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Wastewater generation and treatment is an ever-increasing concern in the current century due to increased urbanization

and industrialization. To tackle the situation of increasing environmental hazards, numerous wastewater treatment

approaches are used—i.e., physical, chemical, and biological (primary to tertiary treatment) methods. Various treatment

techniques being used have the risks of producing secondary pollutants. The most promising technique is the use of

different materials as adsorbents that have a higher efficacy in treating wastewater, with a minimal production of

secondary pollutants. Biosorption is a key process that is highly efficient and cost-effective. This method majorly uses the

adsorption process/mechanism for toxicant removal from wastewater. 
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1. Introduction

Water is an important natural resource; therefore, it must be preserved. As an important reserve for prevailing flora and

fauna, it is necessary to prevent contamination via organic and inorganic pollutants. However, some technologies used for

this purpose release secondary contaminants or byproducts which further pollute the environment . Therefore, cost-

effective and efficient wastewater treatment technologies are urgently needed . Severe water scarcity is experienced

throughout the world, highlighting the dire need for adequate food production throughout the year to fight hunger,

deprivation, and malnutrition, requiring wastewater reuse for irrigation purposes . Water reuse through industrial

wastewater recycling has gained the scientific community’s interest in the last few decades. Wastewater recycling is of

great advantage in farming activities because it contains an ample amount of nutrients , so its treatment followed by

agricultural application should be conducted with great prudence to ensure it is environmentally friendly, economical, and

increases agricultural output [5].

The challenge in treating wastewater is much greater than it seems. There are two primary sources of contaminants in

wastewater: (i) natural, including but not limited to volcanic activity, soil erosion, and the weathering of rocks, and (ii)

mineral contaminant dispersion through anthropogenic activities, waste disposal sites, urban runoff, mining, the

manufacture of printed circuit boards, agricultural activities, the treatment and electroplating of metal surfaces, fuel

burning, textile dyes, the manufacture of semiconductors, etc., . Wastewater generated from agriculture, industries,

and the household sector contains a varying amount of noxious inorganic (heavy metals and excessive nutrients) and

organic (pigments, polyaromatic hydrocarbons, etc.) contaminants that pose serious environmental and health risks 

. Among the heavy metals (potentially toxic elements or PTEs) and metalloids, PTEs belong to the group of trace

elements with a density > 4 ± 1 g cm . These include copper (Cu), mercury (Hg), cadmium (Cd), zinc (Zn), tin (Sn), iron

(Fe), lead (Pb), silver (Ag), manganese (Mn), chromium (Cr), cobalt (Co), arsenic (As), aluminum (Al), and nickel (Ni) 

 (Supplementary Information Table S1). Due to their persistence, higher mobility, and solubility, wastewater containing

these PTEs is not properly treated and discharged into freshwater resources with various environmental and health

effects. Additionally, these PTEs are taken up by aquatic organisms, crops, and other plant species and make their way to

the human food chain, thereby exerting negative impacts on human health .

Apart from the natural and anthropogenic sources, there are two major types of wastewater pollutants—i.e., organic and

inorganic pollutants. Organic pollutants include pesticides, phenols, herbicides, petroleum, dyes, oils, biphenyls, fats,

proteins, starches, and medicines, while inorganic pollutants contain chemical fertilizers, PTEs, and excessive nutrients.

They cause water quality deterioration and serious environmental problems . To reduce the environmental and

health risks posed by wastewater, multiple technologies are used that are based on varying degrees of treatments,

chemical reactions, and processes, such as membrane filtration, reverse osmosis, chemical precipitation, solvent

extraction, oxidation, and adsorption .
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Among all of the above techniques, sorption using different adsorbent materials is thought to be simpler to execute and

manage and is cost-efficient . In addition to the primary benefits, this process does not cause secondary pollution

from the generation of byproducts . Minerals and organic and inorganic materials that are commonly used as

adsorbents (such as activated clay minerals, carbon, industrial byproducts, zeolite, polymer materials, bio-fuels, farming

waste, etc.) have different adsorption capacities for specific pollutants’ removal from wastewater .

2. Organic Adsorbents for Wastewater Treatment

2.1. Forestry and Wood Waste Adsorbent

Forestry waste (such as tree twigs, branches, leaves, and bark) is accumulated in large quantities in the form of solid

waste and can be used as a feedstock for manufacturing adsorbents for wastewater treatments. Polysaccharides (pectin,

cellulose) and polyphenol complexes (flavonoids, tannins, lignin, terpenes) have specific functional groups in combination

with hydroxyl (-OH) or carboxyl (-COOH) groups with passing ions. These wastes have a high metal ion adsorption

potential through the ion-exchange or chelation process . Various types of forest waste—i.e., bark, chestnut borer,

sawdust, pine pectin, and pine needles—have been used as adsorbents to remove PTEs. Among these biological wastes,

chestnut bur has the maximum absorption value—i.e., 16.18 mg g —and its bark has the value of 9.31 mg g  .

