW)—in
improving the physicochemical, microbiological, and heavy metal quality of lake water. Surface water
collected from Halasuru Lake served as the contaminated medium for treatment experiments.

2.7.1. Baseline Monitoring and Sampling Protocol

Surface water samples were obtained at predetermined intervals using pre-cleaned polyethylene containers
to ensure contamination-free collection. Prior to the introduction of macrophytes, baseline characterization
was performed to establish initial pollution levels. Key physicochemical parameters, including pH,
electrical conductivity (EC), total dissolved solids (TDS), alkalinity, hardness, major ionic species (Cl-,
Ca**, Mg*, SO+*"), chemical oxygen demand (COD), and biological oxygen demand (BOD) were
analyzed.

Microbial indicators, including total bacterial count, total coliforms, and Escherichia coli, were quantified
to assess biological contamination. In parallel, heavy metal concentrations—including Al, As, B, Cd, Ca,
Cr, Cu, Fe, Pb, Mg, Mn, Hg, Se, and Zn—were determined to define the initial metal burden prior to
phytoremediation treatment.

2.7.2. Phytoextraction Experimental Setup

Three separate treatment reactors were configured to evaluate the remediation performance of each aquatic
macrophyte species independently. The experimental units consisted of:

e WH system — water hyacinth introduced into contaminated lake water

e PS system — water lettuce introduced

e DW system — duckweed introduced

Each treatment unit contained identical volumes of lake water and equivalent initial plant biomass to
maintain experimental consistency and comparability across systems. No external aeration or chemical
additives were applied. The setups were kept under natural photoperiod conditions at ambient temperature
to replicate field-like environmental conditions and ensure realistic phytoremediation performance.

IJFMR260270663 Volume 8, Issue 2, March-April 2026 5



http://www.ijfmr.com/

Ny International Journal for Multidisciplinary Research (IJFMR)

i

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

2.8. Contamination sources of Halasuru Lakes

Halasuru Lake, situated in a densely urbanized zone of central Bengaluru, is influenced by both point and
non-point contamination sources, although management interventions have moderated severe degradation
compared to highly stressed lakes. The primary source of contamination is inflow of untreated or partially
treated domestic wastewater through stormwater drains, particularly during peak flow and monsoon
periods, contributing elevated concentrations of total nitrogen, total phosphorus, BOD, and COD, thereby
promoting eutrophic tendencies. Urban runoff from surrounding residential roads and commercial
establishments transports suspended particulates, hydrocarbons, construction debris, microplastics, and
heavy metals such as lead, cadmium, chromium, nickel, zinc, and copper into the lake basin. Shoreline
anthropogenic activities, including improper solid waste disposal and littering, introduce biodegradable
organic matter and plastic residues, increasing oxygen demand and localized contamination. Sediment
accumulation over time has resulted in internal nutrient loading, where phosphorus release under low-
oxygen conditions can sustain algal and macrophyte growth even when external inputs decline.
Atmospheric deposition from vehicular emissions further adds nitrogen oxides and particulate-bound
metals. Despite periodic desilting and aeration measures, these cumulative inputs contribute to moderate
eutrophication and require continuous inflow regulation, sediment management, and water quality
monitoring to maintain ecological balance.

2.9. Investigation of Macrophytes diversity in Halasuru Lakes

Halasuru Lake demonstrates a comparatively structured and ecologically balanced macrophyte
community with moderate species diversity and better spatial distribution. Although free-floating species
such as Eichhornia crassipes, Lemna minor, and Pistia stratiotes are present, their distribution is largely
localized and does not form extensive continuous mats as observed in Hebbal Lake. Rooted floating
macrophytes such as Nelumbo nucifera are more prominent and contribute to habitat heterogeneity,
aesthetic value, and microhabitat formation for aquatic fauna. Submerged species including Hydrilla
verticillata are relatively better represented due to improved light penetration and lower surface
obstruction. Emergent vegetation such as Typha angustifolia is distributed along shallow margins,
enhancing shoreline stabilization, nutrient sequestration, and sediment filtration. The comparatively
controlled abundance of invasive species suggests moderated nutrient enrichment, possibly influenced by
periodic lake management interventions such as desilting and aeration. Ecologically, Halasuru Lake
appears to be in a mesotrophic-to-moderately eutrophic transitional stage, supporting greater ecological
resilience and biodiversity retention compared to Hebbal Lake. Nevertheless, sustained surveillance of
nutrient inputs, seasonal biomass dynamics, and invasive spread is essential to prevent ecological
deterioration and maintain long-term ecosystem functionality.

3. Results and Discussion

3.1. Variation in Physicochemical Parameters During Phytoextraction

Progressive improvement in water quality parameters was observed across all three phytoextraction
systems over the monitoring period shown in Table 1. Turbidity and color consistently remained below
detectable limits (<1.0 NTU), indicating effective stabilization of suspended matter throughout treatment.
The pH values gradually shifted toward near-neutral conditions, decreasing from 7.9 to 7.6 in the WH
system, while PS and DW remained stable at around 7.7, suggesting buffering effects from macrophyte
metabolism. Electrical conductivity (EC) and total dissolved solids (TDS) declined continuously, with
DW exhibiting the highest reduction efficiency, reflecting enhanced ionic uptake and sedimentation. Total
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alkalinity and hardness decreased markedly, indicating the removal of bicarbonate and divalent cations
via plant absorption and precipitation [28]. Chloride and sulfate concentrations also declined
progressively, further confirming the effectiveness of pollutant attenuation. Organic pollution indicators
followed a clear downward trend. COD decreased from 6.2 to 5.9 mg L' in WH and to 5.26 mg L™ in
DW, while BOD declined from 3.8 to 3.1 mg L', demonstrating improved biodegradability and oxygen
balance. Among the species, duckweed consistently performed best at reducing dissolved solids and
organic loads [29].

