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Abstract:

Heavy metal contamination poses a significant environmental issue, arising from the release of toxic metals such as mercury, lead, cadmium,
and arsenic into the environment due to human activities like mining, industrial operations, and agricultural methods. This type of pollution
threatens both ecosystems and human health. It is crucial to comprehend the biological interactions of metals within plants to facilitate the
phytoremediation process. Phytoremediation highlights the capacity of plants to absorb metals, their distribution within plant tissues, and
their accumulation in various organs. This understanding is essential for selecting suitable macrophytes for treating metal -contaminated
wastewater. Consequently, this study seeks to assess the biopotential factors, including Bioconcentration Factor (BCF), Bioaccumulation
Factor (BAF), Metal Enrichment Factor (MEF), and Metal Translocation Factor (MTF) of the submerged macrophyte species
Ceratophyllum submersum through a hydroponic bioassay using a synthetic metal solution. The hydroponic bioassay was carried out from
June 2018 to December 2022, exposing Ceratophyllum submersum to a mixed metal synthetic solution to evaluate its ability to absorb,
transfer, accumulate, and enrich metals for phytoremediation purposes. The findings of this study highlighted the phytoremediation
potential and accumulation patterns of ten heavy metals: As, Cd, Cr, Co, Cu, Fe, Mn, Ni, Pb, Sr, and Zn across different parts of
Ceratophyllum submersum. The BCF values for the analyzed metals are ranked as follows: Fe >Zn> Mn> Cu > Cd > Pb > Cr > Co > Ni
> As > Sr. The MEF rankings mirror this order: Fe > Zn> Mn> Cu> Cd > Pb > Cr > Co > Ni > As > Sr. The BAF rankings for the metals
studied are also consistent: Fe > Zn> Mn > Cu > Cd > Pb > Cr > Co > Ni > As > Sr, while the MTF is ranked as Fe > Zn>Cd > Mn> Co
> Cu>Sr>Cr>Pb>As> Ni.
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1. INTRODUCTION:

Water pollution represents a significant health threat, particularly in developing countries, where around 80% of illnesses and deaths are
attributed to this problem. The release of harmful pollutants inwastewater negatively impacts aquatic ecosystems and renders water sources
unsafe for human use. A variety of dangerous substances, such as pharmaceuticals, pesticides, surfactants, acids, detergents, dyes, and toxic
metals, have contaminated water supplies, posing ecological risks to humans, plants, and animals (Vardhan et al., 2019). Heavy metals
(HMs) are identified as major contributors to global water pollution (Zaimee et al., 2021). Given the rising need for clean and safe drinking
water, itis crucial to investigate solutions and technologies that enable effective wastewater treatment for reuse.

Heavy metals like cadmium (Cd), chromium (Cr), cobalt (Co), arsenic (As), zinc (Zn), strontium (Sr), and copper (Cu) are commonly
linked to environmental pollution and toxicity, especially in their dissolved states. High levels of these heavy metals can significantly
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threaten natural ecosystems and human health. Their toxic properties can undermine various environmental benefits. Furthermore, heavy

metals are resistant to biodegradation, making their removal more challenging. Consequently, it is essential to monitor, comprehend,
manage, and remediate the pollution caused by these heavy metals.

Bioremediation is a modern technological method that employs microorganisms to either remove or stabilize waste materials (Shanahan,
2004). This technique plays a crucial role in the cleanup of groundwater, soils, lagoons, sludge, and various waste streams. Essentially,
bioremediation utilizes biological treatments, primarily through microbial action, to tackle hazardous pollutants found in soil and both
surface and subsurface waters. These microorganisms aid in transforming harmful substances into less toxic forms. As a pollution
management strategy, bioremediation harnesses biological systems to facilitate the breakdown, transformation, or removal of a wide range
of chemicals into safer alternatives (Atlas, 1995). In recent years, industrialized nations have increasingly emphasized environmental
restoration, particularly focusing on preserving water quality and rehabilitating contaminated surface and groundwater (Brierly, 1991). As
a result, bioremediation has become a cost-effective approach to improving environmental quality. Its economic benefits, especially when
compared to chemical and physical treatment methods for dilute contaminants, significantly contribute to its growing adoption. While the
primary focus has been on treating industrial effluents to remove organic pollutants, there has been a notable shift towards addressing metal
contaminants in the past two decades (Brierly, 1991). The escalating levels of environmental pollution caused by heavy metals, due to their
increased use in industrial processes, present serious challenges to human health and aquatic ecosystems. Bioremoval processes provide
significant advantages, including their efficiency in substantially reducing heavy metal ion concentrations and their use of low-cost
biosorbent materials (Wild and Bennemann, 1993).

