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Abstract

Scarcity of fresh drinking water is a reality of today. Population growth, rapid industrialization and urbanization are responsible for water pollution. Removal of contaminants from waste water is become essential to control water pollution. Waste water contains heavy metals, pesticides, dyes in it.  Clay based nanocomposites are found suitable for removal of both inorganic and organic toxic contaminants form waste water. This review will focus on different types of clay used for preparation of nano composites, different types of inorganic and organic pollutants which can be removed by these composites, mechanism of removal of pollutants, advantages and challenges of using clay based nano composites. Future scope of clay based nano composites in waste water treatment is also addressed in the paper.
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1 Introduction

Two third of the earth surface is covered with water; still the people are facing the problem of water scarcity. This situation arises due to outburst in population growth. Rapid increase in population becomes the reason for rapid industrialization, deforestation and urbanization, due to which fresh water sources get polluted. Therefore we have to face the problem of shortage of potable water (Amari et al., 2021; Yadav et al., 2019). Rapid industrialization is responsible for non-degradable inorganic toxic pollutants and organic micro contaminants in water bodies (Amari et al., 2021). Industrial waste water coming out from electroplating, mining, textile, wood processing, petroleum refining, tannery factories generally contains toxic metals chromium, mercury, cadmium, lead, arsenic etc in it whereas the waste water coming out from chemical, dyeing, mining and pharmaceutical industries contain drugs, phenols, plasticizers, polybrominated diphenyl ethers, polychlorinated biphenyls, polynuclear aromatic hydrocarbons, and pesticides (Amari et al., 2021; Ayanda et al., 2016; Oladimeji et al., 2024). The common practice for industries is to discharge their waste into nearby water bodies which pollutes the water sources. Hence it become necessary to remove these pollutants from waste water before they are being discharged in water bodies. Then only we can protect our water sources and can solve the problem of potable water scarcity. 
There are several methods for removal of inorganic and organic pollutants from waste water such as adsorption (M. Siddeeg et al., 2019; Khulbe and Matsuura, 2018; Sahmoune, 2019), electrolysis (Chebotareva et al., 2020), electrodialysis (Al-Amshawee et al., 2020), ion exchange (Liu et al., 2020), reverse osmosis (Couto et al., 2020), conventional coagulation (Skaf et al., 2020), and chemical precipitation (Verma and Balomajumder, 2020). But these methods are having their own advantages and disadvantages. Methods like electro dialysis, electrolysis, ion-exchange and reverse osmosis are efficient methods for removal of pollutants from waste water but at the same time they required costly experimental set up when used on large scale. Coagulation and chemical precipitation methods are good for the purpose, but during these procedure secondary contaminants includes in treated water, which further required removal treatment (Amari et al., 2021). Therefore adsorption is considered as easy to operate and regenerate materials, cost effective and efficient method for removal of pollutants from waste water (Sharma et al., 2009).
Different adsorbents are used for removal of contaminants from waste water such as polymeric resins (Khan et al., 2020), biomass (Coelho et al., 2020), agricultural wastes (Joseph et al., 2021), industrial by-products, silica beads (He et al., 2020), clay minerals, modified clays (Thiebault, 2020), zeolites (Chen et al., 2020), and activated carbon (Nam et al., 2014). Use of nano structured clay based materials as adsorbent are the recent development in the area of waste water treatment. Nano clay is very efficient adsorbent because of their small size. Due to their small size, they have very large surface area for adsorption (Mamalis, 2007).  Large surface area of nano clay composites provides them large number of active sites for adsorption of different chemical entity (Hristovski et al., 2007; Khaleel et al., 1999). In addition to this clay materials are low in cost, easily available in large quantity and environment friendly in nature (Amari et al., 2021). Moreover they exhibit good catalytic efficiency and high chemical reactivity (Yadav et al., 2019). This paper will review the potentiality of nano clay based composites for treatment of waste water.
2 Different types of clay used for preparation of clay based nano composites for waste water treatment
Clays are layered structured polysilicate minerals composed of octahedral aluminum hydroxide oxide and tetrahedral silicate sheets. Kaolinite and serpentine, mica, vermiculite, smectites, pyrophyllite and talc, chlorites, palygorskite and sepiolite are different classes of mineral. Clay minerals are useful for improving the performance of polymeric materials (Amari et al., 2021).  Clay based nanocomposites are stable and have good adsorption and ion exchange capacity. Therefore they are one of the best choices for removal of pollutants from waste water (Figure 1). Montmorillonite (MMT), kaolinite, bentonite, halloysite nanotubes (hnts), illite, palygorskite and sepiolite clays are used for preparation of such composites which are useful for removal of heavy metals, such as Cu(II), Fe(III), Cr(VI), Pd(II), Pb(II), Ag(I), Co(II), Zn(II) as well as bacteria, phenol, tannic acid, pesticides, dyes, etc.. (Amari et al., 2021Bhattacharyya and Gupta, 2008; Yadav et al., 2019; Covaliu et al., 2019). Process of treatment of waste water is shown in Figure1.
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Figure 1: Treatment of waste water through clay based nanocomposites 

