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Due to its low cost, biosorption technology has been extensively carried out to treat heavy metal-laden wastewater using

biosorbents. The studies on heavy metal biosorption mechanisms and the simulation of mathematical modeling on the

biosorption process have enhanced scientific understanding about the binding between target metal cations and the

functional group on different surfaces of biomasses as a biosorbent.
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1. Introduction

Environmental sustainability has become one of the key goals in the UN’s 2030 Agenda . However, as for one of its

Sustainable Development Goals (SDGs), a sustainable access to clean water is not achievable due to water pollution

from industrial activities that generate effluents with toxic heavy metals . Consequently, this matter undermines the

world’s economic growth and public health. In developing countries, serious water pollution takes place due to the

limitation of appropriate water technologies that result in a low removal of heavy metals . As a result, treated water does

not meet the requirements of the drinking water standard. Currently, about 2 billion people worldwide still lack of access to

clean water for their drinking . Out of these people, only 60% of the population have basic sanitation services .

In spite of the increasing efficiency of water utilization, improper wastewater treatment has contributed to deteriorating

water quality in the developing world, worsening water pollution . This problem results not only in the scarcity of water

resources, but also in the decreasing supply of clean water for public consumption . This is attributed to the presence of

heavy metals such as Cr, Cu, and Fe in municipal wastewater that contributes to water pollution.

Kurniawan et al.  reported heavy metals such as Cr(III), Cd(II), Cu(II), and Zn(II) in wastewater discharged from the

electroplating industry. They seriously threaten public health and the environment . Therefore, the industrial effluent

needs to be treated thoroughly to meet the effluent limits set by legislation prior to its discharge to a water body (Table 1).

Otherwise, the effluents not only contaminate the environment, but also threaten public health, limiting productive

activities .

Table 1. Maximum contaminant level (MCL) of heavy metals in aqueous solutions.

Heavy Metals Potential Health Effects
MCLs (mg/L)

WHO HK EPD China’s EPA 

Cr(VI) Kidney, liver damage 0.05 0.05–0.1 0.05–0.01

Cr(III) Skin rashes      

Hg(II) Teratogenesis, liver, neural damage 0.006 0.001 0.001

Cd(II) Anemia, emphysema, heart disease 0.003 0.001 0.005–0.01

Cu(II) Diarrhea, kidney, liver damage 2 0.05–0.1 1

Pb(II) Anemia, constipation, hypertension 0.01 0.1 0.05–0.1

Ni(II) Cancer, diarrhea, insomnia 0.07 0.1–0.2 0.05–0.1

Remarks: WHO: World Health Organization. EPD: Environmental Protection Department of Hong Kong SAR. EPA:

Environmental Protection Agency of PR China.
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To comply with the effluent limits set by national legislation, a variety of water technologies such as chemical precipitation

and ion exchange have been applied to eliminate heavy metals from contaminated water . However, chemical

precipitation possesses bottlenecks such as the excessive generation of sludge that needs to be disposed of in local

landfills. This adds to the operational cost for sludge disposal .

To overcome the limitations, the search for novel technologies has intensified recently . Recently, due to its low cost,

heavy metals removal has been extensively tested by using biomass through biosorption. This process binds a target

metal from aqueous solutions using certain biomaterials . The sorption can be described as ‘active’ or ‘passive’. Active

sorption such as phytoremediation involves metabolic activities of living biomass, while passive sorption is non-metabolic,

as metal binding is undertaken using functional groups and surface characteristics of cell walls on dead biomass .

Phytoremediation is widely used to accumulate target pollutants in constructed wetlands . For this treatment,

metallothioneins and phytochelatins have been identified as the active units that contribute to heavy metals’ binding by

plants . The active metal binding is more complex than passive sorption in terms of removal mechanisms by

biomaterials .

Recently, passive sorption using algae, bacteria, and fungi biomasses has been employed to sequester metals .

Their works have been carried out at a laboratory scale for bath studies. In a few cases, the investigations were scaled up

using column operations . Although biosorbents have demonstrated high affinity for metals , not many studies

have reviewed heavy metal-binding mechanisms by biosorption technology .