Forestry wastes are also used to make biochar, an absorbent carbon material attained through slow pyrolysis. Biochar

has the highest removal efficiency in removing PTEs—i.e., 264 mg g —from wastewater . It has been reported that

the waste produced from the forest products has been used with an efficacy of more than 69%.

2.2. Agricultural Waste as an Efficient Wastewater Adsorbent

Agricultural wastes are very popular feedstocks for making adsorbents due to their availability and cost-effectiveness.

Agriculture waste has been used for many purposes, as mentioned in  Figure 1. They usually consist of lignin and

cellulose as the main components and have -OH and -COOH groups. These groups can be combined with metal ions by

providing electron pairs to form complexes. Agricultural wastes such as grape straw, tea and coffee grounds, nutshells,

papaya and plant leaves, waste grains, algae, crab apple shells, rice bowls, and sunflower plants have been used by

many scientists to remove PTEs such as As, Cd(II), Cr(IV), Hg, Pb, and Ni. Used tea or coffee powder is an example of

farming waste that is produced in large quantities and needs little or no treatment. As with other biomass waste products,

these wastes symbolize unused resources (Supplementary Information Table S2).

Figure 1. Agricultural waste product usage in different processes.

Agricultural waste-derived adsorbents can be modified by different chemical pre-treatments to increase the potential of

functional groups, thereby increasing the adsorption capacity of adsorbents . Facts have also shown that lignocellulose

biomass obtained from agricultural waste-based products could be an efficient feedstock for the manufacture of

carbonaceous materials such as biochar, which has a higher surface area, pore volume, and pore distribution .

Fruit and Vegetable Peels

In most kitchen waste containers, fruit and vegetable waste and peel make up the highest proportion. Many fruit and

vegetable peels are disposed of in debris or fed to livestock directly. Vegetable and fruit wastes and byproducts that are

produced in significant quantities during industrial processing/secondary product manufacturing constitute a severe
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problem. They must be managed or recycled due to their harmful environmental impact. Fruit and vegetable peels and

skins are a natural, environmentally friendly, and economical source of adsorbents that can eliminate different types of

water contaminants and reduce pollution, and are therefore a renewable and promising resource .

Fruit shells—i.e., coconut shell—contain the dynamic functional groups of -OH and -COOH present in cellulose,

hemicellulose, and pectin which are involved in PTE (Cd, Pb, As, Cr, Cu, and Ni) binding and removal . Feng et al.

  examined the efficiency of fruit shell-based adsorbents to eliminate Cu(II) from galvanic wastewater. In 50 mL of

wastewater samples holding 14.33 mg L  Cu(II) ions, the adsorption efficacy was recorded to be up to 97.1%. To

evaluate the cost-effectiveness, the same process was repeated to check the adsorbent’s reusability, and it was

concluded that the adsorbent could be reused for the same process multiple times .

Santhi and Manonmani  reported that 6 g of adsorbent is enough to remove 90–95% Cr(VI) from the wastewater. The

wastewater pollutant removal rate was increased with an increase in contact time to reach equilibrium after 120 min. The

contaminant removal rate of citrus peel was recorded as 58.97% . Citrus peel (Citrus Nobilis) was also used to remove

PTEs from 10 wastewater samples taken from the battery industry in Londrina (Brazil). For all samples, the remediation

rate of Cu(II), Cd(II), and Pb(II) by bio-adsorption was recorded to be up to 99.9% .

2.3. Peat

The use of peat in wastewater remediation has gained attention in the past few decades due to its high porosity and

adsorptive capacity. Many researchers classify peat into four groups: moor peat, wood peat, herbaceous peat, and

sediment peat . It has the properties of being rich, cheap, and versatile and has a sturdy adsorption capability for

various toxins such as PTEs and organic contaminants . Unprocessed peat contains many integral constituents such

as lignin; cellulose; fulvic and humic acids; and polar functional groups such as alcohols, aldehydes, ketones, carboxylic

acids, and phenol hydroxides . Peat also has a strong cation exchange capacity . Its removal efficiency is higher for

dyes when treated with acids. Peat collected from Panaga, Brunei Darussalam, showed a great affinity for the adsorption

of congo red dye from wastewater.

