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Abstract

Heavy-metal pollution inside rivers, lakes and even tucked-away groundwater has snow-balled into a
stubborn worldwide headache. Because these metals neither rot away nor vanish on their own, they
pile up, tip the ecological scales, and slowly creep into human food and water. This redo of the
literature takes a deep, slightly rambling dive into where the metals spring from (natural crust events
plus the far bigger human-made ones), how scientists actually size up the danger to fish, bugs, and
people, and why bioremediation in all its plant-, fungus-, and bacterium-powered glory keeps popping
up in journals as the “greener, cheaper” fix, though it is far from a silver bullet. By stitching together
dozens of studies, the review flags big blank spots in current knowledge, coughs up the nagging
technical hurdles field engineers still face, and hints at where future lab and on-site work ought to
point next.

Keywords: Heavy-Metals, Aquatic Pollution, Risk-Assessment, Bioremediation, Phycoremediation,
Mycoremediation, Environmental Clean-Up

1. Introduction

Water stays the sine qua non for every life-form out there, yet its quality is getting dragged down by a full
menu of pollutants. Out of that menu heavy metals steal top billing because of raw toxicity plus their
annoying habit of sticking around (Jaishankar et al., 2014). Sure, zinc, copper, and manganese help enzymes
tick; shift the concentration needle too high, however, and they quickly swing from vital to vicious. Other
players lead, mercury, cadmium, arsenic offer no biological upside at any dose, turning nasty at micro-levels
already (Tchounwou et al., 2012).

Because policy cures and engineering projects cost many rupees (and dollars), authorities lean on risk
assessment frameworks to rank hotspots, assign budgets, and weigh competing fixes. Such frameworks first
hunt for metal sources and exposure pathways, run the raw concentrations through models, and finally label
each site as low, medium, or high risk (US EPA, 2011).

Old-school removal tricks chemical precipitation, ion exchange, membrane filters come with steep energy
fees, secondary sludge issues, or underperform once metals drop into the parts-per-billion bracket (Fu &
Wang, 2011). Enter bioremediation: the craft of letting algae, mushrooms, or bacteria lap up or chemically
tweak the offenders, often under ambient conditions. Enthusiasm is huge, practice less so, mainly because
field roll-outs reveal scale quirks that petri-dish tests gloss over.

The present review therefore marches through (i) the mosaic of heavy-metal sources, (i1) the current tool-set
for ecological and health risk scoring, and (iii) bio-based cleanup methods zooming on phycoremediation,
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mycoremediation, and bacterial routes. While doing so, it drags in as many peer-reviewed voices as
possible, notes where facts still wobble, and tosses a few signposts for upcoming research crews.

2. Sources of Heavy-Metal Contamination in Water

Metals seep into water from a double barrel: nature in one, human hustle in the other. Although geology lays
down a constant background trickle, anthropogenic loads, amplified since the industrial revolution, plainly
dominate today’s readings.

2.1 Natural Drips

Erosion of mineral-rich rocks sends chromium, nickel, or lead particles shuffling downhill and eventually
river-bound (Gadd, 2018). Volcano plumes sprinkle mercury-, cadmium-, arsenic-laden ash that later
dissolves in rainwater (Nriagu, 1989). Wildfires can also cough stored metals back into circulation. But
baseline rarely breaches safety thresholds on its own; regulators still track it to set realistic cut-off values,
else they risk blaming industry for what Mother Earth already supplies.

2.2 Anthropogenic Flood
2.2.1 Factory Wastewater

Electroplaters leak chromium and nickel; battery plants ooze cadmium and lead; tanneries again push
chromium; pesticide and pigment syntheses chip in a cocktail no one wants downstream (Khatri & Tyagi,
2015). Where effluent rules sit on paper yet skip enforcement, rivers turn into dull grey conveyors.

2.2.2 Mining & Smelting

Open-pit or underground mines dig out ore but leave acid rock drainage stewing. Sulfide layers, once
exposed, react with oxygen to craft sulfuric acid which leaches metals mile after mile (Akcil&Koldas,
2006). Smelters meanwhile loft metallic fumes that later rain out onto local watersheds.

2.2.3 Agro-Chem Kickback

Phosphatic fertilisers carry cadmium or arsenic hitch-hikers (Grant & Sheppard, 2008). Legacy pesticides
stored mercury or lead in their formulations. Even “eco” sludge manure might stealth-donate metals unless
rigorously pre-treated.

2.2.4 Urban Runoff & Domestic Streams

Brake-pad dust delivers copper and antimony; tyre wear sprinkles zinc; rooftop gutters channel atmospheric
fallout. Household greywater lugs trace lead or chromium washed from pipes and detergents. E-waste
dumps on city fringes leach a toxic alphabet soup when monsoon arrives.

2.2.5 Airborne Inputs

Coal stacks emit gaseous mercury, which can cross continents before settling. Metal smelters add lead or
cadmium particulates into the jet stream (Pirrone et al., 2010). Thus even high-altitude lakes may clock
worrisome levels.

Bottom line: anthropogenic sources outrun natural ones by a long shot, so mitigation efforts must hammer
industrial and urban practices first.

3. Risk Assessment Basics
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Measuring metal in water is the simple part; translating those ppm or ppb digits into ecological and human
impact is the harder grind. Two overlapping frameworks guide analysts: ecological risk assessment (ERA)
and human-health risk assessment (HHRA).