3 Removal of inorganic and organic contaminants from waste water by using clay based nanocomposites
Due to structural and functional properties of clay based nanocomposites, they are suitable for removal of inorganic and organic pollutants from waste water.  They remove inorganic pollutants like heavy metals from waste water by ion exchange and surface complexation mechanism whereas they remove organic pollutants like dyes, pharmaceuticals, and pesticides by adsorption and catalytic degradation mechanism.
3.1 Removal of inorganic pollutants
Rapid urbanization and industrialization increases heavy metal (As, Cd, Hg, Pb, Cr, Fe, Zn, Cu etc.) concentration in water bodies. When these toxic metals enters in human body through water intake, it get accumulated in different organs of the body and causes adverse health effects such as organ damage, neurological issues, gastrointestinal issues, cardiovascular problems and an increased risk of cancer, even long term use of water contaminated with lead and mercury can be life threatening. Therefore removal of toxic heavy metals from water is important for welfare of human beings.
Researchers prepared and used different clay based nanocomposites for removal of heavy metals from water. Chitosan–silver nano particle clay composite is found useful for removal of Cu(II), poly-methacrylic acid grafted chitosan–bentonite for removal of Cd(II), Pb(II) and Hg(II), chitosan/attapulgite composites for removal of Cr(III) and Fe(III), chitosan–Al-pillared montmorillonite nanocomposite for removal of Cr(VI), chitosan-grafted polyacrylic acid bentonite for removal of metals like Ni (II), Cd (II), Zn (II), and Cu (II) from water (Azzam et al., 2016; Khalek et al., 2012; Zou et al., 2011; Wang et al., 2016; Kumararaja et al., 2018)

Humic acid-immobilized-amine modified polyacrylamide-bentonite (HA-Am-PAA-B) nanocomposite is found useful for removal of Cu(II), Zn(II) and Co(II) from industrial waste water with removal efficiency of 106.2 mg g−1, 96.1 mg g−1 and 52.9 mg g−1 respectively (Anirudhan and Suchithra, 2010). E-coli-kaolinite nanocomposite is efficient for removal of iron from waste water with removal efficiency of 16.5 mg g−1 (Quintelas et al., 2009). Researchers prepared organomontmorillonite hydrogel nanocomposite for the removal of lead (II) ions from water with removal capacity of 430 mg g−1 (Irani et al., 2015). Chitosan-clay nanocomposite prepared by the researchers is found to be useful for removal of cadmium (II) ions and chromium (III) ions from water with removal efficiency of 72.31 mg/g and 0.25 mg g−1 respectively (Tirtom et al., 2012; Cittan et al., 2014). Epichlorohydrin crosslinker in chitosan-clay nanocomposite, lignocellulose/montmorillonite nanocomposite and starch/sodium montmorillonite nanocomposite prepared by different researchers are found good for removal of nickel (II) from water with removal efficiency of 32.36 mg g−1, 94.86 mg g−1 and 97.1% (Tirtom et al., 2012; Zhang and Wang, 2015; Garcia-Padilla et al., 2020). Epichlorohydrin crosslinker in chitosan-clay nanocomposite is also good adsorbent for removal of cadmium (II) ions with removal efficiency of 72.31 mg g−1  (Tirtom et al., 2012). Polyaniline bentonite composite is useful for removal of uranium (VI) from water (Liu et al. 2018). Thiourea – formaldehyde/ bentonite composite is useful for removal of Pb (II), Mn (II), and Cr (VI) from water (El-Korashy et al. 2016). The cellulose-montmorillonite nanocomposite is used for removal of Cr (VI) from wastewater with maximum adsorption capacity was 22.2 mg g−1  (Santoso et al. 2019). 
Removal of heavy metals by different clay based nanocomposites is summarized in Table 1.