2.4. Biochar

Agricultural waste-derived biochars have attracted greater attention among cheap and effective adsorbents for

wastewater treatment . They have a porous, stable structure and are an insoluble and carbon-rich solid material

produced by pyrolysis (300–700 °C) under anaerobic conditions . They can be produced from a broad range of

agricultural and other biomass waste products such as crop straws, rice husks, yeast, sawdust, mud, kitchen waste, tea

residue, and many others . Biochar has been adopted as an efficient means of treating wastewater. Its ability to

adsorb PTEs has been studied very critically in the past decade , showing that biochar is inexpensive, environmentally

friendly, and more effective even than activated charcoal. The chemical properties of the biochar surface undergo complex

and unpredictable changes during pyrolysis . Although its low adsorptive efficiency of PTEs restricts its use into the

field of sewage treatment, this is thought to be due to its low porosity, specific surface area, few adsorption sites, and

functional groups .

In general, the remediation of PTEs by biochar containing aqueous solutions may be carried out by physical and chemical

interaction procedures such as the complexation of the outer and inner sphere, electrostatic attractiveness, ion exchange,

and surface precipitation  (Figure 2). Following the results of adsorption kinetic trials and characterization experiments

using Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM-eds), Fourier-transform infrared

spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), etc., the adsorbing process of

biochar on PTEs commonly comprises physical adsorption, electrostatic attraction, ion-exchange, and complexation .
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Figure 2. A schematic diagram of the mechanism of biochar/biosorbent to remediate contaminants.

The interior and surface structure of biochar comprise a blended allocation of macropores, mesopores, and micropores,

whereby biochar maintains PTEs in its internal and surface pore structure. Fourier-transform infrared (FTIR) spectroscopy

imaging has demonstrated that the functional groups of -COOH and -OH changed before and after adsorption because of

complexation with Pb and Cd. The O-metal bond causes the electron density of O  to decrease, which drastically reduces

the bound energy of the O -containing functional groups and improves its stability. The metal interaction can be

interrupted by trembling in the C-C bonds . Additionally, O  which includes functional groups emits H  when ions are

exchanged with PTEs, which leads to a reduction in the pH of the solution. Its surface charge properties are some of the

standards used to determine the power of raw material in the electrostatic adsorbing process (Figure 2). The pH and

redox potential plays a crucial role in the adsorption of PTEs in wastewater .

2.5. Coal Based Adsorbents

Coal is an organic material that contains different minerals. Moreover, organic materials normally make up 85–95% (wt/wt)

of coal’s dry biomass. Coal is a complicated sedimentary rock that mainly consists of the byproducts of plant residues and

their derivatives. It is the source of carbon, although it also has different elements, such as hydrogen, oxygen, sulfur, and

nitrogen. Coal and its derivatives are used not just as fuels, but as precious materials in various environmental protection

processes as well. Coal is cheap and present abundantly, even some countries have numerous reserves of coal as

mines. However, it has exciting properties that make it an efficient adsorptive material for removing various organic

contaminants and PTEs .

Coal can form stable complexes with multiple PTEs because of the -COOH groups and phenol groups connected to its

highly cross-linked aromatic structures. Carboxyl or hydroxyl groups can participate in ion exchange reactions . Arpa et

al.  reported that using inferior Turkish coal has the ability to efficiently remove Hg(II), Cd(II), and Pb(II) ions from

mining wastewater. Karabulut et al.  reported that inferior Turkish coal can also remove Cu and Zn from sewage

sludge. The adsorption phenomenon appears to keep up with the Langmuir isotherm model. An analysis of crude coal and

exchanged coal using FTIR showed that a significant amount of PTEs were removed and seen on the coal surface due to

the development of exchange metal carboxylates. Multiple studies have also been carried out to unveil the removal of Cr

at different oxidation levels from waste solutions by utilizing low-grade coal .

3. Nanomaterials: Potential Use in Wastewater Treatment

Nanotechnology exists within the field of nanoscience. Nanomaterials are the world’s tiniest structures synthesized by

humans, with a magnitude of a couple of nanometers . More specifically, nanoparticles (NPs) are fragments which have

a structural component in a dimension of not more than 100 nm . NPs are being developed in numerous forms, such as

nanowires, colloids, films, quantum dots, particles, and nanotubes . For wastewater treatment, highly effective,

environmentally friendly, and inexpensive NPs with unique functions have been developed to purify industrial wastewater,

river water, groundwater, and drinking water . Due to their unique properties, they can be divided into three types:

nanoadsorbents, nanocatalysts, and nanofilms . Nano-adsorbents can be produced by utilizing atoms of such

components which are chemically effective and possess a high adsorbing capability on their surfaces .
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3.1. Nano-Adsorbents

The use of nano-adsorbents for wastewater treatment is a positive approach for the removal of different contaminants.