Plants are essential components of ecosystems, as they enable the transfer of elements from the non-living environment to the living one
(Martinez-Lopez et al., 2014). Aquatic macrophytes, in particular, have a remarkable ability to absorb metals from water, often achieving
internal concentrations that can be several times greater than those present in their environment. These plants can accumulate heavy metals
at concentrations up to 100,000 times higher than those in the surrounding water (Misshra and Tripathi, 2008). Although biore mediation
holds significant promise for tackling complex environmental challenges, it is important to recognize that much of this potential has yet to
be realized (Shingadgaon et al., 2018; Thete-Jadhav et al., 2018; Dashpute et al., 2018; Shingadgaon and Chavan, 2019). There remains a
considerable gap in our understanding of the interactions between microorganisms and different hydrologic environments. As we enhance
our knowledge of these interactions, the effectiveness and applicability of bioremediation are anticipated to improve substantially. This
study seeks to assess the heavy metal absorption capabilities of three distinct hydrophytes, with a particular emphasis on evaluating the
biopotential of Ceratophyllum submersum, a submerged macrophyte, in relation to MCF, MEF, MTF, and BAF.

2. MATERIALS AND METHODS:
A. Overview of Ceratophyllum submersum Macrophyte:

The genus Ceratophyllum is derived from the Greek words "keras,” meaning 'horn," and "phyllon," which translates to 'leaf," highlighting
the horn-like appearance of its leaf branches. Ceratophyllum submersum, commonly known as soft hornwort, is an aquatic plant that is
submerged and free-floating, thriving in still or slow-moving waters. This species is notable for its lack of true roots and is well-suited to
eutrophic conditions characterized by low light and high nutrient availability. Also referred to as coontail, Ceratophyllum submersum is
recognized for its potential in phytoremediation, particularly in the extraction of heavy metals and other pollutants from aquatic
environments. It is part of the Ceratophyllaceae family and is native to temperate regions, often found in ponds, lakes, and ditches. As a
hydroannual or hydrosubshrub, it completes its life cycle entirely in aquatic settings, demonstrating continuous growth without a dormant
phase when conditions are favorable. Ceratophyllum submersum (L.), also known as coontail and previously called 'honewort," thrives just
beneath the surface of shallow, calm, or slow-moving waters, as indicated in the BSBI List (2007). This species can flower while fully
submerged and belongs to a unique group of two species that lack close relatives in the plant kingdom, making them potential candidates
for classification as 'living fossils." As a member of the Ceratophyllum genus and the Ceratophyllaceae family, coontail or honewort can
grow rapidly, reaching heights of 1-4 inches (3-10 cm) per week when provided with adequate light and nutrients. The plant's stems typically
branch three to four times, with the tips featuring 6 to 8 threadlike extensions (Goulder and Boatman, 1971).

Ceratophyllum submersum (L.) flourishes in shallow, submerged waters, often found in coastal or hard water habitats. It tends to be
particularly abundant in local areas from May through September. This species is also popular as an aquarium plant, commonly known as
tropical or spineless hornwort. It is a fully aquatic plant that exists entirely underwater and does not possess true roots. The plant showcases
mid to dark green whorls of slender, repeatedly forked leaves that are arranged along the main stem, giving it an attractive feathery
appearance, although the leaves are actually stiff and brittle, which contrasts with its common name. Small, subtle green flowers can be
found in the leaf axils.

Under optimal light conditions, this plant can grow swiftly, forming dense clusters. It promotes its growth by releasing chemicals that
suppress the growth of other aquatic plants, including algae, which can otherwise obscure the water and hinder sunlight penetration. The
species has distinct male and female plants. During the summer, pollen-laden anthers from the male plants detach and float just below the
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water's surface, where they may encounter the stigmas of female plants, resulting in the production of fertile seeds that can be dispersed by

waterfowl. However, vegetative reproduction is crucial, as flowers do not always yield mature seeds. The stems are fragile and can readily
regenerate from broken pieces. In autumn, the vegetative structures die back, but not before specialized buds form, which detach and sink
to the bottom, poised to initiate growth in the subsequent year (Smith and Wolfe-Murphy, 1991).

Ceratophyllum submersum (L.) is an aquatic species found in various regions, which has probably lost much of its significant potential
over the years. It is capable of flourishing in deeper waters during the winter months and can reproduce both asexually via d amaged or
intact stems and sexually with other plants. This species displays strong biological resilience and exhibits relatively fast growth rates. Its
concerning influence on aquatic ecosystems promotes its growth by changing nutrient distribution, while also enabling faster spread across
water bodies, resulting in heightened competition with less competitive organisms.

B. Collection and Sampling of Ceratophyllum submersum:

Ceratophyllum submersum (L.) specimens were collected from their natural habitats, where they serve phytore mediation functions. Surveys
were carried out in both natural and artificial aquatic settings, including stagnant and flowing waters, as well as reservoirs, to identify the
presence of Ceratophyllum submersum. The macrophytes were meticulously observed, sampled, and gathered from the Marathwada study
area, ensuring no physical harmwas inflicted. Sampling adhered to established scientific protocols and involved rinsing the specimens with
water. The collected samples were fresh and green, stored in appropriately sized transparent polyethylene bags or jars. Each sample
consisted of at least ten healthy macrophytes. These were replanted within four to five hours of collection to acclimate to metal-mixed
synthetic wastewater in rectangular test chambers measuring 1 meter by 1 meter and 10 cm in depth, with a maintained freeboard of 2 cm.