3.2. Microbiological Quality Improvement

Significant microbial reduction was achieved across all treatment units. Total bacterial counts declined
from 21 to 19.9 CFUmL™" in WH, 19 to 18.6 CFUmL™" in PS, and 17 to 14.8 CFU mL"" in DW. Coliform
populations showed pronounced decreases, particularly in the DW system, where values dropped from
230 to 197 CFU/100 mL. Escherichia coli levels were reduced most effectively by duckweed, reaching
91.5 CFU/100 mL by the end of treatment. These reductions can be attributed to nutrient depletion, root-
associated microbial competition, and the release of antimicrobial phytochemicals by macrophytes. The
results confirm phytoremediation as an efficient biological polishing step for microbial contamination
[30].

3.3. Heavy Metal Removal Efficiency

All monitored heavy metals showed systematic declines in concentration throughout the treatment period.
Aluminum and arsenic levels decreased steadily, with DW achieving the lowest residual concentrations
(Al: 0.0108 mg L™'; As: 0.010 mg L ™).

Toxic metals such as cadmium, chromium, mercury, and lead showed notable removal:

e (Cd decreased from 0.0033 to 0.0022 mg L' in DW

e Pbreduced from 0.030 to 0.018 mg L™

e Hg dropped from 0.0045 to 0.0031 mg L™

Zinc, initially present at elevated levels (2.27 mg L), declined to 1.98 mg L™ in DW, representing the
highest overall metal attenuation among treatments. The enhanced removal by duckweed is likely due to
its high surface-area-to-biomass ratio, rapid nutrient uptake kinetics, and efficient bioaccumulation
pathways [31].

3.4. Comparative Phytoextraction Performance

Overall remediation efficiency followed the consistent trend:

DW >PS > WH

Duckweed exhibited:

e Highest reductions in EC, TDS, COD, and BOD

e Maximum microbial suppression

e Superior heavy metal uptake

Water lettuce demonstrated moderate efficiency, while water hyacinth showed comparatively slower
pollutant removal despite higher biomass. This performance hierarchy reflects differences in root
morphology, metabolic activity, and contaminant bioavailability at plant—water interfaces [32].

3.5. Environmental Implications

The study confirms that floating macrophytes can significantly improve water quality in a polluted urban
lake through combined physicochemical stabilization, microbial suppression, and metal sequestration.
Duckweed, in particular, emerges as a highly efficient low-cost phytoremediation agent suitable for large-
scale application in contaminated freshwater systems. Implementation of such nature-based solutions
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offers a sustainable alternative to energy-intensive conventional treatment technologies, contributing to
improved water security and ecosystem rehabilitation in rapidly urbanizing regions [33].
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Fig. 1. Time-dependent variation of (a) TDS, (b) BOD, (c) COD, (d) EC, (e) Zn, (f) Se, and (g) Mn
during phytoextraction using WH, PS, and DW.

Fig. 1 presents the time-dependent evolution of key water-quality parameters and selected heavy-metal
concentrations during phytoextraction using WH, PS, and DW. A consistent decrease in contaminant levels
was observed across all treatments, confirming effective remediation performance. As illustrated in Fig.
1(a), total dissolved solids (TDS) in the WH system decreased from 101.3 to 99.3 mg L™, while PS reduced
TDS from 97.4 to 96.1 mg L', and DW exhibited the highest reduction from 93.1 to 91.5 mg L™! over the
treatment period. Similarly, electrical conductivity (EC) declined steadily (Figure 1d), from 117.2to 115.3
uS cm! in WH, 112.8 to 112.2 uS cm™ in PS, and 107.5 to 106.2 uS cm™ in DW, reflecting effective
ionic uptake by macrophytes [34-35]. Organic pollution indicators showed marked improvement. As
shown in Fig. 1(b), BOD decreased from 3.8 to 3.5 mg L' in WH, 3.6 to 3.1 mg L' in PS, and 3.4 to 3.18
mg L' in DW. Correspondingly, COD (Figure 1c) declined from 6.2 to 5.9 mg L' in WH, 5.9 to 5.3 mg
L' inPS, and 5.6 to 5.26 mg L' in DW, indicating enhanced degradation of organic matter and improved
oxygen balance. Heavy metal concentrations also exhibited continuous attenuation (Figures le—1g). Zinc
(Zn) levels decreased from 2.27 t0 2.19 mg L' in WH, 2.15t0 2.12 mg L' in PS, and 2.03 to 1.98 mg L™
in DW. Selenium (Se) declined from 0.0019 to 0.0014 mg L' in WH, 0.0018 to 0.0015 mg L' in PS, and
0.0017 t0 0.0012 mg L' in DW. Similarly, manganese (Mn) concentrations were reduced from 0.0133 to
0.0124 mg L' in WH, 0.0127 to 0.0121 mg L' in PS, and 0.0121 to 0.0116 mg L' in DW [36-37].
Overall, duckweed consistently achieved the most significant reductions in physicochemical parameters
and heavy metals, followed by water lettuce and water hyacinth. This superior performance is attributed
to rapid biomass turnover, extensive surface contact with contaminated water, and duckweed's efficient
bioaccumulation mechanisms [38-39].
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Table 1. Changes in physicochemical characteristics, microbial quality, and heavy metal levels of
lake water over time during phytoextraction treatment with WH, PS, and DW.