Table 1: Removal of heavy metals by clay based nanocomposites
	Metal ion
	Clay based Nanocomposites used for removal of metal ion
	Reference


	Cu(II)
	Chitosan–silver nano particle clay composite

Humic acid-immobilized-amine modified polyacrylamide-bentonite
Chitosan-grafted polyacrylic acid bentonite
	Azzam et al., 2016

Anirudhan and Suchithra, 2010
Kumararaja et al., 2018

	Zn(II)
	Humic acid-immobilized-amine modified polyacrylamide-bentonite
Chitosan-grafted polyacrylic acid bentonite
	Anirudhan and Suchithra, 2010
Kumararaja et al., 2018

	Co(II)
	Humic acid-immobilized-amine modified polyacrylamide-bentonite
	Anirudhan and Suchithra, 2010

	Pb(II)
	Organomontmorillonite hydrogel nanocomposite
Poly-methacrylic acid grafted chitosan–bentonite
Thiourea – formaldehyde/ bentonite composite 
	Irani et al., 2015
Khalek et al., 2012
El-Korashy et al. 2016

	Fe(III)
	E-coli-kaolinite nanocomposite
Chitosan/attapulgite composites
	Quintelas et al., 2009
Zou et al., 2011

	Cd(II)
	Chitosan-clay nanocomposite
Epichlorohydrin crosslinker in chitosan-clay nanocomposite

Poly-methacrylic acid grafted chitosan–bentonite

Chitosan-grafted polyacrylic acid bentonite
	Tirtom et al., 2012
Khalek et al., 2012

Kumararaja et al., 2018

	Cr(III)
	Chitosan-clay nanocomposite
Chitosan/attapulgite composites
	Cittan et al., 2014
Zou et al., 2011

	Cr(IV)
	Chitosan–Al-pillared montmorillonite nanocomposite
Thiourea – formaldehyde/ bentonite composite
	Wang et al., 2016
El-Korashy et al. 2016

	Ni(II)
	Epichlorohydrin crosslinker in chitosan-clay nanocomposite

Lignocellulose/montmorillonite nanocomposite Starch/sodium montmorillonite nanocomposite

Chitosan-grafted polyacrylic acid bentonite
	Tirtom et al., 2012; Zhang and Wang, 2015; Garcia-Padilla et al., 2020
Kumararaja et al., 2018

	Hg(II)
	Poly-methacrylic acid grafted chitosan–bentonite
	Khalek et al., 2012

	U(IV)
	Polyaniline bentonite composite
	Liu et al. 2018

	Mn(II)
	Thiourea – formaldehyde/ bentonite composite
	El-Korashy et al. 2016


3.2 Removal of organic pollutants

Dyes, pesticides, phenol, organic acids etc. are when present in water, even in trace quantity, they degrade the water quality and it is dangerous for human health. Clay based nanocomposites are useful for removal of these pollutants from waste water. Clay based polymeric nanocomposites are good adsorbent for removal of organic pollutants from water. Presence of polymeric hydrophobic part is helpful in adsorption of organic pollutants. 
Researchers prepared composites by the combination of chitosan and clay (palygorskite, montmorillonite, bentonite, sepiolite) which are useful for removal of tannic acid, methylene blue, congo red, malachite green, amido black 10B, crystal voilet  (Wu and Chen, 2013, Wang et al., 2008; Wang and Wang, 2007; Khalil and Kenawy, 2020; Liu et al., 2015; Mahdavinia and Asgari, 2013). This adsorption follows pseudo second order kinetics and Langmuir adsorption isotherm (Amari et al., 2021). Alginate polymer incorporated clay nanocomposites are useful for removal of phenolic compounds (4-chlorophenol and phenols) from waste water (Hernández-Hernández et al., 2018). Poly-4-vinylpyridine-co-styrene incorporated to montmorillonite clay composite is efficient for removal of trichlorophenol and trinitrophenol from water (Ganigar et al., 2010). Another nanocomposite of modified MMT nanoclay with octadecylamine is found useful for removal of orange G dye from waste water upto 95% in acidic medium (Salam et al., 2017). A composite made up of polyethylene glycol (PEG), acrylic acid and nanoclay is found useful for removal of cationic dye congo red with removal efficiency of 225 mg/l (Bhattacharyya et al., 2015). 
Presence of pesticides in water is dangerous for health because they can cause cancer; adversely affect the reproductive system and causes neurological disorders. Therefore removal of pesticides from water is essential. Researchers found that nanocomposite prepared with poly-4-vinylpyridine-co-styrene with modified montmorillonite is useful for removal of pesticides like 2,4-dichlorophenol and atrazine (Zadaka et al., 2009). Hexadimethrine – montmorillonite nanocomposite was found beneficial for removal of mecoprop and clopyralid anionic pesticides from water (Gámiz et al. 2015).
Dyes are mainly discharged off from textile industries in water sources. Dyes are toxic pollutants which are carcinogenic, cause water borne disease and possess adverse effect on aquatic organisms. Therefore removal of dyes from waste water is necessary.  Researchers found that chitosan - bentonite nanocomposites are useful for the removal of azo dye tetrazine; chitosan - clay magnetic beads are useful for removal of methylene blue, chitosan-clay nanocomposites are useful for removal of Rhodamin-6 G, chitosan modified nano-organoclay is useful for removal of red-141 (Wan Ngah et al., 2010; Bée et al., 2017; Vanamudan and Pamidimukkala, 2015a; Vanamudan and Pamidimukkala, 2015b). Remazol black B dye can be removed from waste water by using PVI-modified Na bentonite composite with maximum adsorption capacity was 230 mg g−1  (Hernández-Hernández et al., 2016). Starch sodium montmorillonite nanocomposite with polyacrylic acid and polyacrylamide is good enough for removal of safranin dye from water (Zarei et al. 2018).
Clay based nanocomposites used for removal of organic pollutants from waste water is listed in Table 2.