Furthermore, an additional set of samples was taken to the laboratory, where they were rinsed with gently flowing tap water w hile adhering
to necessary safety measures, air-dried, and identified using various literature sources for qualitative floristic data. This identification
process focused on species and community characteristics rather than solely on their physical structures and appearances. Pho tographs and
samples were forwarded to botanical research experts in the relevant fields for verification and confirmation of the identified information,
including critical details, prior to reaching final conclusions, thereby ensuring an authentic and supportive second opinion. The choice of
the macrophyte Ceratophyllum submersum for this study was influenced by its local prevalence, allowing for collection from any area
within the study region for further examination.

C. Investigation of Metal Accumulation Potential:

Healthy specimens of Ceratophyllum submersum macrophytes were selectively pruned by removing those that exhibited signs of infection
or poor health. The remaining viable specimens were subsequently relocated to a laboratory-scale testing environment. These testing
environments, constructed from small plastic tanks, were specifically designed to assess the adaptability of the macrophytes to altered
environmental conditions. The selected healthy macrophytes were subjected to local climatic conditions for an adequate duration to ensure
they acclimatized and achieved full growth in a synthetic wastewater test bath containing metals. The acclimatization period was set to one
month. Following this phase, growth was monitored for an additional month ina synthetic wastewater test bath infused with metals, utilizing
stock solutions at a concentration of 100 ppm. The bath solution was freshly prepared to contaminate tap water, allowing for the periodic
creation of the synthetic wastewater test bath, alongside a control group that did not include synthetic wastewater. Various metal salts, such
as Na3AsO4¢12H20, CuS04<8H20, PbO, FeSO4+7H20, CdSO4+8H20, NH4S04*NiSO4:6H20, Co(NO3)2°6H20, ZnSO47H20,
Sr(OH)2, and MnCl12-4H20, were employed in accordance with established standard procedures (AOAC, 1975; APHA, 1980; Echem,
2014; Smith, 1983). After the designated growth period, the macrophyte plants were collected and analyzed to determine their capacity for
metal accumulation. Adjustments were made to incorporate the findings from the control group, which utilized standard water. This
evaluation aimed to determine their viability and potential for use in phytoremediation efforts. The detailed methodology used to assess the
absorption capabilities of heavy metals is outlined below:

The plant materials of Ceratophyllum submersum were initially rinsed with tap water before being transported for laboratory a nalysis.
Following this, they underwent a second wash with gently flowing tap water, and were subsequently rinsed with double distilled water to
eliminate any remaining dirt and contaminants. The macrophyte samples were air-dried and then sectioned using stainless steel scissors to
separate the shoots, roots, stems, and leaves. Each part was dried in an oven at 60 °C until a consistent weight was achieved, after which
they were ground with a pestle and mortar to create a homogeneous mixture, which was then stored for future analysis. To determine metal
content, 500 mg of each plant material was digested using H202 and H2SO4. The resulting digested aliquot was analyzed for various heavy
metals employing suitable methodologies. The heavy metals from the prepared aliquot were assessed using Atomic Absorption
Spectroscopy (AAS) and Gas Chromatography (GC) in different laboratories, adhering to sample and metal-specific protocols, or through
appropriate methods referenced from credible literature or research publications, depending on the availability of necessary analytical
resources. The analytical techniques utilized included a variety of methods, such as the cobalt analysis via the cobaltous pyridine method
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as outlined by Nicolaysen (1941), iron (Fe) analysis using the Dichromate method, and zinc (Zn) evaluation through the EDTA

Complexometry-Back Titration method (Tazul and Ahemad, 2013).

Manganese (Mn) was measured using Volhard’s method, while Copper (Cu) was determined through Sodium Thiosulphate titration, with
validation provided by the Spectrophotometric method (Ahmed and Zannat, 2012). Lead (Pb) was assessed using the EDTA
Complexometric method, and Manganese (Mn) was further analyzed by the Periodate Oxidation Method. Chromium was evaluated through
the Diphenylcarbazide Spectrophotometric method (IBM, 2012), and Cadmium (Cd) was investigated using a spectrophotometric technique
(Ahamed and Chowdhury, 2004). Additionally, Chromium (Cr) was also analyzed via the Diphenylcarbazide Method (Yarbro, 1976), and
Cobalt (Co) was examined using a colorimetric method (Hobart, 1920).

A series of samples were processed and digested using an automated program within the NuWav-Ultra Microwave Digestion Extraction
System. The concentrations of metals, including As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sr, and Zn, were analyzed in a separate |aboratory
employing the Shimadzu Atomic Absorption Spectrometer 6300 model and the Agilent 725 ICP-OES instrument for necessary
confirmation. Most results were validated through random cross-checks against established standard methods to ensure analytical accuracy
and reliability, as referenced in various studies (Bendix and Grabenstetter, 1943; Kimura and Murakani, 1951; Sandall, 1965; Hackley et
al., 1968; Loftherg, 1969; Rubeska, 1969; Baker etal., 1971; James and MacMohan, 1971; Song et al., 1976; Sarma et al., 2005; Soomro
and Menon, 2009; Ahemad and Roy, 1969; Soomro and Shar, 2014; Wei, 2014; Shingadgaon and Chavaan, 2019).