Sr. | Parameters 15 May 2025 31 May 2025 15 Jun 2025
No. WH PS DW | WH PS DW WH PS DW
1 Turbidity <1.0 <1.0 <1.0 | <I1.0 <1.0 <1.0 <1.0 <1.0 <1.0
2 Colour <1.0 <1.0 <1.0 | <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
3 pH-Value 7.9 7.7 7.7 7.8 7.7 7.7 7.6 7.7 7.7
4 Taste - - - - - - - - -
5 Odour - - - - - - - - -
6 EC 117.2 | 112.8 107.5 | 116.6 | 112.5 |107.5 | 1153 |112.2 |106.2
7 TDS 101.3 | 97.4 93.1 | 100.1 |97.1 92.32 [99.3 96.1 91.5
8 Total 46.5 44.1 42.0 |45.2 43.8 41.0 44.1 42.1 38.3
Alkalinity, as
CaCOs3
9 P- Alkalinity, | <1.0 <1.0 <1.0 | <I.0 <1.0 <1.0 <1.0 <1.0 <1.0
as CaCO3
10 | Total 31.6 29.8 28.1 |30.3 29.5 26.5 293 27.1 24.67
Hardness, as
CaCO3
1 [ Cl 94.2 91.6 87.3 |93.1 91.1 84.2 92.3 90.06 | 81.34
12 | Ca 41.9 39.6 37.8 | 41.7 39.2 35.2 40.7 38.1 31.45
13 | Mg 14.2 13.5 12.7 | 14.1 13.1 12.5 13.8 12.08 | 11.09
14 | Reactive <1.0 <1.0 <1.0 | <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
Silica, As
SiO2
15 | SO4 64.7 61.3 58.6 | 63.2 61.2 57.3 63.1 59.1 56.2
16 | COD 6.2 5.9 5.6 6.1 5.5 53 5.9 5.3 5.26
17 | BOD 3.8 3.6 34 3.6 34 3.2 3.5 3.1 3.18
18 | Total 21 19 17 20.3 18.9 16.5 19.9 18.6 14.8
Bacterial
Count
19 | Coliform 270 250 230 | 255 248 210 160 245 197
20 | Escherichia 110 100 94 102 100 93.2 101 100 91.5
coli
Heavy Metals (mg/L)
21 | Aluminium 0.0128 | 0.0119 |1 0.0112 { 0.0123 ] 0.0112 | 0.0110 | 0.0123 | 0.011 | 0.0108
(AD
22 | Arsenic (As) | 0.0124 ] 0.0116 | 0.0109 | 0.0121 | 0.0113 | 0.0101 | 0.0119 | 0.0109 | 0.01
23 | Boron (B) 0.266 |0.252 10.240 |0.263 |0.251 ]0.239 |0.261 |0.249 |0.229
24 | Cadmium 0.0033 | 0.0031 | 0.0029 | 0.0031 | 0.0029 | 0.0027 | 0.0031 | 0.0027 | 0.0022
(Cd)
25 | Calcium (Ca) | 39.7 37.9 36.2 38.4 37.2 36.1 37.2 36.8 353
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26 | Chromium 0.041 |0.039 |0.037 |0.039 |0.031 |0.035 |0.039 |0.032 |0.032

(Cr)
27 | Copper (Cu) | 0.0247 | 0.0235 | 0.0223 | 0.0243 | 0.0231 | 0.0221 | 0.0241 | 0.0229 | 0.0219
28 | Iron (Fe) 0.0265 | 0.0251 | 0.0238 | 0.0262 | 0.0249 | 0.0235 | 0.0261 | 0.0249 | 0.0231

29 | Lead (Pb) 0.030 |0.028 ]0.026 |0.027 |0.025 }0.021 |0.022 |0.021 |0.018
30 | Magnesium 20.2 19.0 17.8 20.1 18.9 16.2 20.1 18.6 15.8
Mg)
31 | Manganese 0.0133 |1 0.0127 | 0.0121 | 0.0129 | 0.0122| 0.0119 | 0.0124 | 0.0121 | 0.0116
(Mn)
32 | Mercury (Hg) | 0.0045 | 0.0042 | 0.0039 | 0.0039 | 0.0038 | 0.0034 | 0.0038 | 0.0036 | 0.0031
33 | Selenium (Se) | 0.0019 | 0.0018 | 0.0017 | 0.0015 | 0.0016 | 0.0015 | 0.0014 | 0.0015 | 0.0012
34 | Zinc (Zn) 2.27 2.15 2.03 2.21 2.13 2.01 2.19 2.12 1.98

4. Heavy metal reduction using the Rhizofiltration method in a 1 Month Interval time
Rhizofiltration conducted at monthly intervals resulted in a substantial and progressive reduction in heavy
metal concentrations in lake water, as shown in Table 2. Toxic metals such as Cd, Pb, Cr, Hg, and As
exhibited removal rates of 45-50% within 4 months of treatment. Primary metals, including Ca, Mg, Fe,
and Zn, also showed consistent attenuation, indicating effective ionic uptake by plant root systems. Among
the macrophytes, duckweed achieved the highest removal efficiency, followed by water lettuce and water
hyacinth. These findings confirm rhizofiltration as a sustainable and efficient strategy for long-term heavy
metal remediation [40-41].

4.1. Overall Heavy Metal Reduction Trends

Monthly monitoring revealed substantial progressive declines in metal concentrations across all
rhizofiltration systems. From August to November 2025, consistent attenuation was observed for both
trace toxic metals and major nutrient-associated elements, confirming the sustained removal capacity of
aquatic macrophyte root systems. For aluminum (Al), concentrations decreased from 0.023 to 0.01176 mg
L in WH, 0.020 to 0.0102 mg L™ in PS, and 0.018 to 0.00918 mg L' in DW, indicating approximately
48-49% reduction over four months [42]. A similar decreasing pattern was evident for boron (B), which
declined from 0.41 to 0.2091 mg L' in WH, 0.32 t0 0.1632 mg L' in PS, and 0.21 to 0.1071 mg L™ in
DW. Major cations, such as calcium (Ca), were efficiently removed, with concentrations decreasing from
479 to 2443 mg L' in WH, 51.3 t0 26.16 mg L' in PS, and 42.6 to 21.73 mg L' in DW, resulting in
nearly 50% removal efficiency. These results demonstrate stable long-term rhizofiltration performance
[43].

