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Abstract

Heavy metal pollution in wastewater is increasingly becoming an urgent problem, mainly due to its persistence,
toxicity, and threat to ecosystems and human health. This review largely evaluates different treatment technologies
designed to minimize heavy metal contaminants originating from industrial and municipal wastewater. From
traditional techniques (such as ion exchange, membrane filtering, coagulation- flocculation, chemical precipitation,
electrochemical, etc.), we assessed their efficiencies and drawbacks, especially cost, selectivity, and sludge
production. New technologies in nanotechnology such as oxide nanoparticles, carbon nanotubes, and nano
membranes come with new possibilities for increasing surface area and adsorption efficiency. Furthermore,
biological processes such as bioleaching, phytostabilization, rhizofiltration, and bacteria bioremediation promote
more environmentally acceptable solutions. Artificial intelligence and machine learning are becoming more
prevalent in treatment systems and can help with predictive maintenance, process modifications, and real-time
monitoring. Nonetheless, much still needs to be done to tackle the real life challenges such as, affordability of
scaling up; selectivity for metal recovery; and proper waste management. In conclusion, there is room for both
conventional and modern technologies, augmented by evidence-based solutions and green technologies.

Keywords: Heavy Metal Removal, Wastewater Treatment, Nanotechnology, Artificial Intelligence,
Bioremediation

Introduction

The focus on decreasing heavy metal contamination in wastewater streams resulting from diverse industrial and
human activities has intensified due to the growing global concern about water quality. Heavy metals, which are
identified by their high atomic weight and density, are hazardous to the environment and public health due to their
toxicity, persistence, and ability to accumulate over time in aquatic habitats and the food chain. [1].

Heavy metals enter aquatic environments primarily through mining activities, agricultural runoff, industrial
discharges, and improper waste disposal techniques. [2]. The accumulation of these pollutants, which include but
are not limited to lead, mercury, cadmium, chromium, arsenic, and copper, in sediments and living organisms can
have detrimental effects on ecological integrity and human health. [3].

Because heavy metals are persistent, resistant to microbial degradation, and build up to toxic levels in plants and
living cells, their presence in water sources is a major global concern. These metals can affect humans through the
food chain and cause serious health issues like kidney and brain diseases [1].

The negative effects of heavy metal pollution go beyond environmental issues and have a substantial influence on
human health. Numerous detrimental health effects, from acute poisoning to chronic illnesses such neurological
problems, renal damage, developmental abnormalities, and an increased risk of cancer, can arise from exposure to
high concentrations of heavy metals [2].
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Fig. 1 Heavy metal remediation using a variety of traditional techniques (Goswami et al., 2022).
1. Conventional Removal Techniques
1.1 Chemical Precipitation

Chemical precipitation creates insoluble substances (precipitates) by reacting chemicals (reagents) with heavy
metal ions in wastewater. Alum (aluminum sulfate), iron salts (ferric chloride or sulfate), and lime (calcium
hydroxide) are often used reagents [4]. Lead, cadmium, zinc, copper, and other heavy metals can all be effectively
removed with this method [5].

Besides heavy metals, chemical precipitation can also remove other pollutants like phosphates, fluoride, and
cyanide [6].

The process requires chemicals which can increase the overall treatment cost. The formation of precipitates leads to
the generation of sludge, which needs to be managed and disposed of. Proper operation requires careful control of
pH, temperature, and reagent dosages [4].The effectiveness of chemical precipitation can be limited, especially for
very low concentrations of heavy metals.

1.2 Coagulation-Flocculation

Coagulation is a conventional water treatment technique that is frequently used to treat wastewater and water [7], [8]
because it efficiently lowers water pollutants such chemical oxygen demand (COD), turbidity, color, suspended
solids (SS), heavy metals, oil, and organic matter [9] [10] [11]. High molecular weight compounds that promote
floc aggregation and settling during the coagulation process result in larger flocs [12]. Meanwhile, flocs harden and
settle to the bottom during the flocculation process. The water is further treated by filtering and sedimentation to
eliminate impurities after this coagulation-flocculation step [13] [14].

1.3 Ion exchange

The process of exchanging ions between a liquid phase (wastewater) and a solid phase (ion exchange resin) is
known as ion exchange. Synthetic polymers having charged functional groups that have the ability to bind to heavy
metal ions selectively are known as ion exchange resins. High selectivity for specific heavy metals, can achieve
very low metal concentrations in the treated water, resin can be regenerated and reused [15] relatively high cost,
susceptible to interference from other ions, resin regeneration can generate concentrated waste streams [16]. Studies
are focusing on the development of new and more selective ion exchange resins, including those based on
nanomaterials or biomaterials. Researchers are also investigating the use of integrated ion exchange systems,
combining different resins to simultaneously remove multiple heavy metals.
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1.4 Membrane-Based Filtration
1.4.1 Ultra filtration

Ultrafiltration (UF) uses low transmembrane operating pressure (TMP).Since the pores of UF membranes may be la
rger than those of heavy metal ions, additives may be added to metal ions to enlarge them.
Micellar enhanced ultrafiltration (MEUF) and polymer enhanced ultrafiltration (PEUF) are hence recommended tec
hniques [17].MEUF is created by the bonding of UF with surfactant.Because of its high flux and good selectivity,
MEUF consumes less energy, has high removal efficiency, and occupies less space [18].
MEUF works well with wastewater that has low levels of heavy metals [19].