The potential of nano-adsorbents has been investigated in recent years. Smaller particle sizes increase their chemical

activity and adsorption capacity . Because of their role in the adsorption process, nano-adsorbents are roughly divided

into different groups. These include metal nanoparticles (NPs), nanostructured mixed oxides, magnetic NPs, and metal

oxide NPs. In addition, the latest developments include carbon nanomaterials, carbon NPs, and carbon nanosheets. In

addition, various types of silicon NPs are being used as nano-adsorptive silicon nanotubes, silicon NPs, and silicon

nanosheets. In one study, nano-tones, polymer-based nanomaterials, nanofibers, and aerogels were some type of NPs

that has been utilized to remove PTEs from wastewater .

Chemical composition, structure, solubility, shape, fractal dimension, size, and surface chemistry are factors that affect the

performance of NPs used as adsorbents . Chemical activities as well as particle size are two important features of NPs.

In comparison to other ingredients (such as titanium dioxide and aluminum oxide on a normal scale), NPs have

outstanding advantages . In addition, NPs may be modified with a specific reagent to improve their pre-concentration

performance for metal ions . The adsorption process will depend upon the adsorption coefficient and the regeneration

and distribution of pollutants in accordance with the equilibrium conditions . In addition, a redox reaction with persistent

inorganic pollutants facilitates the start of the transformation of the ion structure . Still, some scientists agree that

variations in the redox conditions affect the toxic effects of those toxins . The most used NPs as adsorbents for PTEs

are graphene, iron oxide, magnesium oxide, activated carbon, manganese oxide, zinc oxide, titanium oxide, and CNTs

.

3.2. Nanocomposites in Wastewater Treatment

Nanocomposites (NCs) are usually a mixture of components (two or more) with different properties that are usually

processed into a single substance with a comprehensive set of properties . The key advantage of using composite

materials is the ability to combine the characteristics of two materials for certain applications. Under the current

circumstances, NPs have achieved popularity in different areas, such as the construction, aviation, vehicle, and

biomedicine industries . Researchers are focusing on the use of these materials in wastewater treatment .

It is known that NPs have a high surface area to volume ratio and can significantly improve the matrix properties

(metal/polymer/ceramic) of NPs built into them to form composite materials. In recent years, nano particles (NPs) have

been used to remove micropollutants due to their large surface area, adhesion properties, cost effectiveness, antifouling

properties, thermal stability, and excellent mechanical characteristics . A cerium oxide NC structure was developed and

has the possibility to remove carbon monoxide and contaminants from wastewater . Another important strategy for the

use of NCs is to magnetize CNTs with iron (zero valence) and then optimize the adsorption behavior in order to eliminate

nitrates, chlorinated organic toxins, and metals from water .

3.3. Carbon Nanotubes (CNTs)

Carbon nanotubes (CNTs) are widely researched materials that can remediate PTEs and different organic contaminants

from wastewater by an adsorption mechanism . Yet, their inadequate disposability, problems in their separation, and

tiny particle sizes are the problems with using CNT as adsorbents. In order to address these issues, researchers altered

ordinary CNTs to modified CNTs such as multi-walled CNTs . The modified magnetic CNTs have an elevated

disposability and could easily be eliminated from wastewater or applied media with magnets . Various studies have

described the use of multi-walled CNTs to remove Pb, Mn , and Cu . Gupta et al.   examined the adsorption

capacities of treated and un-treated CNTs for Al removal. It was revealed that the coated CNTs showed a greater removal

capacity than uncoated CNTs.

The surface alteration of CNTs can improve their whole adsorptive activity. Numerous researchers have reported various

surface modification techniques, including acid treatment , metal impregnation , and functional molecule/group

transplantation . The modification of the properties of CNTs is another method to improve their efficiency for pollutant

removal. This can be carried out in several ways—e.g., through plasma technology, chemical alteration, and microwaves

. Among these technologies, plasma technology is considered one of the most suitable because of its lower energy

consumption and environmentally friendly process. Chen et al.  described the usefulness of modified CNTs spliced with

different functional groups for the remediation of PTE-contaminated water. In addition, CNTs altered with metals/metal

oxides such as MnO  and Al O  have shown promising results for their adsorption mechanism .
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3.4. Graphene Based Nano-Adsorbents

Besides the utilization of NPs, NCs, and CNTs in wastewater treatment, graphene also has special properties to be used

individually and in combination with other NPs. Graphene oxide (GO) is a carbon nanomaterial with a two-dimensional

structure which is manufactured through the chemical oxidation of a graphite coating . Due to its large surface area,

high mechanical strength, low weight, flexibility, and chemical stability, GO has attracted increasing attention as an

adsorbent for removing PTEs . Ding et al.  effectively used GO in column reactors to remove PTEs from wastewater.