4.2. Behavior of Toxic Heavy Metals

Highly toxic metals showed rapid and continuous reduction during treatment. Cadmium (Cd) decreased
from 0.002 to 0.00102 mg L' in WH, 0.002 to 0.00102 mg L' in PS, and 0.001 to 0.00051 mg L™! in DW,
confirming enhanced uptake by plant roots. Lead (Pb) concentrations dropped from 0.009 to 0.00456 mg
L™ in WH, 0.008 to 0.00408 mg L' in PS, and 0.006 to 0.00306 mg L' in DW, corresponding to
approximately 49—50% reduction. Mercury (Hg) showed pronounced removal, decreasing from 0.0006 to
0.000306 mg L' in WH, 0.0005 to 0.000255 mg L' in PS, and 0.0003 to 0.000153 mg L™ in DW.
Chromium (Cr) also followed a strong downward trajectory, reducing from 0.028 to 0.01428 mg L' in
WH, 0.030 to 0.0153 mg L' in PS, and 0.022 to 0.01122 mg L' in DW [44-45].
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4.3. Removal of Major Metals and Nutrient-Associated Elements

Iron (Fe) concentrations exhibited a steady decline from 0.25 to 0.1275 mg L™ in WH, 0.22 t0 0.1122 mg
L™ in PS, and 0.18 to 0.0918 mg L' in DW, reflecting approximately 50% sequestration. Magnesium
(Mg) decreased substantially, from 24.6 to 12.55 mg L' in WH, 21.1 to 10.76 mg L™ in PS, and 18.7 to
9.54 mg L' in DW, further demonstrating nutrient uptake and ionic stabilization. Zinc (Zn), initially
present at elevated concentrations, showed significant attenuation from 3.7 to 1.887 mg L™ in WH, 3.1 to
1.581 mg L' in PS, and 2.4 to 1.224 mg L' in DW, confirming effective rhizofiltration of essential yet
potentially toxic trace metals [46-47].

4.4. Comparative Rhizofiltration Efficiency

Across all metals studied, removal efficiency consistently followed the order:

DW > PS> WH

Duckweed-based systems achieved the lowest residual metal concentrations at every sampling period,
reflecting superior root-surface area exposure and rapid ion adsorption. Water lettuce showed intermediate
performance, while water hyacinth demonstrated slower yet stable removal kinetics.

This comparative behavior underscores the influence of morphological and physiological factors on
rhizofiltration efficiency.

4.5. Mechanisms Governing Rhizofiltration

The observed metal reduction can be attributed to multiple synergistic processes:

e Adsorption of metal ions onto negatively charged root surfaces
e Active bioaccumulation within root tissues
e Chelation by root-exuded organic compounds

e Precipitation near rhizosphere microenvironments

The continuous decrease across months indicates sustained uptake rather than short-term saturation
effects.

4.6. Environmental Significance

The rhizofiltration approach demonstrated long-term stability in heavy metal removal, with nearly a 50%
reduction in both toxic and primary metals within 4 months. This highlights its suitability as a low-cost,
eco-friendly remediation strategy for contaminated freshwater systems. The superior performance of
duckweed further supports its application in large-scale wastewater polishing units and urban lake

restoration programs.

Table 2. Time-dependent reduction of heavy metal concentrations (mg L™) in lake water during
Rhizofiltration using WH, PS, and DW.

Sr. Metals 4 Jul 2025 (Std.) 4 Aug 2025 4 Sep 2025 4 Oct 2025 4 Nov 2025 ‘ 4-Nov 2015 (Std)

No WH PS bw ‘WH PS DW WH Ps DwW WH Ps bw ‘WH PS DpwW WH PS Dw

1 Al 0.0045 0.006 0.005 0.023 0.02 0.018 0.0196 0.017 0.0153 0.01568 0.0136 01224 0.01176 0.0102 0.00918 0.006975 0.0093 00775

2 As 0.0012 0.0015 0.001 0.007 0.006 0.004 0.006 0.0051 0.0034 0.0048 0.00408 002 0.0036 0.00306 0.00204 0.00186 0.002325 00155

3 B 0.055 0.06 )5 0.41 0.32 0.21 0.3485 0.272 0.1785 0.2788 0.2176 0.1428 0.2091 0.1632 0.1071 0.08525 0.003 0.0775

4 Cd 0.00025 0.0003 0.002 0.002 0.001 0.0017 0.0017 0.00085 0.00136 0.00136 )06! 0.00102 0.00102 0.00051 0.0003875 0.000465 0.00031

5 Ca 9.8 11 7.9 513 12.6 40.715 43.605 36.21 32572 34.884 . 24.429 26.163 21.726 15.19 17.05 16.275

6 Cr 0.0025 0.003 0.002 0.028 0.03 0.022 0.0238 0.0255 0.0187 0.01904 0.0204 9 0.01428 0.0153 0.01122 0.003875 0.00465 0.0031

7 Cu 0.0055 0.006 0.005 0.018 0.02 0.014 0.0153 0.017 0.0119 0.01224 0.0136 0952 0.00918 0.0102 0.00714 0.008525 0.0093 | 0.00

8 Fe 0.055 0.06 0.0 0.25 0.2 0.18 0.2125 0.187 0.153 0.17 0.1496 0.1224 0.1275 0.1122 0.0918 0.08525 0.003 0.07

9 Pb 0.0015 0.002 0.001 0.009 0.008 0.006 0.0076 0.0068 0.0051 0.00608 0.00544 0408 0.00456 0.00408 0.00306 0.002325 0.0031 0.00155

10| Mg 55 52| 246 211 8 20.91 17.935 | 15.895 16.728 14.348 12.716 12.546 10.761 RE 8.525

11 Mn 0.0012 0.0015 0.001 0.008 0.007 0.00 0.0068 0.00595 .00425 0.00544 0.00476 0.0034 0.00408 0.00357 0.00255 0.00186 0.002325 0.00155

12 Hg 0.00012 0.00015 0.0001 | 0.0006 0.0005 ).000: 0.00051 0.000425 | 0.000255 0.000408 0.00034 0.000204 | 0.000306 0.000255 | 0.000153 | 0.000186 0.000233 0.000155

13 Se 00011 | 00012 | 0001 | 0006 | 0005 | 0.00 0.0051 | 0.00425 | 0.0034 0.00408 | 00034 | 0.002 0.00306 | 000255 | 0.00204 | 0001705 0.00186 0.00155

14 Zn 0.55 0.6 0.5 37 3l 3.145 2.635 204 2516 2.108 1.632 1.887 1.581 1.224 0.8525 093
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Fig. 2. Monthly variation in heavy metal concentrations (Se, Hg, Mn, Mg, Pb, Fe, Cu, Cr, Ca, Al,
As, and B) during rhizofiltration using WH, PS, and DW from August to November 2025.