Preliminary works have dealt with biosorption using plant-derived biomass . In spite of their novelty, their

reviews did not provide a complete mechanistic study of biosorption for heavy metal removal. In addition, how to optimize

biosorption performance using mathematical modelings and the elucidation on metal-binding mechanisms were not

elaborated. Despite the widespread applications of the Langmuir and Freundlich isotherm models for wastewater

treatment, only a few studies have employed the surface complexation model (SCM) to study the effects of pH changes

on heavy metal removal using certain functional groups . Therefore, there is a growing need to simulate

mathematical modeling for scaling up the application of biosorption in water treatment.

2. Advances in Water Treatment Using Functional Composites

2.1. Nanomaterials for Water Treatment

The need for water technologies, which do not lead to the production of toxic by-products, has resulted in the applications

of nanoscale materials as adsorbents for environmental remediation. In recent years, cutting-edge research has been

undertaken to synthesize and develop cost-effective and environmentally benign nanomaterials for environmental

remediation . When the nanomaterials are manufactured at atomic scales, they show better properties than starting

materials due to enhanced structures and additional functionalities relevant for degradation or for sequestration . In the

next few years, adsorbents will not only play leading roles in the new generation of environmental technology but also

revolutionize the world in which we live . It is expected that low-cost and eco-friendly nanomaterials capable of

detecting contaminants at an atomic level may substantially help improve public health and protect the environment.

Since existing treatment options are unable to maximize the removal of target contaminants in aqueous solutions, there is

a growing consensus to develop other cost-effective technologies to enhance their treatment performance. The diverse

applications of nanomaterials across a number of disciplines in recent years have responded to the need for an efficient

and effective water treatment . According to , any material can be categorized as nanoscale if it can meet any one of

the following criteria: (1) Development at an atomic scale with length from 1 to 100 nm, (2) the technology creates and

uses structures and/or systems with certain characteristics and functions because of their small sizes, and (3) the

technology has the capability of being controlled or manipulated on a nanoscale level. The requirements underlie the

principle that the properties of matter change at small scales (Figure 1).
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Figure 1. Functional nanocomposites for wastewater treatment.

2.2. Technological Strengths of Nanomaterials

Due to their high porosity and active surface, not only can nanomaterials sequester target pollutants with different

molecular sizes, but they also facilitate the manufacturing process to utilize raw materials efficiently . Nanomaterials

work rapidly and have high metal-binding adsorption capacities, and are regenerated after being saturated .

Currently, the design of environmentally friendly materials, products, and processes with tailor-made properties is based

on the enhanced understanding of their synthesis, physico-chemical properties, and structure–property relationships. This

understanding is essential at a molecular and nanoscale level. For this reason, nanomaterials can be manufactured by

generating small structures from larger pieces of materials (‘top down’ techniques) such as etching to create circuits on

the surface of a silicon microchip. They may be constructed by the arrangement of atom-wise additions into a

nanostructure through physico-chemical interactions between the units (‘bottom up’ techniques). This technique results in

nanomaterials with properties which vary from one to another .

To manufacture nanomaterials with various levels of quality, different methods can be applied to exploit certain properties

of the matter at atomic levels. Because of their tiny framework, the manipulation techniques under certain pH and doses

enable the self-assembly of molecules to form fibrous nanostructures . Because of their nano size, ranging from 1 to

100 nm, the nanoparticles have a substantial surface area to mass ratio, unlike bulk particles such as activated carbon

. Structures such as core/shell nanoparticles and multi-components, resulting from the proximity of nano-structured

components, can demonstrate enhanced properties and new functionality. These properties allow the nanoparticles to

stay suspended for a period of time, allowing them to eliminate target pollutants effectively. For example, a carbon

nanotube was found to effectively eliminate inorganic contaminants .

Apart from their large surface area, due to the electronic density, certain functional groups can be easily attached to

nanoparticles to improve their reactivity toward inorganic pollutants in contaminated water . The key properties enable

nanomaterials to be a powerful precursor to improve environmental sustainability through environmental remediation.

Nanoscale materials provide indirect strategies for water pollution control through enhanced catalytic processes that not

only generate minimum waste, but also produce improved sensors for effective separations.