Lee and Yang  modified GO with TiO  and applied hybrid composites to adsorb Zn, Cd, and Pb from wastewater. The

adsorption capacity of the hybrid complex for Pb, Cd, and Zn reached 65.6 mg g , 72.8 mg/g, and 88.9 mg g ,

respectively. Graphene as well as other composite materials displays an extremely high removal of PTEs from wastewater

.

3.5. Magnetic Nanocomposites

Magnetic NCs are a unique category of nanomaterials. They have core-shell nanostructures that can be quickly and easily

restored by exterior magnetic fields. Functional group NPs may be grafted as well as fixed on Fe O  NPs through

chemical bonding or direct deposition . Raw materials which can be coated are Ag, TiO , CNT, GO, Pd, and SiO .

Silicon oxide coating can offer a large surface area as well as echo porosity while at the same time keeping the magnetic

core from erosion (Supplementary Information Table S3). After coating, the resulting magnetic NCs generally show

improved adsorption capacities and have fast kinetics for the removal of pollutants such as PTEs, pigments, phenolic

substances, and microorganisms . In the last few years, Cui et al.  synthesized a sequence of porous magnetic

nanowires based on manganese that have been synthesized to remediate PTEs and various organic contaminants. A

straightforward one-step solvothermal process was also proposed to produce hollow magnetic carbon spheres that are

very effective in removing PTEs.

Jin et al.  concluded that amino acid-modified magnetic NPs can adsorb up to 94% of the bacteria cells in a pH

spectrum of 4–10 within 20 min. Zhang et al.   developed other multifunctional magnetic NPs coated with a

polyethylene core which can inactivate bacteria by penetrating the cell membrane and remove PTEs by chelation. In

addition, these NCs can be regenerated by Ethylenediaminetetraacetic acid (EDTA) and NaOH and reused.

3.6. Combination of Biological-Nano Technology Processes

There are various technologies to harvest algal biomass, such as deposition, centrifugation, and air flotation, in which

condensed chemicals are used as a carrier. However, these technologies cannot be used on a large scale due to their

high costs . In these advanced technologies, membrane technology is the utmost advantageous method for algae

growth and biomass production, in which the cultivation of algae with a high density is only completed by membrane

bioreactors . The advantage of membrane technology is that no coagulants need to be added for membrane filtration,

which promotes the reuse of filtered water and simplifies the separation of algal biomass . Scientific and technical

technologies on a nanoscale show that many existing problems with water quality can be solved using nanostructured

catalytic membranes, nano-catalysts, nano-absorbents, nanotubes, nano-powder, and micro-molecules . These are all

NPs and colloids that have a significant impression on the quality of water in the treatment procedure . A study has

demonstrated that combining wastewater treatment processes with advanced nanotechnology can produce highly

effective water treatment systems . The cultivation of algae in wastewater is one of the most useful approaches for

energy generation and wastewater treatment. Many types of algae show effectiveness due to the presence of PTEs .

Nutrients are mixed with water to form a solution which provide the essential growth conditions required for algae. In

addition, algae biomass is recovered more efficiently than conventional methods without damaging the cells, and the

energy requirement for the algae harvest is less than other methods . Polyvinylidene fluoride, poly sulfone, and

polyether sulfone membranes are widely useful because of their physiochemical stability, although the main problem is

membrane material and the microbial cells between the hydrophobic mechanism and membrane contamination .

Research has indicated that NPs can improve hydrophilicity and decrease membrane contamination—for example, CNTs

and TiO  .

The performance of microbial fuel cells can be improved by using inexpensive NCs such as nanoscale carbon in

electrodes, as electrodes are mechanically stable and have a large surface area, great electrical conductivity, and good

electrochemical catalyst activity . Because of all the unique properties of platinum (Pt), commercial Pt cathode

catalysts can therefore be replaced by CNT/Pt in microbial fuel cells . To increase the adhesion of microorganisms and

decrease toxicity, CNTs were also coated by numerous anemic polymers such as polyaniline and poly-pyrrole to constitute

NCs. These NCs comprise in the negative charged CNTs, which are combined by electrostatic interaction with positively

charged polycationic polymers as microbial fuel cells anodes .
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