Fig. 2 illustrates the temporal decline of multiple heavy metals during rhizofiltration using WH, PS, and
DW. Across all monitored elements—including Se, Hg, Mn, Mg, Pb, Fe, Cu, Cr, Ca, Al, As, and B- a
consistent decreasing trend was observed from August to November 2025, confirming sustained metal
uptake by aquatic macrophytes. Toxic metals, including mercury, arsenic, selenium, lead, cadmium,
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chromium, and manganese, exhibited nearly linear reductions over time, indicating continuous adsorption
and bioaccumulation at plant root interfaces. For instance, Hg decreased from approximately 0.0006 to
0.0003 mg L' in WH and from 0.0003 to 0.00015 mg L' in DW, while Mn declined from about 0.008 to
0.004 mg L' in WH and to nearly 0.0025 mg L in DW. Primary metals and nutrient-associated elements,
including calcium, magnesium, iron, copper, boron, and aluminum, also showed substantial attenuation,
with Ca decreasing from ~48 to ~24 mg L' in WH and from ~43 to ~22 mg L' in DW, reflecting
substantial ionic sequestration [48-50]. Among the treatment systems, duckweed consistently achieved the
lowest residual concentrations, followed by water lettuce and water hyacinth. The comparative efficiency
trend (DW > PS > WH) highlights the roles of high surface-area root systems, rapid biomass turnover, and
duckweed's enhanced metal-binding capacity in driving superior rhizofiltration performance.

Conclusion

The present study demonstrates the strong potential of floating aquatic macrophytes as sustainable bio-
remediation agents for improving urban lake water quality. Progressive reductions in dissolved solids,
organic pollution indicators, microbial populations, and heavy metal concentrations confirmed the
effectiveness of phytoextraction as a rapid natural purification process. Duckweed consistently
outperformed water lettuce and water hyacinth, achieving the highest removal of EC, TDS, COD, BOD,
and toxic metals. Long-term rhizofiltration further validated the stability and persistence of metal uptake
mechanisms, with approximately 45-50% reductions in both trace poisonous metals (Cd, Pb, Cr, Hg, As)
and major elements (Ca, Mg, Fe, Zn) over four months. The sustained decline indicates effective
adsorption, bioaccumulation, and rhizosphere-mediated sequestration processes without early saturation
effects.

Overall remediation efficiency followed the trend:

Duckweed > Water lettuce > Water hyacinth

The combined phytoextraction—rhizofiltration approach offers a low-cost, environmentally friendly
alternative to conventional wastewater treatment technologies and is highly suitable for urban lake
restoration programs. The superior performance of duckweed highlights its potential for large-scale
deployment in contaminated freshwater bodies to enhance water security, ecological stability, and public
health protection.

References

1. D. Yang, Y. Yang, J. Xia, Hydrological cycle and water resources in a changing world: A review,
Geography and Sustainability 2 (2021) 115-122. https://doi.org/10.1016/j.geosus.2021.05.003.

2. T. Gleeson, L. Wang-Erlandsson, M. Porkka, S.C. Zipper, F. Jaramillo, D. Gerten, 1. Fetzer, S.E.
Cornell, L. Piemontese, L.J. Gordon, J. Rockstrom, T. Oki, M. Sivapalan, Y. Wada, K.A. Brauman, M.
Florke, M.F.P. Bierkens, B. Lehner, P. Keys, M. Kummu, T. Wagener, S. Dadson, T.J. Troy, W. Steffen,
M. Falkenmark, J.S. Famiglietti, [lluminating water cycle modifications and Earth system resilience
in the Anthropocene, Water Resources Research 56 (2020) e2019WR024957.
https://doi.org/10.1029/2019WR024957.

3. P.S. Bhavsar, S.S. Mishal, P.V. Devre, VK. Lad, A.H. Sawat, S.R. Yadav, A.H. Gore, Evaluating the
impact of urbanization and pollution on drinking water quality in Southern Gujarat: A study of
physical, chemical, and microbial contaminants, Cleaner Water 4 (2025) 100168.
https://doi.org/10.1016/j.clwat.2025.100168.

IJFMR260270663 Volume 8, Issue 2, March-April 2026 13



http://www.ijfmr.com/
https://doi.org/10.1016/j.geosus.2021.05.003
https://doi.org/10.1029/2019WR024957
https://doi.org/10.1016/j.clwat.2025.100168

i

Ny International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com
4. W. Rosinska, J. Jurasz, K. Przestrzelska, K. Wartalska, B. Kazmierczak, Climate change’s ripple effect

10.

11

12.

13.

14.

15.

16.

on water supply systems and the water-energy nexus — A review, Water Resources and Industry 32
(2024) 100266. https://doi.org/10.1016/].wri.2024.100266.

S. Damseth, K. Thakur, R. Kumar, S. Kumar, D. Mahajan, H. Kumari, D. Sharma, A.K. Sharma,
Assessing the impacts of river bed mining on aquatic ecosystems: A critical review of effects on water
quality and biodiversity, HydroResearch 7 (2024) 122-130.
https://doi.org/10.1016/j.hydres.2024.01.004.

K.K. Sodhi, L.C. Mishra, C.K. Singh, M. Kumar, Perspective on the heavy metal pollution and recent
remediation  strategies, Current Research in Microbial Sciences 3 (2022) 100166.
https://doi.org/10.1016/j.crmicr.2022.100166.