Table 2: Removal of organic pollutants by clay based nanocomposites

	Type of organic pollutants
	Clay based nanocomposites used for removal
	References

	Organic acids
	Chitosan clay composite
	Wu and Chen, 2013

	Phenolic compounds
	Alginate polymer incorporated clay nanocomposites
poly-4-vinylpyridine-co-styrene incorporated to montmorillonite
	Hernández-Hernández et al., 2018
Ganigar et al., 2010

	Pesticides
	Nanocomposite of poly-4-vinylpyridine-co-styrene with modified montmorillonite
Hexadimethrine – montmorillonite nanocomposite
	Zadaka et al., 2009
Gámiz et al. 2015

	Dyes
	Chitosan - bentonite nanocomposites
Chitosan - clay magnetic beads

Chitosan-clay nanocomposites

Chitosan modified nano-organoclay
Modified MMT nanoclay with octadecylamine
Polyethylene glycol (PEG), acrylic acid and nanoclay composite

Na bentonite composite
Starch sodium montmorillonite nanocomposite
	Wan Ngah et al., 2010

 Bée et al., 2017 
Vanamudan and Pamidimukkala, 2015a Vanamudan and Pamidimukkala, 2015b
Salam et al., 2017

Bhattacharyya et al., 2015

Hernández-Hernández et al., 2016

Zareiet al. 2018


4 Pollutant removal mechanism of clay based nanocomposites
Different types of mechanisms are involved in removal of pollutants from waste water by using clay based nanocomposites such as adsorption, electrostatic interaction, chemical complexation, filtration, size exclusion and redox reaction. Most common mechanism is adsorption. Clay based nanocomposites have large surface area, on which toxic pollutants of waste water get attached through Vander Waals forces. The efficiency of adsorption is affected by pH, adsorbent dose, concentration of pollutants and time required for removal of pollutants. The porous structures of these composites are also helpful for trapping the toxic pollutants from waste water. In addition to this, clay minerals like kaolinite, montmorillonite etc. are having cations on their surface which get easily exchanged with heavy metal ions during adsorption process. Clay minerals and modified clay nanocomposites have charged particles on their surface, due to which they attract oppositely charged ions from waste water through electrostatic interaction. Moreover the different functional groups present on the surface of clay based nanocomposites such as hydroxyl group, carboxyl group, amine etc. easily interact with pollutants of waste water, form stable complexes with them, making them immobalizable. The nano pores available on the surface of clay based nanocomposites behaves like molecular sieves which trap pollutants from waste water easily. Metal incorporated clay based nanocomposites are helpful in reduction of pollutants and convert them in less harmful oxidation state. In this way they reduce the severity or toxicity of that particular pollutant.  Because of all these mechanisms, clay based nanocomposites are highly efficient material for removal of inorganic as well as organic pollutants from waste water (Stathi et al. 2007; Ayalew, 2022). Mechanism involved in removal of pollutants from water by clay based nanocomposites are shown in Figure 2.
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Figure 2: Mechanism involved in removal of pollutants from water by clay based nanocomposites
5 Advantages of using clay based nanocomposites for waste water treatment
Clay-based nanocomposites have large surface area, which enhance their adsorption capacity.  Therefore inorganic as well as organic pollutants of waste water get easily adsorbed on its surface. Moreover the layered structure of clay is suitable for intercalation and ion exchange mechanism, which is an additional property for their adsorption efficiency. Clay is eco-friendly in nature and available in huge amount on earth. Therefore Clay-based nanocomposites can be produced on large scale economically and can be easily used for removal of pollutants from waste water. During the preparation of nanocomposites, mechanical strength of clay increased and provides stability to the nanocomposites. Presence of different functional group enhances the catalytic efficiency of the clay based nanocomposites which help them in degradation of organic pollutants from waste water. These composites have antimicrobial properties also, therefore they are efficient in removing bacteria’s from waste water, making them suitable to use for drinking purpose. Because of all these properties clay based nanocomposites are perfect material for treatment of waste water discharged from industries, municipality and agriculture run off (Adeyemo et al., 2017; Gao et al., 2015; Yavuz and Saka, 2013; Auta and Hameed, 2012; Ijagbemi et al., 2010). The properties which make the clay-based nanocomposites useful for wastewater treatment are summarized in Figure 3.