1.4.2 Nano filtration

Poly-benzimidazole (PBI) was co-extruded by nanofilterarion to generate a membrane. While poly (ether)sulfone
(PES)/polyvinylpyrrolidone (PVP) is inexpensive, more spinnerable, hydrophilic, has superior mechanical qualities,
and is easy to produce porous membranes, PBI offers superior chemical resistance and a distinct charge
characteristic. Lead, chromium, and cadmium were rejected by this membrane at 95%, 98%, and 93%, respectively
[21].

1.4.3 Reverse osmosis

Reverse osmosis is a physical filtration method that employs a higher pressure above the osmotic pressure to force
water through a semi permeable membrane with particular properties in order to filter out unwanted molecules by
pushing a solvent from an area of high concentration to an area of low concentration [22].

Reverse osmosis is not regarded as a practical technique for removing heavy metals from industrial effluent since it
can only remove trace levels of the metals [23]. Using a polyamide thin-film composite membrane TW30-1812-50,
reverse osmosis has been used to remove Cu (1), Ni (II), and Zn (II) [24].

Challenges in Conventional Techniques
Despite their widespread use, conventional techniques for heavy metal removal face several significant challenges:

Material costs - The large volume of chemical coagulation and precipitation and coagulation-flocculation involves
a lot of chemicals and, hence large operational costs. Prices for these chemicals can be volatile and impact
treatment costs.

Adsorbent Costs - Activated carbon and other high-quality adsorbents can be expensive, especially for larger
applications. Operational costs also include reconditioning spent adsorbents.

Membrane Costs - Membrane filtration processes, especially NF and RO, are capital and operationally expensive,
mainly due to the cost of membranes and the cost of replacing them on a frequent basis. Another operational cost is
the cleaning of membranes due to fouling.

Energy Costs - Membrane filtration and other processes such as activated carbon regeneration are energy intensive
processes that contribute to the treatment costs, particularly when energy is costly in the region.

Unselective - Conventional methods tend not to have selectivity towards certain heavy metals, meaning that they
would also remove other desired ions in the wastewater in addition to the targeted metals. This is unsuitable for
certain industrial processes where metal recovery needs to be at an individual level.

Complex Mixtures - The effectiveness of traditional methods for removing heavy metals from wastewater may be
negatively impacted by the presence of pollutants and other interfering elements. These substances may compete
with one another for binding sites or prevent the heavy metals from being absorbed through other means.

Sludge Management Challenge: It can be difficult to dispose of the sludge left over after heavy metal removal,
especially for small and medium-sized businesses that lack the knowledge and technical means to properly handle
and treat sludge.
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1.5 Electrochemical Treatment

The basic idea of the electrochemical process is to use electricity to transfer a current through an aqueous metal-
bearing solution, which also contains a cathode plate and an insoluble anode. In order to handle the heavy metals,
they are precipitated as hydroxides in a neutralized or mildly acidic electrolyte. In this sense, the choice of electrode
material not only provides specific application opportunities but also greatly improves the method's capacity to
battle various types of contaminated substances. Furthermore, the quality of the treated wastewaters would be
determined by the amount of produced ions or charged loading, which is the outcome of current and time [25].
Conductive carbon fibre clothing is commonly used as reinforcement in polymer materials due to its higher specific
strength and modulus than other reinforces [26] [27].

2. Nanotechnology-based wastewater treatment
2.1 Nanoadsorbent based on metal

Metal-based nano adsorbents are inexpensive nanoparticles with potent adsorptive properties. These are mostly
used to remove heavy metal pollutants from water. Among the metal-based nanoadsorbents that have been
extensively studied and demonstrated to have promise in the removal of heavy metal pollutants from wastewater
are ferric oxide, titanium oxide, manganese oxide, magnesium oxide, and aluminum oxides [28].

The high surface to volume ratio of nanosized metal oxides makes them more effective than conventional sorbents.
The adsorbent and adsorbate have a stronger chemical contact as a result.The pH of the solution has a significant im
pact on the quantity of heavy metal adsorption and also controls the surface chemistry of the nanoparticles.Nanoads
orbents based on metals have several benefits.Easy synthesis, reduced toxicity, increased adsorption surface area, a
nd chemical stability are some of these. Because of all these features, these metal oxide nanoadsorbents are unique
and more appealing than other adsorbents [29] [30].