D. Chemicals and Reagents:

All chemicals, reagents, and solvents utilized in this research were of analytical reagent grade or possessed the highest levels of purity, and
they were prepared fresh prior to use. Doubly distilled water was consistently employed throughout the experimental procedures. The
glassware underwent thorough cleaning by soaking in acidified solutions of potassium permanganate (KMnO4) or potassium dichro mate
(K2Cr207), followed by treatment with concentrated nitric acid (HNO3) and several rinses with doubly distilled water. Calibration curves,
which served as standard references for solutions with known metal concentrations, were established. These curves were subseq uently used
to ascertain the concentrations of substances in unknown samples. The calibration curves for heavy metals were specifically applied in the
analysis of concentrations within the test samples.

E. Assessment of Factors Affecting Heavy Metal Mobility Potential:

The study investigated the ability of Ceratophyllum submersum macrophytes to facilitate the transfer of heavy metals from contaminated
substrates into their root systems, as well as their capability to accumulate these metals in different plant tissues. This evaluation included
the transport of metals from the roots to the above-ground, harvestable parts of the plant and analyzed the potential for metal accumulation.
A variety of metrics were employed in this assessment, including the bio-concentration factor (BCF), bioaccumulation factor (BAF), metal
translocation factor (MTF), and metal enrichment factor (MEF). These indicators were utilized to evaluate the potential of Ceratophyllum
submersum macrophytes for phytoremediation, offering significant insights into their effectiveness in restoring metal-contaminated
environments.

I. Bioconcentration Factor (BCF):

The bioconcentration factor (BCF) is defined as the ratio of the total concentration of metals in plant roots to that in the surrounding
environment, which may include contaminated soil or wastewater (Elkhatib et al. 2001; Gonzalez & Gonzalez-Chavez 2006; Yoon et al.
2006). The BCF quantifies the degree to which a chemical, particularly heavy metals, accumulates withinan organism or biological system
from its environment. This factor indicates the ability of plants to absorb metals from soil or water (Kamari et al., 2014). The BCF is
calculated using the following formula:

BCF is defined as the ratio of the concentration of a heavy metal within an organism to its concentration in the surrounding water. The
bioconcentration factor (BCF) for macrophytes was assessed using the formula established by Demina et al. (2009).

B.C.F = Concentration of the element in the plant / Concentration of the element in the water
To calculate the bio-concentration of a particular metal, the following formula is applied:

BCFMetal = [Metal Concentration in root] / [Metal Concentration in Source]
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= CR/ICWW

In this formula, BCFMetal represents the bioconcentration factor for the specific metal, CR denotes the concentration of that metal in the
root, measured in mg/kg, while CWW indicates the concentration of the metal in the growth medium, such as wastewater, also measured
in mg/kg. In this context, "metal” encompasses any of the eleven metals that were analyzed.

I1. Metal Enrichment Factors (MEF):

Metal Enrichment Factors (MEF) were employed to assess the degree of metal contamination in sediment, adhering to the methodology
outlined by Buat-Menard and Chesselet (1979). A commonly accepted approach for evaluating anthropogenic impact involves the
calculation of a normalized enrichment factor (EF), which is derived from metal concentrations measured against uncontaminated
background levels, as referenced by Salomons and Forstner (1984), Dickinson et al. (1996), and Hornung et al. (1989). The purpose of
calculating the EF is to reduce variability in metal concentrations that may result from different source ratios, thereby serving as an effective
analytical instrument. This technique normalizes the observed concentrations of heavy metals relative to a reference metal, such as iron
(Fe) or aluminum (Al), as detailed by Ravichandran et al. (1995).

MEFMetal = [Metal content in only shoot] / [Metal Concentration in Source]
= COSs/CWW

In this formula, MEFMetal represents the specific metal enrichment factor, COS refers to the designated metal content in the shoot,
measured in mg/kg, while Cww indicates the metal concentration in the environmental sources, such as wastewater, also measured in
mag/kg.

I11. Bioaccumulation Factor (BAF):

The bioaccumulation factor (BAF) quantifies the degree to which a substance, particularly a heavy metal, accumulates within an organism
or biological system. In relation to heavy metals, the BAF is defined as the ratio of the concentration of the heavy metal present in the
organism to its concentration in the surrounding environment.

The Bioaccumulation Factor (BAF) is determined using the following formula:

BAF = [Concentration of heavy metal in aerial parts] / [Concentration of heavy metal in the source]
For a specific metal, it can be expressed as:

BAFMetal = [Metal content in aerial parts] / [Metal Concentration in Source]

= CAP/CWW

In this formula, BAFMetal represents the bioaccumulation factor for a specific metal, where CAP signifies the concentration of that metal
inthe aerial parts, measured in mg/kg, and CWW refers to the metal concentration in the growth medium, such as wastewater, also measured
in mg/kg.