[image: image3]
Figure 3: Advantages of using clay based nanocomposites for waste water treatment
6 Challenges in using clay based nanocomposites for waste water treatment
Clay based nanocomposites are very efficient and cost effective material for removal of toxic pollutants from waste water, but there are some challenges which researchers have to overcome for its wide range application in the field of waste water treatment. Removal of toxic pollutants from waste waters through clay based nanocomposites is very much selective process as removal efficiency depends on various factors such as pH, adsorbent dose, temperature, concentration of adsorbate and time required for adsorption. When these composites are used continuously, there is a possibility of degradation of its structure as some pollutants can adhere to its surface strongly. Regeneration of contaminated composite is difficult. In such case these materials cannot be reused for waste water treatment and every time fresh adsorbent is required for pollutant removal process. This fact in turn increases the cost of use of such composites. Furthermore modifications of nanocomposite also enhance the production cost of material. Disposal of used nanocomposites is also a big challenge because used nanocomposites are contaminated with toxic pollutants. Therefore they require a proper disposal management to protect the environment and human beings from these pollutants (Mukhopadhyay et al., 2020; Ayalew, 2022). These challenges are summarized in Figure 4.
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Figure 4: Challenges in using clay based nanocomposites for waste water treatment

7 Future scope of application of clay based nanocomposites for waste water treatment
Clay based nanocomposites have potential application in the field of waste water treatment as they have high surface area, good porosity and efficient adsorption properties. They are capable of removing toxic heavy metals as well as organic pollutants from the effluents coming out from sewage and industries. Further research can be done for enhancing the performance of these materials by modifying the surface area, incorporating different materials and developing easy and economical synthesis mechanism. Future research in this area should also include real-time monitoring capabilities and regeneration and recycling process. Then only these composites can be used widely to scale up the waste water mechanism. As clay is environment friendly in nature, clay based nanocomposites are important for development of economic and sustainable water treatment technology. 
8 Conclusion
Clay based nanocomposite has potential application in waste water treatment. These composites have large surface area, porous structure and very good adsorption efficiency. Therefore they are suitable material for removal of toxic pollutants (both inorganic and organic) from waste water. The waste water coming out from different industries contain heavy metals in them which are toxic for human health. Clay based nanocomposite have charges on their surface which can be exchanged with heavy metal ions. Modified clay based nanocomposite have functional groups like carboxyl, hydroxyl, amine etc. and these groups have strong affinity for heavy metals. Therefore the toxic heavy metals can be easily removed from waste water by using clay based nanocomposites. The waste water coming out from textile and leather industries generally contains dyes in them. Waste water from pharmaceutical and pesticide industry contain organic pollutants in them. Clay based nanocomposites are suitable for removal of dyes, pesticides and other organic pollutants from waste water. Hence clay based nanocomposite are highly effective for waste water treatment. Regeneration, structural stability, scalability, environmental impact, health impact and disposal management are still some challenges in the use of clay based nanocomposite for waste water treatment which needs to be addressed. Advance research in the area of improved synthesis methods, recycling process and disposal management can bring revolution in this field. Along with the research, systems have to be developed for integration of clay based nanocomposite with existing waste water treatment technology for its wide range applications. Thus it can conclude that clay based nanocomposite are promising option for waste water treatment because of their huge availability and multifunctionality. On-going research in nanoscience will make it a sustainable approach for treatment of waste water in future.
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