2.2 Carbon nanotube

The carbon nanotubes (CNTs) are cylindrical structures made of graphene sheets with a diameter of less than one n
anometer. They may consist of one or many walled constructions.They are quite strong and sturdy in nature [31] [32]
.The adsorption capacity and selectivity of CNTs can be enhanced by surface modifications, acid treatments, the ad
dition of metals or metal oxides, functional groups or molecules, etc. [33].The addition of functional groups such as

-COOH, -OH, and/or —NH> can improve the adsorption capacity of CNTs. The most common interaction forces
between CNTs and water pollutants include Pi-pi electron coupling, ion exchange, hydrogen bonding, covalent
bonds, hydrophobic and electrostatic interactions, and mesopore filling [34].

2.3 Nano membranes

Membrane filtration is a crucial technique for eliminating impurities from water. Depending on the molecules they
contain and the size of their holes, membranes can act as a physical barrier against contaminants. The reverse
osmosis (RO) method is widely used nowadays to filter water and make it safe for human consumption. In a
similar vein, businesses employ nanotechnology-based membranes to filter out inorganic pollutants like industrial
pollutants from water. The use of nano membrane technology for water purification has several benefits, including
high efficacy, minimal space requirements, and simplicity of use. The filtering capacity can also be increased by
adding suitable chemicals, nanoparticles, or a combination of the two [35].
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Fig. 2 Comparison of the main qualities of the chemical, physical, and biological treatments. The
intersections show common qualities between treatments. Both the efficiency and the exposure time are
related to the removal of metals [36]

3. Biological Treatments
3.1 Bioleaching

This technique has demonstrated promise in the removal of metals because of its affordability, efficiency, and ease
of application [37]. While many microorganisms are known to take part in bioleaching, acidophilus bacteria from
the Acidithiobacillus genus, specifically A. ferrooxidans and A. Thiooxidans, are the two most commonly used
species in this process [37] [38]. These bacteria promote the solubilization of the metals by oxidizing reduced sulfur
(also called elemental sulfur or sulfur compounds) to sulfuric acid and acidifying the media [39].

3.2 Phytostabilization

Phytostabilization lowers the bioavailability of heavy metals (HM) in the environment by immobilizing HM in
contaminated soils with metal-tolerant plants [40]. As a result, they are unable to migrate to groundwater or join the
food chain [41][42], combined four woody plants with organic supplements to investigate the feasibility of
phytostabilizing zinc smelting slag. The results showed that direct vegetation planting in zinc smelting waste slag
decreased the bioavailability of heavy metals (Cu, Zn, and Cd) and increased nutrient accumulation [43].
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Fig.3 Heavy metal uptake mechanism of Phytoremediation technology [44].
Table 1: Different Phytoremediation process for HM uptake (Bian et.al. 2018)

Types of | Scope of application | Mechanism Contaminant

Phytoremediation

Phytovolatilization Volatile contaminants | Volatilization by leaves Organic/Inorganic

Phytostabilization Mining contamination | Complexation Inorganic

Phytoextraction Low-to-medium Hyper accumulation Inorganic
contaminated sites

Rhizofiltration Wastewater Rhizosphere Organic/Inorganic

accumulation

3.3 Rhizofiltration

Plant roots are used in a process called rhizofiltration to remove contaminants from wastewater. HMs can be
absorbed by root exudates, changing the rhizosphere's pH [46]. Zea mays has a greater capacity for Hg absorption
and bioaccumulation, according to a study [47]. The effectiveness of a rhizofiltration device planted with two
species (Kyllinga nemoralis and Phragmites australis) in a sewage treatment facility in KwaZulu-Natal, a province
in South Africa, was evaluated in terms of removing heavy metals (HMs) from municipal wastewater. Different
concentrations of HMs were placed in the rhizofilter's reference and planted sections [48].
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3.4 Bacterial bioremediation

The ability to produce acidic metabolites through acidolysis (the production of organic or inorganic acids),
complexation (the excretion of complexing agents), and reduction (oxidation and reduction reactions) allows
heterotrophic bacteria, specifically Pseudomonas sp., to extract and solubilize metals from non-sulfidic minerals
found in sewage sludge. Heterotrophic bioleaching is currently used mostly for the recovery of metals from sewage,
including gold, silver, titanium, aluminum, nickel, copper, manganese, chromium, and uranium [49].

4. Al and Machine learning for Optimisation

Predictive maintenance and real-time monitoring are only two of the many uses of Al in WTPs. Large volumes of
data gathered from sensors and water quality monitoring equipment can be analyzed by machine learning
algorithms, allowing for the early identification of anomalies or possible problems [50]. WTPs can minimize
downtime and do proactive maintenance by using analytics to predict equipment faults. Water treatment plants can
increase automation, boost energy efficiency, and eventually help communities receive dependable, high-quality
water delivery by integrating Al [51].