V. Metal Translocation Factor (MTF):

The metal translocation factor (MTF) is defined as the ratio of the total metal concentration found in the shoots to that in the roots (Mocko
& Waclawek 2004; Yoon et al. 2006; Sanghamitra et al. 2012). This factor reflects the relative concentration of metals in the shoots in
comparison to the roots. An MTF value greater than 1 indicates that the plant is effective in moving metals from the root system to the
shoots (Rezvani and Zaefarian, 2011). The metal transfer factor is an important measure for evaluating the mobility of metals from their
origin to macrophytes. The MTF for specific metals can vary considerably based on the species of macrophytes and the environmental
conditions present. Key factors influencing MTF include the physical and chemical properties of the source, the behavior of trace metals
in both the source and the macrophytes, and variations in environmental conditions. The transfer factor from soil to plants is determined by
calculating the ratio of metal concentration in the plants to that in the source (Kumar et al., 2015; Akande and Ajayi, 2017; Ogoko, 2015).

MTFMetal = [Metal Content in shoots] / [Metal Concentration in roots]
= COS/CR

In this equation, MTFMetal represents the specific metal translocation factor, Cs signifies the metal content in the aerial parts measured in
mg/kg, and CR denotes the metal concentration in the roots, also expressed in mg/kg. This is commonly referred to as the shoot-root
quotient and is typically represented as MTF.

[JNRD2504590

International Journal Of Novel Research And Development (www.ijnrd.org) ‘ £775



http://www.ijrti.org/

© 2025 IJNRD | Volume 10, Issue 4 April 2025 | ISSN: 2456-4184 | JNRD.ORG
RESULTS AND DISCUSSIONS:

Wastewater contains a variety of pollutants from diverse sources, such as industrial discharges, trade effluents, and municipal sewage,
which ultimately lead to the contamination of water bodies. Among these pollutants, both organic and inorganic compounds, particularly
heavy metals, present significant threats to aquatic ecosystems and human health due to their potential to enter the food chain through
bioaccumulation. High levels of trace metals in plant tissues can adversely affect animals, especially when ingested. For instance, while
zinc and copper are trace metals that are vital for healthy growth in small quantities, excessive concentrations can lead to phytotoxicity in
plants and zootoxicity in animals (Osundiya et al., 2014; Shingadgaon and Chavan, 2019).

The ability of macrophytes to absorb heavy metals from contaminated substrates into their roots, as well as their potential to accumulate
these metals in different plant parts and transport them fromroots to the harvestable aerial sections, was evaluated using the bioconcentration
factor (BCF), bioaccumulation factor (BAF), metal translocation factor (MTF), and metal enrichment factor (MEF). This assessment seeks
to explore the viability of employing native macrophyte species for phytoremediation, offering valuable insights for the cleanup of metal-
contaminated environments.

Heavy metals have become widespread pollutants worldwide, leading to significant environmental challenges due to their persistence in
non-degradable forms. These metals can negatively impact ecosystems by infiltrating the food chain, thereby presenting various health
risks to humans (Chopra et al., 2009; Roberts, 1999; WHO, 2011). Their presence can be identified in contaminated aquatic environments,
ranging fromsediments at the bottom to surface waters. The behavior of heavy metals inboth water and wastewater is influenced by several
factors, such as sediment composition, water chemistry, salinity, redox potential, and pH levels (Connell et al., 1984). This situation
highlights the necessity of utilizing submerged macrophytes for the remediation of water and wastewater at varying depths.

A. Metals Uptake Potentials of Ceratophyllum submersum:
i. Metal concentrations in plant parts:

The aquatic macrophyte Ceratophyllum submersum exhibited variations in metal concentrations, reflecting its differing capacities to absorb
various metals, a finding consistent with previous research (Freitas et al. 2004; Nouri et al. 2009; Nazareno & Buot 2015; Jones and
Inocencio, 2017). Table 1 illustrates the metal concentrations detected in the roots, shoots, and aerial parts of Ceratophyllum submersum,
providing a comparative analysis of these levels within the submerged macrophyte. The roots showed the highest concentration of iron (Fe)
at 3956 pg/g, followed by zinc (Zn) at 3853 pg/g, manganese (Mn) at 3329 pg/g, and copper (Cu) also at 3329 pg/g. Lead (Pb) was
measured at 1327 pg/g, cadmium (Cd) at 1743 pg/g, chromium (Cr) at 1128 pg/g, cobalt (Co) at 320 pg/g, nickel (Ni) at 231 pg/ g, arsenic
(As) at 196 pg/g, and the lowest concentration of strontium (Sr) at 128 pg/g. The hierarchy of metal accumulation in the roots of
Ceratophyllum submersum was determined to be Fe > Zn> Mn> Cu>Pb > Cd > Cr > Co > Ni > As > Sr.

Table 1: Levels of metal concentrations found in the roots, shoots, and aerial parts of the submerged macrophyte species Ceratophyllum
submersum, as recorded during the phytoremediation bioassay.

