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Resumen

El agua es una necesidad universal que ha sido reportada por las Naciones Unidas (ONU) y la Organización Mun-

dial de la Salud (OMS) como una prioridad. Existe una necesidad apremiante de acceso gratuito al agua potable 

para las poblaciones de los países en desarrollo. Además, las fuentes de agua de los países desarrollados también 

requieren atención debido a la presencia de un alto nivel de contaminantes emergentes. Por lo tanto, la nanotecno-

logía parece ser una herramienta poderosa que podría usarse como sensores, fi ltros, superfi cies antibacterianas y 

nanoantimicrobianos. En esta revisión, hemos discutido la aplicación de las nanopartículas y los nanocompuestos 

para el tratamiento de aguas y aguas residuales. Además, el impacto de las nanopartículas libres como contami-

nantes emergentes en las plantas de tratamiento de agua, así como en las aguas subterráneas, merece más estudios.

Palabras clave: Contaminantes del agua, nanotecnología, sensores, fi ltros, superfi cies antibacterianas, nanopar-

tículas, nanocompuestos.
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Abstract

The water is a universal need that has been reported by the United Nations (UN) and World Health Organization 

(WHO) as a priority. There is a pressing need for free access to drinking water for populations from developing 

countries. Furthermore, the water sources of developed countries also require attention due to the presence of a 

high level of emergent contaminants. Therefore, nanotechnology appears to be a powerful tool that could be used 

as sensors, fi lters, antibacterial surfaces, and nanoantimicrobials. In this review, we have discussed the application 

of nanoparticles and nanocomposites for water and wastewater treatment. Moreover, the impact of free-nanoparti-

cles as emergent contaminants in water treatment plants as well as groundwater warrants further studies.

Keywords: Water contaminants, nanotechnology, sensors, fi lters, antibacterial surfaces, nanoparticles, nanocom-

posites.

1. Introduction

Water is one of the most important compounds that 

greatly infl uence life (1). Groundwater is used for do-

mestic, industrial, and also for irrigation purposes, all 

over the world. Water also plays an important role in 

shaping the land and regulating the climate. During the 

last few decades, there has been a tremendous increase 

in the global demand for freshwater as well as sewa-

ge treatment due to the rapid growth of population and 

the accelerated pace of industrialization (2). Those de-

mands also shed light on waterborne diseases that can 

rapidly spread and affect several countries, as an exam-

ple of last cholera outbreak(3). According to the report 

of WHO, about 80% of all the diseases in human beings 

are caused by waterborne pathogens. Considering that, 

once the groundwater is contaminated, its quality can-

not be restored easily(4). 

The water quality index is one of the most effective 

tools to communicate information on the quality of 

water to the concerned citizens and policymakers. Hen-

ce, analysis of the water quality is very important to 

protect citizen’s health, as well as to preserve the natu-

ral ecosystems of each country(5). Besides that, reports 

from various agencies such as the United Nations (UN) 

and its other divisions (UNESCO, and FAO) provide the 

data on water consumption in the world. According to 

their reports, the distribution of available water world-

wide can be 70% for agriculture, 20% for industry, and 

10% for domestic use. Providing high-quality water for 

agricultural use has been the major challenge due to the 

increased production of industrial waste and chemicals 

released into the water bodies (6). It was reported that 

in developed countries having huge industrialization, 

more than half of the water available for human use is 

consumed by the industries. From UNESCO’s report, 

it is clear that the withdrawal of freshwater was three 

times more in the last 50 years because the demand for 

freshwater is increasing by 64 billion cubic meters a 

year (7). The possible reasons for an increase in global 

demand of freshwater are as follows: (i) the world’s po-

pulation is growing by roughly 80 million people each 

year (ii) modifi cations in lifestyles and eating habits 

in recent years need more water consumption per ca-

pita (iii) the production of biofuels has also augmen-

ted abruptly in recent years, with substantial impact on 

water demand. Between 1,000 and 4,000 liters of water 

are required to produce a single liter of biofuel, and (iv) 

energy demand is also accelerating, with corresponding 

implications for water demand (6). 

Considering the water and wastewater treatment pro-

blems, nanotechnology appears as an important tool to 

improve water quality, quick detection of pollutants, as 

well as to the removal of recalcitrant/emergent contami-

nants from water and wastewater. Nanoparticles present 

unique properties that allow their application in several 

areas. Along with this, we will discuss nanotechnolo-

gical solutions for water and wastewater treatment, as 

well as some concerns related to the toxicity of nano-

particles. To understand the main problems regarding 

water and wastewater pollutants, this review also dis-

cusses the source, environmental effects, and traditio-

nal mechanisms for treatment and removal of aquatic 

pollutants.