C. Phaenark, Y. Phankamolsil, W. Sawangproh, Ecological and health implications of heavy metal
bioaccumulation in Thai Fauna: A systematic review, Ecotoxicology and Environmental Safety 285
(2024) 117086. https://doi.org/10.1016/j.ecoenv.2024.117086.

D. Piwowarska, E. Kiedrzynska, K. Jaszczyszyn, A global perspective on the nature and fate of heavy
metals polluting water ecosystems, and their impact and remediation, Critical Reviews in
Environmental Science and Technology 54 (2024) 1436-1458.
https://doi.org/10.1080/10643389.2024.2317112.

J. Xu, Y. Chen, L. Zheng, B. Liu, J. Liu, X. Wang, Assessment of Heavy Metal Pollution in the
Sediment of the Main Tributaries of Dongting Lake, China, Water 10 (2018) 1060.
https://doi.org/10.3390/w10081060.

V. Gopal, R.R. Krishnamurthy, R. Vignesh, C. Sabari Nathan, R. Anshu, R. Kalaivanan, P. Mohana,
N.S. Magesh, K. Manikanda Bharath, A.Z. Ekoa Bessa, K. Abdelrahman, M. Abioui, Assessment of
heavy metal contamination in the surface sediments of the Vedaranyam coast, Southern India, Regional
Studies in Marine Science 65 (2023) 103081. https://doi.org/10.1016/j.rsma.2023.103081.

. L.S. Mustapha, O.V. Obayomi, K.S. Obayomi, A comprehensive review on potential heavy metals in

the environment: Persistence, bioaccumulation, ecotoxicology, and agricultural impacts, Ecological
Frontiers (2025) S2950509725001789. https://doi.org/10.1016/j.ecofro.2025.10.009.

B. Laoye, P. Olagbemide, T. Ogunnusi, O. Akpor, Heavy Metal Contamination: Sources, Health
Impacts, and Sustainable Mitigation Strategies with Insights from Nigerian Case Studies, F1000Res
14 (2025) 134. https://doi.org/10.12688/f1000research.160148.4.

O. Dagdag, T.W. Quadri, R. Haldhar, S.-C. Kim, W. Daoudi, E. Berdimurodov, E.D. Akpan, E.E.
Ebenso, An Overview of Heavy Metal Pollution and Control, in: D.K. Verma, C. Verma, P.K. Mahish
(Eds.), ACS Symposium Series, American Chemical Society, Washington, DC, 2023: pp. 3-24.
https://doi.org/10.1021/bk-2023-1456.ch001.

W. Ben Bakrim, A. Ezzariai, F. Karouach, M. Sobeh, M. Kibret, M. Hafidi, L. Kouisni, A. Yasri,
Eichhornia crassipes (Mart.) Solms: A Comprehensive Review of Its Chemical Composition,
Traditional Use, and Value-Added Products, Front. Pharmacol. 13 (2022) 842511.
https://doi.org/10.3389/fphar.2022.842511.

B. Laoye, P. Olagbemide, T. Ogunnusi, O. Akpor, Heavy Metal Contamination: Sources, Health
Impacts, and Sustainable Mitigation Strategies with Insights from Nigerian Case Studies, F1000Res
14 (2025) 134. https://doi.org/10.12688/f1000research.160148.4.

Harun, H. Pushiri, A.J. Amirul-Aiman, Z. Zulkeflee, Invasive Water Hyacinth: Ecology, Impacts and
Prospects for the Rural Economy, Plants 10 (2021) 1613. https://doi.org/10.3390/plants10081613.

IJFMR260270663 Volume 8, Issue 2, March-April 2026 14



http://www.ijfmr.com/
https://doi.org/10.1016/j.wri.2024.100266
https://doi.org/10.1016/j.hydres.2024.01.004
https://doi.org/10.1016/j.crmicr.2022.100166
https://doi.org/10.1016/j.ecoenv.2024.117086
https://doi.org/10.1080/10643389.2024.2317112
https://doi.org/10.3390/w10081060
https://doi.org/10.1016/j.rsma.2023.103081
https://doi.org/10.1016/j.ecofro.2025.10.009
https://doi.org/10.12688/f1000research.160148.4
https://doi.org/10.1021/bk-2023-1456.ch001
https://doi.org/10.3389/fphar.2022.842511
https://doi.org/10.12688/f1000research.160148.4
https://doi.org/10.3390/plants10081613

Ny International Journal for Multidisciplinary Research (IJFMR)

i

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

17. G. Paredes, S. Gonzales, A. Lazaro, R. Benegas, Valorization of contaminated Eichhornia crassipes in
phytoremediation of tannery waters: Bioethanol production, Waste Management Bulletin 4 (2026)
100268. https://doi.org/10.1016/;.wmb.2025.100268.

18. H.D.P. Lima, Y.J.O. Asencios, Eichhornia crassipes (Mart.) Solms (natural or carbonized) as
biosorbent to remove pollutants in water, SN Appl. Sci. 3 (2021) 750. https://doi.org/10.1007/s42452-
021-04736-9.

19. G. Baek, M. Saeed, H.-K. Choi, Duckweeds: their utilization, metabolites and cultivation, Appl Biol
Chem 64 (2021) 73. https://doi.org/10.1186/s13765-021-00644-z.

20. Y. Andriani, B. Irawan, 1. Iskandar, I. Zidni, R. Partasasmita, Short Communication: Diversity of

duckweed (Araceae-Lemnoideae), morphological characteristics and its potentials as food sources for
herbivorous fishes in West Java, Indonesia, Biodiversitas 20 (2019).
https://doi.org/10.13057/biodiv/d200618.

21. Ujong, J. Naibaho, S. Ghalamara, B.K. Tiwari, S. Hanon, U. Tiwari, Duckweed: exploring its farm-
to-fork potential for food production and biorefineries, Sustainable Food Technol. 3 (2025) 54-80.
https://doi.org/10.1039/D4FB00288A.