2.3. Types of Nanomaterials

2.3.1. nZVI

One of the nanomaterials that is commercially available in market is the nZVI particle. With its diameters ranging from 1 to

200 nm, nZVI particles represent the novelty of nanoiron technology for wastewater treatment. Several studies have

reported that iron-based nanoparticles can effectively reduce a large number of recalcitrant contaminants such as heavy

metals . By reacting NaBH  with FeCl ·6H O, Fe(III) is reduced to Fe(0) according to the equation below:

2 Fe(H O)  + 6 BH  + 6 H O → 2 Fe  + 6 B(OH)  + 21 H (1)

Quinn  reported that nZVI particles had a larger surface area (19 m /g) than Fe(0). It was reported that the presence of

boron and the shell thickness enhanced the reactivity of the particles toward target compounds. For this reason, nZVI

could dechlorinate polychlorobiphenyl (PCB) at a removal rate higher than that of Fe(0) powder.
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2.3.2. Dendrimer

Advanced progress in material sciences has also enabled the manipulation of tiny structures called dendrimers to address

water quality problems due to aquatic pollutants. Dendrimers are core-shell nanostructures with a certain composition and

an architecture consisting of nanoscale features . The particle comprises three covalently bonded elements, a core,

and terminal branch cells. Due to its reactivity, this polymer has the ability to serve as a ligand for inorganic pollutants.

Metal–dendrimer complexes can be removed from wastewater by pH adjustment. This enables the particles to be reused

and allows metal recovery for polymer-supported ultrafiltration.

2.3.3. Metal Organic Framework (MOF)

Metal-organic frameworks (MOFs), widely known as porous coordination polymers, as a new class of porous hybrid

materials with reticular structure, have demonstrated promising applications for water treatment such as adsorption,

catalysis, and detection. However, there are still technical barriers to their practical application such as blockage of pipes,

difficulty in recovery, high cost, and potential environmental toxicity .

2.3.4. Nanoporous Materials

Nanoporous materials are another emerging class of nanomaterials used in environmental applications. The materials

were classified according to pore size (diameter) under microporous (less than 2 nm), mesoporous (between 2 and 50

nm), and macroporous materials (more than 50 nm), based on the IUPAC convention . The materials with a diameter

less than 100 nm could be categorized as nanoporous materials, useful in environmental applications. Zeolites are used

in catalytic converters in car exhaust systems, which can filter and degrade harmful exhaust gases . Energy efficiency

and energy saving could be achieved with the application of zeolite, metallic foam, and activated carbon in a heat pump

.

Spherical, well-defined core-shell PEI/PMMA (polyethyleimine/polymethyl methacrylate) nanoparticles represent a specific

molecular type of particles that can be developed for wastewater treatment. In a preliminary work, nanoparticles were

developed from PEI and PMMA, as well as PMMA and chitosan through graft copolymerization  (Figure 2). This

method is not directly employed to immobilize monomers with amine chelating groups. Instead, a two-stage modification

was conducted by involving the grafting of an epoxide-containing glycidyl methacrylate followed by the immobilization of

PEI (Figure 3). The PEI not only improved the dispersion of the nanoparticles, but also brought new properties to the

nanocomposite. Grafted PMMA provided support for the PEI chains in the adsorbent . Further variations in the

structure and functionality of the polymers can be achieved by altering the properties and synthesis techniques for the

precursor chains.

Figure 2. Synthesis route to PEI/PMMA composites.
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Figure 3. PEI/PMMA adsorbents for wastewater treatment.

The applications of PEI/PMMA for water treatment may revolutionize the ways in which we deal with environmental

pollution sustainably. Industries may shift their paradigm in dealing with contaminated water, using less costly and more

eco-friendly products while improving resource efficiency. As nano-adsorbents facilitate a powerful removal of target

pollutants from contaminated water, it is anticipated that they may no longer apply physico-chemical treatments that cost

half of the total treatment cost.

Overall, the applications of the TiO  nanocatalyst, nZVI, or polymeric nanoparticles for treatment of contaminated

wastewater are only the starting point of nanomaterial applications in water pollution control . To advance their

development for water treatment, research collaborations and scientific exchanges among interdisciplinary researchers

need to be undertaken not only to foster mutual partnership across industries and borders, but also to enable the sharing

of tools, knowledge, and techniques .
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