3.1 ERA Elements

Bioconcentration plus biomagnification rate top the worry list (Gobas et al., 2009). Small crustaceans absorb
metals from sediment, small fish snack on them, bigger fish dine on those, and so the ladder goes. To wrap
numbers around that climb, scientists lean on indexes:

e Geo-accumulation Index (I_geo) contrasts measured sediment values versus crust baseline via log2
scaling (Miiller, 1969).

e Contamination Factor and its aggregate cousin Pollution Load Index multiply individual metal
ratios then take the nth root (Tomlinson et al., 1980).

o Potential Ecological Risk Index (RI) folds in toxicity weighting the same cadmium microgram
scores higher hazard than zinc due to stronger biological punch (Hakanson, 1980).

These indices suffer data-quality aches (background levels often guessed) and ignore metal bioavailability
shifts, yet regulators still cite them because nothing handier exists.

3.2 HHRA Steps

First, toxicologists map which organ each metal torpedoes: lead hammers neuronal growth in kids, cadmium
bruises kidneys, methyl-mercury savages the nervous system. They then craft reference doses (RfD) or
cancer slope factors (CSF). Exposure math multiplies metal concentration (C_w) by daily intake volume,
frequency, and duration, then divides by body weight and averaging time to derive chronic daily intake
(CDI).

o Hazard Quotient (HQ) = CDI/RfD. If HQ < 1, textbook says ““safe enough.”
e Add HQs across metals to get Hazard Index (HI). HI > 1 lights caution.

e Cancer risk (CR) uses CDI x CSF; a risk range of 1-in-a-million to 1-in-ten-thousand is often
stamped as “acceptable,” though communities differ on comfort.

Uncertainties spook every stage variations in water use habits, mixed diet seafood, or genetic susceptibility
muddle the neat numbers but the framework still anchors most public-health advisories.

4. Bioremediation: Three Organism Armies

Physicochemical fixes can slam metals down to regulations yet cost hefty or spit secondary brines.
Bioremediation, in contrast, borrows living systems’ natural binding or redox skills. This chapter peeks at
algae (phyco-), fungi (myco-), and bacteria.

4.1 Phycoremediation

Algal cells show big surface area and walls peppered with carboxyl and sulfate sites, making them sticky for
cations.

» Biosorption (fast, passive) sweeps ions onto cell exterior, active even in dried biomass (Volesky &
Holan, 1995).
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e Bioaccumulation (slow, energy-hungry) ferries ions inside vacuoles where phytochelatins cage
them (Cobbett, 2000).

Algae grow on wastewater cheaply and may later be churned into biodiesel or fertiliser, theoretically
recouping costs. Trouble is, harvesting microalgae from huge ponds requires centrifuges or flocculants,
hiking expenses. Also, once metals pack into the harvested sludge, safe downstream disposal becomes
another puzzle.

4.2 Mycoremediation

Filamentous fungi extend hyphae that carpet substrate like absorbent felt. Chitin-rich walls trap metals;
additionally, secreted organic acids precipitate ions into insoluble oxalates (Gadd, 2009).

Fungi will thrive on sawdust or straw, so operating costs stay low. They tolerate acidity better than many
bacteria. Yet extreme metal spikes still stunt growth. Selecting hardy strains, maybe native to mine-tailings,
is key but that research is patchy and needs more bench-to-field testing.

4.3 Bacterial Routes

Bacteria bring efflux pumps, intracellular chelators, and redox enzymes.
o EPS sheaths glom ions and drop them out of solution.
e Some species flip hexavalent chromium into its trivalent sibling (Lloyd & Lovley, 2001).
e Others methylate mercury (double-edged sword since methyl-Hg is more mobile).

Pros: high replication rates, easy genetic tweaks. Cons: they starve if carbon or electron donors run thin; co-
pollutant solvents might kill them; public fear of GMO releases can stall permits.

5. Practical Hiccups and Tomorrow’s Directions
5.1 Field Barriers

o Scaling woes: temperature swings, pH dips, or competing microbiota all knock lab-perfect strains
off balance in real rivers.

o Metal lock-up: if ions cling tight to sediment, bioremediators cannot reach them.
» Toxic shock: hotspots with triple-digit ppm spikes fry the very organisms meant to clean them.

o Public optics: biologists proposing engineered bugs meet local protests and paper-thick regulation

hurdles.
e Long-tail monitoring: success requires multi-year sampling to prove metals stay put, which strains
budgets.
5.2 Tech Horizons

Synthetic-biology tools now splice extra metal-binding genes into microbes or plant chloroplasts (Kotrba et
al., 2009). Nanoparticle additives can shuttle nutrients or physically pry metals loose, birthing nano-bio
hybrid tactics. Blended systems maybe first a chemical precipitant then algal polishing could balance speed
with sustainability. Meanwhile, ecologists urge deeper metagenomics surveys to decode entire microbial
consortia rather than single hero strains. Finally, life-cycle analyses comparing CO- footprint and dollar tags
versus traditional treatments will help reassure investors and regulators alike.
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6. Conclusion

The heavy-metal burden drowning water bodies hinges mainly on human industry, mines, and chemically
heavy agriculture. Risk-assessment toolkits, though imperfect, map which watersheds scream for action.
Bioremediation emerges as a gentler, sometimes cheaper rival to physicochemical staples, yet it stumbles on
scale, bioavailability, and social acceptance hurdles. Future gains will likely bloom from gene-edited
organisms, nano-aids, and hybrid treatment trains all backed by rigorous cost—benefit numbers and
transparent community dialog. Cross-disciplinary teamwork will be indispensable if society aims to pull
metals out of water while keeping wallets and ecosystems intact.
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