22. R. Sharma, S.C. Lenaghan, Duckweed: a potential phytosensor for heavy metals, Plant Cell Rep 41
(2022) 2231-2243. https://doi.org/10.1007/s00299-022-02913-7.

23. M. Aryal, Phytoremediation strategies for mitigating environmental toxicants, Heliyon 10 (2024)
€38683. https://doi.org/10.1016/j.heliyon.2024.e38683.

24. Alvarez-Gonzalez, E. Uggetti, L. Serrano, G. Gorchs, M. Escola Casas, V. Matamoros, E. Gonzalez-
Flo, R. Diez-Montero, The potential of wastewater grown microalgae for agricultural purposes:
Contaminants of emerging concern, heavy metals and pathogens assessment, Environmental Pollution
324 (2023) 121399. https://doi.org/10.1016/j.envpol.2023.121399.

25. P. Neuenschwander, M.H. Julien, T.D. Center, M.P. Hill, Pistia stratiotes L. (Araceae), in: R.
Muniappan, G.V.P. Reddy, A. Raman (Eds.), Biological Control of Tropical Weeds Using Arthropods,
Ist ed., Cambridge University Press, 2009: pp- 332-352.
https://doi.org/10.1017/CBO9780511576348.017.

26. N. Sajna, M. Haler, S. Skornik, M. Kaligari¢, Survival and expansion of Pistia stratiotes L. in a thermal
stream in Slovenia, Aquatic Botany 87 (2007) 75-79. https://doi.org/10.1016/j.aquabot.2007.01.012.

27. Z.F. Rizvi, M. Jamal, H. Parveen, W. Sarfraz, S. Nasreen, N. Khalid, K. Muzammil, Phytoremediation
potential of Pistia stratiotes, Eichhornia crassipes, and Typha latifolia for chromium with stimulation
of secondary metabolites, Heliyon 10 (2024) €29078. https://doi.org/10.1016/j.heliyon.2024.e29078.

28. W. Yang, D. Liu, Y. Wang, B. Hussain, F. Zhao, Z. Ding, X. Yang, Z. Zhu, M. Dawood, Variations in
phytoremediation potential and phytoavailability of heavy metals in different Salix genotypes
subjected to seasonal flooding, Journal of Environmental Management 299 (2021) 113632.
https://doi.org/10.1016/j.jenvman.2021.113632.

29. O. Ohwo, R.A. Bekeowei, Phytoremediation of Physico-chemical Parameters in Wastewater Effluents
from Car Wash Bays in Yenagoa Metropolis, Nigeria, EJGEO 2 (2021) 20-26.
https://doi.org/10.24018/ejge0.2021.2.6.212.

30. R. Madar, Y.V. Singh, M.C. Meena, T.K. Das, V. Paramesh, F.A. Al-Mana, M. A. Mattar, H. O.
Elansary, Residue and Potassium Management Strategies to Improve Crop Productivity, Potassium

Mobilization, and Assimilation under Zero-Till Maize—Wheat Cropping System, Agriculture 10 (2020)
401. https://doi.org/10.3390/agriculture10090401.

IJFMR260270663 Volume 8, Issue 2, March-April 2026 15



http://www.ijfmr.com/
https://doi.org/10.1016/j.wmb.2025.100268
https://doi.org/10.1007/s42452-021-04736-9
https://doi.org/10.1007/s42452-021-04736-9
https://doi.org/10.1186/s13765-021-00644-z
https://doi.org/10.13057/biodiv/d200618
https://doi.org/10.1039/D4FB00288A
https://doi.org/10.1007/s00299-022-02913-7
https://doi.org/10.1016/j.heliyon.2024.e38683
https://doi.org/10.1016/j.envpol.2023.121399
https://doi.org/10.1017/CBO9780511576348.017
https://doi.org/10.1016/j.aquabot.2007.01.012
https://doi.org/10.1016/j.heliyon.2024.e29078
https://doi.org/10.1016/j.jenvman.2021.113632
https://doi.org/10.24018/ejgeo.2021.2.6.212
https://doi.org/10.3390/agriculture10090401

i International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

31. S.I. Shofia, A.S. Vickram, A. Saravanan, V.C. Deivayanai, P.R. Yaashikaa, Sustainable separation
technologies for heavy metal removal from wastewater: An upgraded review of physicochemical
methods and its advancements, Sustainable Chemistry for the Environment 10 (2025) 100264.
https://doi.org/10.1016/j.scenv.2025.100264.

32. M. Irfan, A. Arif, M.A. Munir, M.Y. Naz, S. Shukrullah, S. Rahman, M. Jalalah, A.H.M. Almawgani,
Statistically Analyzed Heavy Metal Removal Efficiency of Silica-Coated Cuoso Mgoso Fex Os
Magnetic Adsorbent for Wastewater Treatment, ACS Omega 8 (2023) 47623-47634.
https://doi.org/10.1021/acsomega.3c05764.

33. S. Sayanthan, H.A. Hasan, S.R.S. Abdullah, Floating Aquatic Macrophytes in Wastewater Treatment:
Toward a Circular Economy, Water 16 (2024) 870. https://doi.org/10.3390/w16060870.

34. F. Tanjin, Md.M. Rahman, Y.N. Jolly, K.K. Riya, S. Akter, M.F. Albeshr, T. Arai, J. Yu, M.B. Hossain,
Accumulation and Phytoremediation Potentiality of Trace and Heavy Metals in Some Selected Aquatic
Plants from a Highly Urbanized Subtropical Estuary, JMSE 12 (2024) 1131.
https://doi.org/10.3390/jmse12071131.

35. A.R. Nadi, E. Mohamed, A.M.M.A. Kasem, A.E.-M.F.M. Ghanem, M.O. Badry, Green Solutions for
Heavy Metal Pollution in the Aquatic Environment of the Nile Islands: Cues from some Submerged
and Emergent Macrophytes, Water Air Soil Pollut 236 (2025) 410. https://doi.org/10.1007/s11270-
025-07966-4.