2. Main contaminants of water

Clean potable water is one of the important fundamental 

requirements for a healthy human population. However, 

nowadays, the contamination of water resources repre-
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sents one of the major concerns of the modern world. The huge industrialization, excessive use of chemicals in va-

rious applications as well as scientifi c and technical development are collectively responsible for the generation of 

numerous unwanted contaminants (organic, inorganic, and pathogens) which has ultimately increased the burden 

of pollutants in drinking water in developing and developed countries (8–11). As mentioned above, organic and 

inorganic contaminants are the major class of the pollutants of water resources, along with microbial pathogens, 

which are briefl y discussed here (see Figure 1).

Figure 1: Schematic representation of the components of water contamination. The 

organic, inorganic, and microbial contaminants together lead to contamination of 

water.

2.1. Organic contaminants

A variety of organic contaminants generated from various sources are also responsible for the contamination of 

water. Among the organic contaminants, the wastewater generated from dye industries poses major problems 

because generally, it contains acids and bases, dissolved organic solids, toxic chemicals, and also dyes. Coloured 

chemicals can be easily recognized as they are visible, whereas, other contaminants are diffi cult to identify. Mo-

reover, it was demonstrated that the removal of many textile dyes by traditional treatment methods from the waste 

is very challenging as they showed stability towards light and resistance to oxidizing agents as well as aerobic 

digestion (12,13). Phenolic compounds, such as nitrophenols and chlorophenols are other important contaminants 

of water resources that originated from various industries. Phenolic compounds can create serious health problems 

when entered into the food chain as water pollutants. It is also reported to affect the taste and odour of fi sh and 

drinking water at a very low concentration (14). Karakoyun et al (15) developed different biochars, which can be 

used for the removal of aqueous phenols from the wastewater. Pesticide and polycyclic aromatic hydrocarbons 

(PAH) have attracted great attention as they are responsible for serious health issues. These compounds are mostly 

used in agriculture for the control of pests and therefore, easily get entered into the water resources like wells, 

ponds, etc. Khim et al(16) analyzed 32 water and sediment samples collected from different locations in Ulsan 
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Bay of South Korea and adjacent inland areas for the 

presence of various organic pollutants, such as polycy-

clic aromatic hydrocarbons (PAHs), nonylphenol (NP), 

octylphenol (OP), bisphenol A (BPA), organochlorine 

(OC), various pesticides, and polychlorinated biphenyls 

(PCBs). The results showed that the presence of all the 

above-mentioned pollutants in varying concentrations. 

The concentration reported for PAHs was about 17 to 

3,100 ng/g on a dry weight basis (DW). Whereas, the 

concentrations of NP, OP, and BPA in sediments were 

found to be 1040, 120, and 54 ng/g (DW), respectively. 

Besides, some other important pesticides include orga-

nophosphorus, organochlorine, carbamate, triazine, and 

chlorophenoxy acid compounds which were reported in 

the samples. Therefore, in nutshell, it can be said that if 

such contaminated water is used either for drinking or 

daily household purpose then it is hazardous for human 

health. Moreover, if such water is released into any kind 

of water bodies then it will cause harmful effects to the 

fl ora and fauna thereby affecting the complete ecosys-

tem. 

Another compound, dibromochloropropane, a soil fu-

migant used to control nematodes has been commonly 

reported in water resources (17). These chemicals usua-

lly possess the potential for bio-magnifi cation and bio-

accumulation. In both cases, such chemicals can have a 

tremendously hazardous effect on humans and the en-

vironment. Lindane, or γ-HCH (hexachlorocyclohexa-

ne), an organochlorine pesticide (gamma isomer of 

1,2,3,4,5,6-HCH), is used all over the world for con-

trolling various agricultural pests. However, this com-

pound is known to be bioaccumulated, causing cancer 

and disturbing the homeostasis of the endocrinal sys-

tem (18). However, Maes et al proposed solutions like 

metal-organic frameworks (MOFs) for the extraction of 

phenol and p-cresol from contaminated water based on 

the isotherm for phenol uptake from the liquid phase 

mechanism to minimize the adverse effects caused due 

to such organic contaminants (19). Chemical pesticides 

used for agricultural purposes are always threat to the 

ecosystem. Generally, it is observed that they either get 

wash away with the rainwater so that they will reach 

the rivers and large water bodies thereby making it non-

habitable for the aquatic animals and plants. Secondly, 

such pesticides can also get percolated and contamina-

te the groundwater. Such contamination will make the 

groundwater non-potable / non-drinkable. Overall, the 

overuse of pesticides for agricultural purposes can re-

sult in the contamination of all water bodies.