Metal Conc. in roots (ug/g) | Conc. inshoots (ug/g) | Conc. in aerial parts (ug/g)
As 196 48 25
Cd 1743 585 296
Cr 1128 279 144
Co 320 85 43
Cu 2759 730 496
Fe 3956 1794 1094
Mn 3329 1097 695
Ni 231 54 35
Pb 1327 328 286
Sr 128 32 4
Zn 3853 1385 895

In contrast, the concentration of metals in the shoots was consistently lower than that observed in the roots across all metals evaluated. The
highest concentration of Iron (Fe) in the shoots was 1794 pg/g, followed by Zinc (Zn) at 1385 pg/g. Manganese (Mn) was measured at
1097 pg/g, while Copper (Cu) reached 730 pg/g. Other metals detected in the shoots included Cadmium (Cd) at 585 pg/g, Lead (Pb) at 328
pg/g, Chromium (Cr) at 279 ug/g, Cobalt (Co) at 85 pg/g, Nickel (Ni) at 54 pg/g, and Arsenic (As) at 48 pg/g. The metal with the lowest
concentration was Strontium (Sr) at 32 pg/g. The pattern of metal accumulation in the shoots differed from that in the roots, following this
order: Fe >Zn>Mn > Cu> Cd >Pb > Cr > Co > Ni > As > Sr.
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The accumulation of metals in parts other than the roots and shoots is categorized as aerial parts. The concentrations of metals in the aerial
parts of Ceratophyllum submersum were found to be lower than those in the roots and shoots, as depicted in Fig. 1. Among the metals, Iron
(Fe) exhibited the highest concentration in the aerial parts, recorded at 1094 ug/g, followed by Zinc (Zn) at 895 ug/g. Both Manganese
(Mn) and Copper (Cu) were measured at 695 pg/g, while Cadmium (Cd) was at 296 ug/g, Lead (Pb) at 286 pg/g, Chromium (Cr) at 144
pg/g, Cobalt (Co) at 43 pg/g, Nickel (Ni) at 35 pg/g, Arsenic (As) at 25 pg/g, and Strontium (Sr) at a minimal 4 pg/g. The order of metal
accumulation in the aerial parts of Ceratophyllum submersum is as follows: Fe > Zn> Mn> Cu > Cd > Pb > Cr > Co > Ni > As > Sr.

Comparative levels of Metal concentrationsin the roots,
shoots and aerial parts of Ceratophyllum submersum

4000
3500
3000
2500
2000

1500

Concentration in ug/g

1000

500

L 1N LB

As Cd Cr Co Cu Fe. M Ni Pb Sr Zn
n

B Conc. in roots (ug/g) 1961743128320275395632923113271283853
Conc. in shoots (ug/g) 48 585279 85 7301794097 54 328 321385

0

Conc. in aerial parts

25 296144 43 4961094695 35 286 4 895
(ne/e)

Figure 1: Comparison of metal concentration levels in the roots, stems, and above-ground parts of the submerged macrophyte species
Ceratophyllum submersum.

ii. Biopotential Factors:

The Metal Transport Factor (MTF) refers to a plant's intrinsic ability to move metals, as described by Nouri etal. (2009). Y oon etal. (2006)
emphasize that both the Bioaccumulation Factor (BCF) and MTF are critical for assessing a plant's efficiency in metal phytore mediation.
The BCF measures the extent to which a plant can accumulate metals in its roots, while the MTF evaluates the plant's ability to transfer
these metals from the roots to its aerial parts. Plants with BCF values below one are deemed ineffective for phytoextraction ('Yoon et al.
2006). Conversely, plants that exhibit both BCF and MTF values exceeding one (BCF>1, MTF>1) are considered appropriate for
phytoextraction. Additionally, plants with a BCF greater than one and an MTF less than one (BCF>1 and MTF<1) are recognized for their
potential in phytostabilization. A hyperaccumulator plant is characterized by having either a BCF or MTF greater than one, along with total
metal accumulation exceeding 1000 mg kg—1 for Cu, Co, Cr, or Pb, or surpassing 10000 mg kg—1 for Fe, Mn, or Zn (Kabata-Pendias 2011).

The bioconcentration factor (BCF) is a widely used indicator for assessing the bioaccumulation of heavy metals (Parkerton et al. 2008).
This study aims to investigate the bio-factors, including bioconcentration, bioaccumulation enrichment, and metal transfer of heavy metals
in the macrophyte Ceratophyllum submersum. In this research, we calculated the bioconcentration factor, metal enrichment factor,
bioabsorption factor, and metal transfer factor for each metal analyzed in the submerged aquatic plant Ceratophyllum submersum, as
presented in Table 2. A comparative overview of BCF, BAF, MEF, and MTF in Ceratophyllum submersum is illustrated in Fig. 2.

Table 2: The Bioconcentration Factor (BCF), Bioaccumulation Factor (BAF), Metal Enrichment Factor (MEF), and Metal Translocation
Factor (MTF) recorded in the submerged macrophyte species Ceratophyllum submersum throughout the phytoremediation bioassay.

