



Review Article

Lead a heavy burden: The Science, Struggles, and Solutions for a Cleaner Future
ABSTRACT 
Human activities bring a growing risk of heavy metal harm to water systems worldwide, especially from lead. Freed lead settles and builds up in water bodies, posing a danger to organisms higher in the food chain. Lead poison causes cell strain and harms nerve cell; in addition, it weakens the defence systems of aquatic organisms, which lowers their health and upsets the balance of life. New methods such as cleaning pollutants with microbes, plants and enzymes as well as nanotechnology-based solutions offer possible ways to cut lead waste. Other rules like the Clean Water Act or Resource Conservation and Recovery Act intend to stop or control lead waste. This paper explores the sources, accumulation mechanisms, impacts and innovative technologies to lower lead waste in aquatic systems. Essential steps to remove lead pollution benefit nature’s health as well as human health, giving lasting improvements for water habitats plus overall public health.
INTRODUCTION 
Water is a finite resource that is the basis of all existence and a life sustaining factor necessitated for ecosystems and human civilization health. Human activities have put the aquatic ecosystem which is crucial for global biodiversity and sustains human life under immense stress. In the last few decades with urbanization and industrialization, there is an increased ecological risk to the environment due to the accumulation of xenobiotic components like heavy metals [1]. Rapid industrialization has been an emerging issue globally, especially in water ecosystems where heavy metals with a specific gravity five times heavier than water are a problem [2,3]. Hg, Cd and Pb are some nonessential metals that exert severe toxic threats as well as potential for bioaccumulation and biomagnification which make them dangerous for aquatic ecosystems across the globe [4,5]. While, iron, zinc, copper and other essential metals are needed for biological activity, excess of these fundamental metals can result in toxicity [6,7].
Lead contaminates the environment and is harmful to both humans and nature. Numerous socio-economic factors, such as farming, mining and even disposal, actively contribute to the increasing levels of lead contamination in water bodies [8]. Other sources of exogenous factors stem from the use of European paints, leaded pottery, bugles and fishing rods [9]. Research have proven that most organic species are susceptible to heavy metals to a certain degree [10]. Because of this, heavy metals interfere with the water systems adversely by polluting the water, sediment and even the living organisms. Because they are at the top of the aquatic ecosystem, fish are more likely to take in lead, which can cause oxidative stress, neuro-immortality, immune reactions and even problems with reproduction [11,12]. The negative impact of contaminating water systems with lead also affects people. This can lead to more critical health problems like high blood pressure, blood loss and development hindrance, among others [13]. 
New technologies and policies are being developed to manage lead pollution. Bioremediation using plants, microorganisms and enzymes are cheaper and eco-friendly methods for heavy metal elimination from contaminated places [14,15]. The application of nanomaterials for adsorption appears to be a promising direction for protecting the aquatic environment against lead pollution [16]. Furthermore, regulatory frameworks for preventing and managing lead pollution, ensuring the protection of both environmental and public health [17]. Analyze the origins, effects and remediation methods of lead contamination in water bodies and their surrounds in this extensive report. By addressing the challenges presented by lead pollution and developing proactive efforts, assist in the protection and rehabilitation of the water environment to support these important ecosystems for the years to come.