Using historical data on heavy metal concentrations, the selected Al models are trained to identify patterns and
correlations that are essential for forecasting and improving adsorption processes. Following successful training,
the models are put through a thorough testing process using fresh data to confirm their efficacy and accuracy in
practical situations [52].

Future Challenges
1. Selective Recovery of Metals

Most current technologies are focused on removing metals, few allow for selective recovery. For example, precious
heavy metals like copper or nickel. The future technology will have to manage cleaning up the environment, with
reclaiming resources; especially in industrial processes for which resource reclamation and metal recycling is more
desirable.

2. Scalability of New Materials

Nanomaterials and bio-derived adsorbents have shown promise in laboratory studies, but face challenges in scaling
larger for application due to limitations in cost, durability, and safe disposal. Making these materials work as
intended is critical at higher scales, but may be difficult if we need to ensure reduced toxicity.

3. Complex Wastewater Matrices

Real wastewater has more than one contaminant, e.g., organic pollutants, dyes, and microorganisms, which can
complicate heavy metal removal. Building robust systems that can process a range of contaminants and variable
contaminant loads continues to remain a significant challenge.

4. Sludge and Waste Management

Most conventional methods, especially chemical precipitation processes, typically create toxic sludge that requires
disposal. Compliance with stringent environmental regulations means that these secondary waste streams will
require lower waste and more sustainable solutions in the future.

5. High Operating Costs

Utilizing energy-intensive techniques such as membrane filtration and electrochemical treatment will entail
significant operating costs. The identification of energy-saving techniques or renewable energy for this process will
be essential for ensuring long-term sustainability.

6. Regulatory and standardization gaps

Lack of internationally harmonized standards of acceptable levels of heavy metals and accredited treatment
methods may hinder the application of new-generation technologies. There is a need for the development of more
cohesive guidelines.
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Future Prospects
1. Hybrid Treatment Systems

By harnessing the fusion of technology like nanomaterials with biological treatment, or Al-based filtration systems,
we can not only increase the efficacy of removal but, also reduce costs and impact on the environment. The
potential for hybrid systems is highly influential.

2. Green Development of Adsorbent

Utilizing biopolymer, crop wastes and bio-synthesized nanoparticles, offers a sustainable and environmentally
friendly way for metal adsorption options. Research in bio-based or biodegradable adsorbents can help completely
transform the field.

3. Al-Based Treatment Process Optimization

Machine learning can help achieve real-time monitoring, predictive maintenance, and autonomous adjustment of
treatment parameters for optimal efficiency. Additionally, Al can also be utilized in the design of new adsorbents
with improved selectivity.

4. Resource Recovery and Circular Economy

Advanced recovery processes can turn pollutants into resources by recovering valuable metals in e-waste
contaminated water, such as gold, platinum or rare earth elements. This helps achieve a circular economy and helps
create some economic value in the treatment process.

5. Portable and Decentralized Treatment System

There is significant potential to enhance portable nanomembrane and modular devices to connect the rising demand
for small, mobile treatment to bring effective therapies to known faraway, or disaster relief regions; thereby,
support off-grid communities and emergency response.

6. Policy-Driven Innovation

Environmental policy, along with economic incentives, pushes industries and researchers to create innovations that
are cleaner and more efficient. Working with business, policymakers can play a vital role in improving innovation
and uptake.

Conclusion

Heavy metal contamination in wastewater poses a significant threat to both our environment and public health. This
review highlights various treatment methods aimed at removing heavy metal pollutants from wastewater. It covers
traditional techniques like chemical precipitation, ion exchange, and membrane filtration, as well as more modern
approaches such as electrochemical methods, nanotechnology, and biological treatments. Each of these methods
comes with its own set of advantages and drawbacks regarding cost, efficiency, scalability, and environmental
impact.

Recent advancements that merge nanotechnology with biotechnology offer exciting possibilities for enhancing
removal efficiency and tackling the challenges that traditional methods face. Additionally, the rise of artificial
intelligence and machine learning is revolutionizing real-time monitoring and predictive control, leading to a new
level of optimization in wastewater treatment systems.

However, despite these advancements, we still grapple with challenges like the complex nature of wastewater
compositions, the need for economically viable operations, poor selectivity, and sludge management. Future
strategies should explore hybrid systems that leverage the strengths of multiple technologies, promote sustainable
and eco-friendly materials, and utilize emerging data-driven technologies to foster intelligent operations. A
multidisciplinary approach, bolstered by robust policy development and collaboration within the industry, will be
crucial in turning innovative research into practical, scalable solutions for heavy metal removal.
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