Metal BCF MEF BAF MTF
As 1.96 0.48 0.25 | 0.2449
Cd 17.43 5.85 2.96 | 0.3356
Cr 11.28 2.79 1.44 | 0.2473
Co 3.20 0.85 0.43 | 0.2656
Cu 27.59 7.30 496 | 0.2646
Fe 39.56 17.94 10.94 | 0.4531
Mn 33.29 10.97 6.95 | 0.3295
Ni 2.31 0.54 0.35 | 0.2338
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Pb 13.27 3.28 2.86 0.2472
Sr 1.28 0.32 0.04 | 0.2500
Zn 38.53 13.85 8.95 0.3595
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Figure 2: Comparison of BCF, BAF, MEF, and MTF in Ceratophyllum submersum.

The bioconcentration factor (BCF) for iron (Fe) was measured at 39.56, making it the highest among the metals examined. Following iron,
zinc (Zn) recorded a BCF of 38.53, manganese (Mn) was at 33.29, copper (Cu) at 27.59, cadmium (Cd) at 17.43, lead (Pb) at 13.27,
chromium (Cr) at 11.28, cobalt (Co) at 3.20, nickel (Ni) at 2.31, arsenic (As) at 1.96, and strontium (Sr) at 1.28. A graphical representation
of this comparison can be found in Fig. 3.

Ironis a crucial micronutrient vital for the metabolic processes in plants (Kumari and Tripathi 2015). The typical manganese concentration
in plant tissues ranges from 10 to 25 mg/kg (Parzych et al. 2016), which satisfies the physiological needs of most plant spec ies. Levels
above this range are often deemed toxic to various plants (Bonanno and Lo Giudice 2010, Bonanno 2013). Nevertheless, no phototoxic
effects were detected in this study. The order of bioconcentration factors for the metals analyzed is as follows: Fe >Zn> Mn> Cu > Cd >
Pb > Cr > Co > Ni > As > Sr.
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BCF in Ceratophyllum submersum for different metals

40

35

30

25

20

1

| |

;7 1 3 -

As Cd Cr Co Cu Mn Pb ~ Sr  Zn

Fe Ni
mBCF 1.96 17.4311.28 3.2 27.59 39.56 33.29 2.31 13.27 1.28 38.53

BCF facor
o (6,]

(€]

Figure 3:
Comparison of the Bioaccumulation Factor (BCF) for different metals in Ceratophyllum submersum.

In the examination of aquatic macrophytes, the Metal Enrichment Factor (MEF) and Metal Translocation Factor (MTF) are utilized as
metrics to assess the degree of metal accumulation and movement within the plants and their surrounding ecosystems. The MEF reflects
the capacity of macrophytes to absorb metals, with iron (Fe) demonstrating the highest MEF value of 17.94. Following iron, zinc (Zn)
recorded an MEF of 13.85, manganese (Mn) had a value of 10.97, copper (Cu) showed 7.30, cadmium (Cd) was measured at 5.85, and lead
(Pb) had an MEF of 3.28. Furthermore, chromium (Cr) exhibited an MEF of 2.79, cobalt (Co) was at 0.85, nickel (Ni) at 0.54, arsenic (As)
at 0.48, and strontium (Sr) at 0.32. These MEF values are visually represented in Fig. 4 for easy comparison. The hierarchy of MEF values
for the metals analyzed is as follows: Fe >Zn> Mn> Cu> Cd > Pb > Cr > Co > Ni > As > Sr.

The Metal Enrichment Factor (MEF) is an essential indicator that assesses the phytoremediation potential of specific plant species (Zhao
etal., 2003). It functions as a means to determine both the presence and concentration of pollutants. Some researchers propose that in the
realm of phytoremediation for contaminated soils, MEF values between 0.5 and 1.5 suggest that the levels of trace metals can be attributed
exclusively to natural weathering processes (Zhang and Liu, 2002; Barbieri, 2018). In contrast, an MEF exceeding 1.5 indicates that a
significant portion of trace metals is derived fromnon-crustal sources, suggesting that these metals are introduced through various pathways,
including both point and non-point sources of pollution, as well as biological activities (Zhang and Liu, 2002; Klerks and Levinton, 1998;
Sutherland et al., 2000). This research employed a synthetic metal bath to create a known source of metals. An enrichment fac tor above 1
signifies a plant's enhanced ability to absorb and translocate metals, which are then stored in different plant tissues (Sasmaz et al., 2008).
In this study, MEF values varied from 17.94 for iron (Fe) to 0.32 for strontium (Sr). The MEF was utilized to assess the contamination
levels of each metal examined.