SOURCES 
As reported by the World Health Organization (WHO), Lead is an environmentally occurring bluish-gray metal that is widely distributed on Earth. Rapid population growth, urbanisation and agricultural activities have significantly accelerated lead pollution [18]. Moreover, industrial processes have dramatically enhanced the distribution and concentration of lead in the environment. Heavy metal lead contamination of the environment can arise from both natural processes and anthropogenic sources.
Natural activities that might worsen heavy metal contamination include volcanic activity, metal corrosion, metal evaporation from soil and water, sediment re-suspension, soil erosion and geological weathering. Anthropogenic origin of lead from diverse sources, such as mining, waste incineration, industrial production (petrochemical plants, oil refineries, smelters, foundries), agricultural and domestic use lead-containing compounds, untreated sewage sludge [8], road travel (where lead are released from brake wear, tire wear and motor oil) [19], combustion by-products from coal-thermal power plants, lead piping used in water distribution system [20] and improper disposal of electronic waste. Lead can still be found in some consumer products, such as imported toys and cosmetics.
In Mexico, petrol emissions, pottery with lead glaze, leaded paint and canned goods and drinks are the main causes and avenues of lead exposure [9]. Department of health in New York stated that lead is present in certain traditional medications imported from various regions like Mexico, the Dominican Republic, Southeast Asia, India and the Middle East contain lead, such as Azarcon and Greta, which are used for relieving upset stomachs. Lead is also present in Pay-loo-ah, a red powder applied topically for fever or rash. The Wisconsin Department of Natural Resources says lead is often in fishing gear, like sinkers and jig heads. Fish can get poisoned by eating these items or by swallowing lost tackle with small stones and grit. This can harm fish, loons, eagles and other animals.
Urban stormwater runoff constitutes a major source of lead, originating from building siding, car brake emissions and tire wear. Air deposition is recognized as the elementary source for lead in stormwater runoff [19]. Lead is mostly found in vehicle exhaust. The accumulation of lead along busy roads and city streets, as well as its potential migration through both terrestrial and aquatic food systems, has gained special attention [21]. Lead is also utilized in the manufacturing of metal alloys, batteries, paints and dyes. Because of its high density, low melting point, malleability and resistance to corrosion, Lead is the main metal used to make fishing weights and ammunition [22]. Seasonal variations in precipitation influence lead contamination in aquatic systems, which exhibit higher levels in summer and pre-monsoon, and lesser values during post-monsoon and monsoon [23].
Impact 
Lead once they reach aquatic ecosystems, can pose harm to living organisms. Chemical reactions, including the adhesion of suspended particles and absorption or sedimentation, contribute to their buildup. Sediments act as a reservoir for heavy metals, releasing them into the aqueous environment under changing conditions including pH, electrical conductivity, oxidation and reduction processes, organic matter, salinity and chemical and biological oxygenation of water or sediments [24]. The natural interplay among water, sediments and the atmosphere leads to the accumulation of lead in aquatic communities [25,26].
Pb is not biodegradable, metals build up in biota and sediments along the food chain, which has a long-term impact on ecosystem level. Metals accumulate in water, sediments and biota after they enter water bodies. Benthic species that come into close contact with sediments are particularly vulnerable to these kinds of exposures. As the ultimate sink and an indicator of transformation in the water column [27].
Heavy metal exposure in the environment has grown to be a global concern promotes bioaccumulation and biomagnifications in the nutrient cycle. Even at modest exposure levels, fish can develop dangerous levels of lead due to bioaccumulation and biomagnification [28]. Researchers found that some hazardous metals can bioaccumulate to higher concentrations in the environment over time, which may have an impact on humans [29]. Due to longer time accumulation in aquatic environment, it enters into food chain effecting higher level species it also effects on plankton growth, biofilter organism also get effected due to accumulation of high-level heavy metal that became toxic in high concentration. 
According to USEPA lead action level in aquatic water is 0.015 mg/L (15 ppb). According to CCME (Canadian Council of Ministers of the Environment) for sediment the lead level is typically divided into interim sediment quality guidelines (ISQGs) and Probable Effect Levels (PEL): ISQGs in freshwater 35.0 mg/kg and for marine / estuarine 30.2 mg/kg; PEL in freshwater 91.3 mg/kg and marine / estuarine is 112 mg/kg. Lead concentrations above the PEL, there is high harmful effects on aquatic environment. Concentrations between the ISQG and PEL are considered a gray area where effects are possible but less certain. According to the guidelines established by the FAO and WHO, the acceptable level of lead in fish should not exceed 0.5 µg/g. 