36. E.E. Churko, L. Nhamo, M. Chitakira, Phytoremediation Capacity of Water Hyacinth (Eichhornia
crassipes) as a Nature-Based Solution for Contaminants and Physicochemical Characterization of Lake
Water, Water 15 (2023) 2540. https://doi.org/10.3390/w15142540.

37. Raza, M. Habib, S.N. Kakavand, Z. Zahid, N. Zahra, R. Sharif, M. Hasanuzzaman, Phytoremediation
of Cadmium: Physiological, Biochemical, and Molecular Mechanisms, Biology 9 (2020) 177.
https://doi.org/10.3390/biology9070177.

38. Panneerselvam, S. Priya K, Phytoremediation potential of water hyacinth in heavy metal removal in
chromium and lead contaminated water, International Journal of Environmental Analytical Chemistry
103 (2023) 3081-3096. https://doi.org/10.1080/03067319.2021.1901896.

39. R. Kumar, D. Kundu, T. Kormoker, S. Joshi, P.K. Rose, S. Kumar, P.K. Sahoo, P. Sharma, J. Lamba,
Phycoremediation of potentially toxic elements for agricultural and industrial wastewater treatment:
Recent advances, challenges, and future prospects, Desalination and Water Treatment 319 (2024)
100505. https://doi.org/10.1016/j.dwt.2024.100505.

40. V. Yadav, A. Manjhi, N. Vadakedath, Assessment of heavy metals content and diversity of mercury-
tolerant bacteria in heavy metal-polluted environmental samples and mercury bioremediation ability
of isolated strains, Environmental Advances 19 (2025) 100624.
https://doi.org/10.1016/j.envadv.2025.100624.

41. S. Deng, X. Zhang, Y. Zhu, R. Zhuo, Recent advances in phyto-combined remediation of heavy metal
pollution in soil, Biotechnology Advances 72 (2024) 108337.
https://doi.org/10.1016/j.biotechadv.2024.108337.

42. P. Bakshe, R. Jugade, Phytostabilization and rhizofiltration of toxic heavy metals by heavy metal

accumulator plants for sustainable management of contaminated industrial sites: A comprehensive
review, Journal of  Hazardous Materials Advances 10 (2023) 100293.
https://doi.org/10.1016/j.hazadv.2023.100293.

IJFMR260270663 Volume 8, Issue 2, March-April 2026 16



http://www.ijfmr.com/
https://doi.org/10.1016/j.scenv.2025.100264
https://doi.org/10.1021/acsomega.3c05764
https://doi.org/10.3390/w16060870
https://doi.org/10.3390/jmse12071131
https://doi.org/10.1007/s11270-025-07966-4
https://doi.org/10.1007/s11270-025-07966-4
https://doi.org/10.3390/w15142540
https://doi.org/10.3390/biology9070177
https://doi.org/10.1080/03067319.2021.1901896
https://doi.org/10.1016/j.dwt.2024.100505
https://doi.org/10.1016/j.envadv.2025.100624
https://doi.org/10.1016/j.biotechadv.2024.108337
https://doi.org/10.1016/j.hazadv.2023.100293

Ny International Journal for Multidisciplinary Research (IJFMR)

i

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

43. L.F. Munyai, T. Dalu, Aquatic Macrophytes Metal and Nutrient Concentration Variations, with
Implication for Phytoremediation Potential in a Subtropical River System, Sustainability 15 (2023)
14933. https://doi.org/10.3390/su152014933.

44. M. Rafati-Rahimzadeh, M. Rafati-Rahimzadeh, S. Kazemi, A. Moghadamnia, Cadmium toxicity and
treatment: An update, Caspian J Intern Med 8 (2017). https://doi.org/10.22088/cjim.8.3.135.

45. R.A. Bernhoft, Cadmium Toxicity and Treatment, The Scientific World Journal 2013 (2013) 394652.
https://doi.org/10.1155/2013/394652.

46. M.Z.A. Zaimee, M.S. Sarjadi, M.L. Rahman, Heavy Metals Removal from Water by Efficient
Adsorbents, Water 13 (2021) 2659. https://doi.org/10.3390/w13192659.

47. S.A. Bakry, M.E. Matta, A.M. Noureldin, K. Zaher, Performance evaluation of electrocoagulation
process for removal of heavy metals from wastewater using aluminum electrodes under variable
operating  conditions, Desalination and Water Treatment 318 (2024) 100396.
https://doi.org/10.1016/j.dwt.2024.100396.

48.Y. Zhakypbek, B.D. Kossalbayev, A.M. Belkozhayev, T. Murat, S. Tursbekov, E. Abdalimov, P.
Pashkovskiy, V. Kreslavski, V. Kuznetsov, S.I. Allakhverdiev, Reducing Heavy Metal Contamination
in Soil and  Water Using  Phytoremediation,  Plants 13 (2024) 1534.
https://doi.org/10.3390/plants13111534.

49. A.A. Tamma, K. Lejcus, W. Fiatkiewicz, D. Marczak, Advancing Phytoremediation: A Review of Soil
Amendments for Heavy Metal Contamination Management, Sustainability 17 (2025) 5688.
https://doi.org/10.3390/sul7135688.

50. Kafle, A. Timilsina, A. Gautam, K. Adhikari, A. Bhattarai, N. Aryal, Phytoremediation: Mechanisms,
plant selection and enhancement by natural and synthetic agents, Environmental Advances 8 (2022)
100203. https://doi.org/10.1016/j.envadv.2022.100203.

IJFMR260270663 Volume 8, Issue 2, March-April 2026 17



http://www.ijfmr.com/
https://doi.org/10.3390/su152014933
https://doi.org/10.22088/cjim.8.3.135
https://doi.org/10.1155/2013/394652
https://doi.org/10.3390/w13192659
https://doi.org/10.1016/j.dwt.2024.100396
https://doi.org/10.3390/plants13111534
https://doi.org/10.3390/su17135688
https://doi.org/10.1016/j.envadv.2022.100203