MEF in Ceratophyllum submersum for different metals
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Figure 4: Comparison of the MEF factor across various metals in Ceratophyllum submersum.
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In the examination of aquatic macrophytes, the Bioaccumulation Factor (BAF) quantifies the degree to which a pollutant accumulates
within an organism relative to its surrounding environment, considering all possible exposure routes, including water, diet, and sediment.
The bioaccumulation factors (BAFs) for macrophytes concerning sediment vary according to the type of metal and the ecological
classifications of the macrophytes. Studies suggest that the capacity of hydrophytes to accumulate substantial amounts of metals is affected
by the distinct characteristics of the plant species and the concentration of ions in the water (Kadukin, 1982; Sood, 2012). The macrophyte
Ceratophyllum submersum displayed diverse accumulation patterns for the metals analyzed in the current research. The highest recorded
bioaccumulation factor (BAF) was for iron (Fe), with a value of 10.94. This was followed by zinc (Zn) at 8.95, manganese (Mn) at 6.95,
copper (Cu) at 4.96, cadmium (Cd) at 2.96, lead (Pb) at 2.86, chromium (Cr) at 1.44, and cobalt (Co) at 0.43, as illustrated in Fig. 5. The
BAF for nickel (Ni) was 0.35, while arsenic (As) and strontium (Sr) had BAF values of 0.25 and 0.04, respectively. The ranking of BAF
values for the analyzed metals is as follows: Fe >Zn> Mn > Cu> Cd > Pb > Cr > Co > Ni > As > Sr.

BAF in Ceratophyllum submersum for different metals

As Cd Cr Co Cu Fe Mn Ni Pb Sr Zn

BBAF 0.25 296 144 043 496 1094 6.95 0.35 2.86 0.04 8.95

12

10
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IS )
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Figure 5: Comparison of the BAF factor across various metals in Ceratophyllum submersum.

Similar BAF values have been documented in previous studies by Ogunkunle et al. (2016), EI-Amier (2017), Zurayk et al. (2001), and
Bonanno and Giudice (2010) for various macrophyte species, corroborating the results of the current research. The study revealed that the
accumulation of heavy metals varied among different plant organs, a trend also observed by several researchers (McLaughlin etal., 1999;
Jadhav and Babare, 2025). Furthermore, factors such as the sampling locations, timing, and meteorological conditions can greatly influence
metal accumulation in plants (Hofman et al., 2013), which aligns with the findings of this study.

The Metal Translocation Factor (MTF) serves as a vital indicator of a plant's ability to move specific elements, including me tals, from the
roots to the shoots or other aerial parts. This factor plays a crucial role in comprehending phytoremediation and the uptake of contaminants.
The MTF values obtained from this study are presented in Fig. 6. Fluctuations in MTF indicate the selective uptake and moveme nt of
metals. Species recognized as metal accumulators demonstrated translocation factors exceeding 1, whereas metal excluders generally
recorded MTF values below 1. An MTF greater than 1 implies an efficient mechanism for metal transport from roots to shoots, likely
attributed to an effective metal transport system and the storage of metals in leaf vacuoles and apoplasts (Lasat et al., 2000). Elevated MTF
values (>1) suggest improved metal absorption and translocation from the environment by the plants. In contrast, an MTF value under 1
indicates a restricted ability of the plant to absorb metals (Shingadgaon and Chavan, 2018). The MCF values noted among the species
examined, particularly Ceratophyllum submersum, exhibited a wide range of variability.
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MTF in Ceratophyllum submersum for different metals
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Figure 6: Comparison of the MTF factor across various metals in Ceratophyllum submersum.

The metal transfer factor (MTF) in plant species is crucial for determining how metals are distributed among different plant tissues
(Xiong, 1998). A notable difference in pattern was observed when comparing the MTF to the metal enrichment factor (MEF). Iron (Fe)
exhibited the highest MTF at 0.4531, followed by zinc (Zn) at 0.3595, cadmium (Cd) at 0.3356, manganese (Mn) at 0.3295, cobalt (Co)
at 0.2656, copper (Cu) at 0.2646, strontium (Sr) at 0.2500, chromium (Cr) at 0.2473, lead (Pb) at 0.2472, and arsenic (As) at 0.2449.
Nickel (Ni) had the lowest MTF, recorded at 0.2338. The hierarchy of MTF values for the analyzed metals is as follows: Fe > Zn> Cd >
Mn>Co > Cu>Sr> Cr>Pb>As > Ni.

CONCLUSION

The results obtained from phytoremediation bioassays suggest that the submerged macrophyte species Ceratophyllum submersum has
considerable potential for the remediation of metal-contaminated wastewater. This is supported by its bioconcentration factor (BCF),
bioaccumulation factor (BAF), metal enrichment factor (MEF), and metal translocation factor (MTF). The BCF values for the analy zed
metals are ranked in the following order: Fe > Zn> Mn > Cu > Cd > Pb > Cr > Co > Ni > As > Sr. The MEF exhibits the same ranking: Fe
>Zn>Mn>Cu>Cd > Pb>Cr>Co > Ni>As > Sr. The BAF rankings for the metals studied also align consistently: Fe > Zn > Mn >
Cu>Cd >Pb>Cr> Co > Ni> As > Sr, while the MTF is ranked as Fe > Zn > Cd > Mn> Co > Cu> Sr > Cr > Pb > As > Ni. Ceratophyllum
submersum shows hyperaccumulation abilities for the metals analyzed, with the exception of strontium, which is indicated by a BCF of
less than 1. In summary, the findings of this study affirm that Ceratophyllum submersum can effectively absorb and accumulate high levels
of these metals, excluding strontium. Consequently, itis advisable to employ Ceratophyllum submersum for the phytoremediatio n of aquatic
environments affected by these metals.
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