Metal concentrations in Kolleru Lake fishponds are of biological concern, with concentrations in water, sediment and plankton above WHO safe limits, but in fish muscles well below safe limits for human consumption [30]. Lead in River Yamuna sediments pose medium to high risks to aquatic environments [31]. Lead induces significant toxicity in fish, impairing the immune system and resulting in tissue damage, developmental anomalies and diminished reproductive capacity [12]. As reported by [32,33] lead compounds primarily target reproductive and digestive systems [34], the skeletal system [35], the kidney [36] and peripheral and central nervous systems [37], while also affecting the immune system [38,39]. Because the liver and kidneys are so important for getting rid of toxins and breaking them down in the blood, they are the main organs that are affected by either short-term or long-term lead poisoning [40,41].
Lead can damage genes and cause cancer after long-term exposure [42]. It can also hurt the brain, kidneys and heart [43]. Acute poisoning of the kidneys and brain is caused by consuming seafood contaminated with lead.
Lead in Aquatic Environments:

Lead exposure in fish can result in neurotoxicity, oxidative stress and immune responses. Fish, that hold the apex position in the food chain of aquatic ecosystem, accumulate lead through their diet and are particularly vulnerable to its toxic effects [44]. In Reef Corals, Lead exposure affects the fertility of gametes and leaves a long-term chemical record in their skeletons. This indicates lead pollution levels in seawater and can have implications for the reproductive success and health of coral populations [45]. Exposure to lead in Litopenaeus vannamei (White leg Shrimp) causes a shift in gene expression and a boost in B cells. This alteration in gene expression and augmentation of B cells affects the immune system and genetic control, thus potentially affecting health and immune response system of these shrimps [46]. However, Chlorella sp. has high lead concentration tolerance, but long exposure to lead decreases their growth and production of essential compounds such as chlorophyll-a, carotenoids and proteins. This affects their overall fitness and productivity [47]. Acute exposure to lead in Freshwater Crabs (Sinopotamon henanense) results in lipid peroxidation and lowers antioxidant defenses. This may impact the health of the species, especially in larger amounts, potentially affecting their population and health in aquatic ecosystems [48]. Lead nitrate exposure causes oxidative stress, inflammation and cellular degeneration in grass carp [49].
Perca fluviatilis (Perch) and its intestinal parasite Acanthocephalus lucii which have similar lead concentrations, indicating that lead contamination in parasites may adversely affect fish health, more significantly than in their hosts [50]. Studies indicate that pollutants such as lead can impact Oreochromis niloticus macrophage phagocytic function [51]. Lead has a negative effect on fish immune activities, particularly on the gut-associated lymphoid tissue (GALT) and the non-specific immune defence system in Channa punctata [52].
Humans, particularly children, are more susceptible to lead poisoning, since they absorb around 4-5 times more ingested lead than adults. Aside from its impact on aquatic life, lead in water sources poses a direct threat to human health. For lead exposure there is no safe level and EPA has said no negative health effects at 0 µg / l. EPA set Maximum Contaminant Level Goal in drinking water where lead should be absent. Like other toxic substances, systemic schemes of exposure to lead may result in hypertension, anaemia, various forms of cognitive impairment, issues with reproductive health, gastrointestinal disorders and developmental abnormalities, which include Attention deficit hyperactivity disorder (ADHD), mental retardation, behavioural issues, etc. Lead can also contribute to respiratory complications, cancer and coronary artery disease [53]. The side effects of persistent lead exposure are highly varied within a given population of organisms and lead to alterations in growth rate, reproduction, immune responses and health. Minimizing these problems is significant in the preservation of the health of the environment, aquatic ecosystem and humans.

Innovation technology

Bioremediation using Microorganisms, Plants and Enzymes:

Heavy metals in soil and aquatic environments can be efficiently broken down by microorganisms and plants, which presents the potential for the bioremediation of metal-tainted regions. Bioremediation is the eco-friendly, affordable and efficient for heavy metal elimination [54]. Bioleaching as a safe and affordable method for removing metallic substances from polluted sites [55]. Oxycaryumcubense (Cuban bulrush) potential as a phytoremediator for lead pollution in aquatic environments [56]. The efficiency of Spirulina platensis and Chlorella vulgaris in breaking down lead in aquatic ecosystems [57]. Some research points out the efficiency of microorganisms and plants in breaking down heavy metals in soil and aquatic environments. Strain MKH2, a heavy metal-resistant bacterium efficiently eliminating lead from wastewater by 95.06% [58]. The bioremediation capacity of Enterobacter cloacae KJ-46 and KJ-47 in eliminating lead from soil. Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans are recommended for bioleaching minor metals from printed circuit boards [59]. Some of the freshwater species that are employed in lead extraction such as Lemna minor (Duckweed), Eichhornia crassipes (Water hyacinth) and Hydrilla verticillate (Hydrilla). With regards to the aforementioned species, the efficiency of water hyacinth in lead extraction from landfill leachate [60]. The efficiency of lead extraction was lower by water hyacinth when compared with other metal from industrial waste effluents [61]. Salvinia natans as an affordable option for phytoremediation in aquatic ecosystems affected by metals [62].
Bioretention systems are specific, localized installations (like rain gardens) designed to capture and treat runoff. Studies have shown that lead removal rates in bioretention systems can be very high, often close to 100% under optimal conditions [63]. The efficiency of created wetlands using Eichhornia crassipes and Typha latifolia in removing lead from industrial effluent [64]. Biochar is considered to be the most efficient adsorbent to eliminate the lead from contaminated environments. It has a porous structure, which allows it to have a high surface area, which helps it to easily absorb heavy metals like lead [65]. It is made from sugarcane bagasse by an anaerobic process that efficiently extracts lead from water, providing an easily available substitute for activated carbon in sorbent applications.
Biosorbents and Nanotechnology:
Lead can be eliminated through a range of biomaterials that are active biosorbents, such as activated carbon, lignite, agro-waste, banana, rice and wheat husks, and citrus limetta peels and green synthesised nanoparticles [66]. Under ideal circumstances, biosorbents made from Syzygium cumini (SBSc) and Artocarpus heterophyllus (SBAh) seeds efficiently remove lead (Pb+2) from synthetic wastewater with removal efficiencies of 96% and 93%, respectively [67]. Pleurotus sajorcaju and almond shell were combined to create a hybrid biosorbent that effectively removed lead from wastewater [68]. The composite biosorbent demonstrated high adsorption capabilities and outperformed individual components. The hybrid biosorbent, which is made up of biomass from plants and microorganisms, is very effective in eliminating lead from wastewater, offering a possible way to clean up the environment. The successful synthesis of a magnetic bio-adsorbent, AS-ACI, through a cross-linking reaction between Cyclosorus interruptus (CI) modified with Fe3O4 nanoparticles and 3-aminopropyltriethoxysilane (AS) and other operational modifications. The absorptive material demonstrated impressive adsorption capability and reusability for lead ion extraction from aqueous solutions [69]. Chemically saponified muskmelon peel gel is promising potential as a cost-effective biosorbent for lead ion removal from water [70]. Biosorbent  made by immobilized Bacillus licheniformis which absorb lead by 98% from the waste water[71].

Nanotechnology provides innovative solutions for removing lead from aquatic ecosystems. Nanomaterials, such as iron oxide magnetite nanoparticles, nano-polymer materials and nanomembranes, have high surface areas and controlled chemistries, making them ideal for adsorbing and removing high density metallic ions from water [72]. Applying air micro nanobubbles will reduce the amount of lead found in the mining effluents in Peru. According to the results, applying micro nanobubbles for 15 minutes was able to remove lead (from 51.3 mg/L to 1.29 mg/L) [73].
An energy-efficient technique for eliminating lead and other heavy-metal impurities from water has been created by MIT engineers. Shock electrodialysis is the method of creating a shockwave in a charged porous material that contains contaminated water by means of an electric field. This results in a 95% reduction in lead by separating the water into a fresh stream and a brine. This strategy is more economical because it targets lead specifically, in contrast to conventional methods. Even though it has been shown on a small scale, further investigation is required to scale up for useful home use. The method may also be used to recover important metals and remediate industrial water.
Engineers at Northwestern University have created a new sponge that can extract a wide array of metals, including hazardous metals such as lead and useful metals like cobalt, out of polluted water. In preliminary trials, the sponge filtered lead from tap water and lowered the amount of lead to undetectable amounts after a single use. In addition, the researchers were able to recover the metals from the sponge and used it several times. This technological development has profound impact potential and could offer an effective and simple option for home filters and even large-scale environmental cleaning projects.

Natural watersheds and forest ecosystems can function as filters, whereby lead is sequestrated in soil profiles and does not leach significantly into water bodies. Constructed wetlands can trap and sequester metals in mine wastewater.

REGULATION TO PREVENT LEAD:

The EPA has set specific policies and actions aimed at addressing childhood lead poisoning associated with deteriorating or disturbed lead paint, including the act of the Toxic Substances Control, along with the Residential Lead-Based Paint Hazard Reduction Act. These rules stipulate renovating in a lead-safe manner, giving information education prior to renovation and informing about lead paint. In order to verify compliance and assess violations, the EPA adds catalogues and penalties via administrative or judicial procedures with the Department of Justice. With regard to these actions, the EPA develops and executes TSCA Monitoring Strategy rules that define the inspection aims for lead paint disturbing enforcement, targeting neglected societies and achieving environmental justice. These aims are reviewed biannually.

In 1991, the EPA, under the Clean Water Act, added the Lead and Copper Rule (LCR) as part of the regulation to maintain drinking water free from lead and copper contamination. Among other substances, lead is of the utmost concern, principally due to lead pipes still remaining in some communities in the country. LCR has been instrumental in ensuring over the last 25 years, major improvements in public health and the EPA now continues to make refinements to the rule for better public health and safety.
Residential Lead-Based Paint Hazard Reduction Act of 1992 (Title X):

This act, also called as ‘Title X’, deals with the lead-based paint dangers in residential buildings. This act establishes lead disclosure procedures for real estate transactions combined with the requirement of warning about properties containing lead-based paint as well as requirements for lead abatement operations.
Clean Air Act (CAA):

For public safety, the CAA controls emissions and air quality. The EPA has set National Ambient Air Quality Standards (NAAQS) for lead emissions in order to restrict ambient air concentrations, while lead is recognized as a type of air pollutant (Sacks, 2015).
Clean Water Act (CWA):

The CWA controls water pollution and the discharge of pollutants into water bodies. Industries must follow effluent limitations set by the EPA to release lead into water, while the EPA also controls stormwater to stop the pollution of water bodies.
Resource Conservation and Recovery Act (RCRA):

Under RCRA management laws, authorities regulate how hazardous waste handlers perform disposal procedures. Lead along with materials containing lead qualifies as hazardous waste and following RCRA rules defines the necessary steps for their proper safekeeping and disposal.
Comprehensive Environmental Response, Compensation and Liability Act (CERCLA):

The Superfund Act from CERCLA controls guideline procedures for lead-contaminated hazardous waste site cleanup operations. The EPA holds the power to handle hazardous sites that have led to contamination through its lead response capabilities.
Conclusion:

The contamination from lead along with its biological impact creates many difficulties which threaten every stage of marine life from invertebrates through vertebrates. Marine ecosystems are not the only areas affected by lead contamination because human lives are exposed through eating contaminated seafood. The adverse effects both to the ecosystem and public health that result from water body pollution by human activities call for prompt remediation efforts. The spread and concentration of lead in aquatic systems mostly result from human-made activities. The presence of lead has hazardous effects on the health of the organism leading to oxidative stress, neurotoxicity, immune function and risks the balance of the ecosystem and human health.

Promising lead treatment avenues include nanotechnology and other biological methods like bioremediation, which use templates, plant materials, or microbes. Lead contamination control requires proper enforcement of governing laws along with relevant policies.
Understanding the sources, effects and remediation methods of lead pollution is very crucial in aquatic ecosystems for the successful protection and preservation of aquatic habitats. Ecosystem sustainability, along with sustainable aquatic environments and public health, depends upon the successful elimination of lead pollution. Reduction of lead pollution requires new approaches, advanced technologies and strong policies to protect aquatic ecosystems for the upcoming generations.
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