2.2. Inorganic contaminants

Heavy metals pose serious health threats even at very 

low concentrations. Some are cumulative poisons, ca-

pable of assimilation, storage, and concentration by 

organisms exposed long periods to low concentrations. 

Eventual metal built-up in tissues can cause harmful 

physiological effects. The heavy metals appear to be the 

main pollutants in this century (20). Discharged heavy 

metals are responsible for a serious threat to human, 

animal, and plant health and natural water. According 

to Järup (21), various heavy metals like lead, cadmium, 

mercury, arsenic, and many others have been extensi-

vely used by humans for thousands of years. Different 

studies carried out all over the world including WHO, 

United States Environment Protection Agency (US-

EPA) demonstrated the presence of heavy metals such 

as arsenic, cadmium, chromium, copper, iron, lead, 

manganese, nickel, zinc, etc. in water resources which 

are found to be toxic (10,22,23). 

Many studies reported that diverse functions of wet-

lands and other water resources are being adversely 

affected by human activities. For example, Harike wet-

land, Punjab, India is one of the important wetlands as 

it provides a signifi cant site for diverse fl ora and fauna. 

Brraich and Jangu studied the intensity of heavy metal 

pollution particularly toxic metals in Harike wetland 

that occurred due to discharge from various industries 

(24). The report suggested that this wetland is highly 

polluted due to the rapid industrialization, urbanization, 

and dumping of solid wastes. Further analysis showed 

the presence of lead, chromium, iron, copper, nickel, 

zinc, and cadmium which have drastically deteriorated 

the quality of water. Among these, the concentration of 

many metals was found to be higher than the interna-

tional standards. As mentioned earlier, such a quality 

of water is not safe for various aquatic life and is even 

unfi t for human drinking and irrigation purposes. Mo-

reover, many other recent studies carried out worldwide 

reported the contamination of water resources by heavy 

metals (25–29).

2.3. Microbial contamination

Microbial contamination of water continues to be a ge-

neral problem across countries and is one of the main 

causes of illness and deaths with 37,7 million affected 

by waterborne diseases yearly. Ashbolt reviewed that 

poor quality drinking water, sanitation and hygiene are 

collectively responsible for about 1,7 million deaths per 

year worldwide mainly due to the infectious diarrhoea 

(31,32). Most important is, 90% of deaths are in chil-
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dren and virtually all of the deaths are in developing 

countries. Major enteric pathogens in children include 

Rotavirus, Poliovirus, Campylobacter jejuni, Escheri-

chia coli, Shigella spp., Vibrio cholerae, Aeromonas 

spp. Clostridium diffi cile and Cryptosporidium parvum. 

Also, microbes like Helicobacter pylori and Burkholde-

ria pseudomallei, are prominent in some regions. Whe-

reas, in adults, Entamoeba histolytica, Giardia lamblia, 

Hepatitis viruses, C. jejuni as well as H. pylori and 

hookworm (Ancylostoma duodenale) are the emerging 

waterborne pathogens. 

A study carried out for the determination of bacterial 

contamination in rural areas of Beijing, China demons-

trated the bacterial contamination in drinking water. 

The analysis was carried out to determine the total 

bacterial count, total coliforms, and E. coli and the re-

sults obtained showed the presence of 88,000 CFU/mL, 

1,600 MPN/100 mL, and 1,600 MPN/100 mL count 

respectively, which explains the quality of water (33). 

Moreover, the results of many other studies revealed the 

severity of water contamination by various microbial 

pathogens and their hazards to all forms of life (34–38). 

Problems in drinking water quality include the presen-

ce of organic, inorganic, and microbial contaminants in 

excess concentrations, which are the cause of various 

water-borne diseases. Since it is very diffi cult to pre-

vent these contaminants from draining into the drinking 

water sources, the only way to maintain safer water bo-

dies is to develop effi cient purifying technologies. To 

date, many technologies have been developed for puri-

fying the water. Some of them are traditional methods 

which are effi cient up to some extent and others are re-

cent techniques which have certain advancement to the 

traditional techniques overcoming their lacunae. 

3. Traditional methods of water and wastewater 

treatment 

The prime objective of water treatment is to get safe 

and potable water. An adequate supply of pure water is 

essential to human existence. The available raw water 

must be treated and purifi ed before it is supplied to 

the general public for their domestic, agricultural, in-

dustrial, or any other use. To purify water, a series of 

treatment processes such as coagulation, sedimentation, 

fi ltration, and disinfection are used. Furthermore, the-

re are some other techniques such as activated carbon, 

alum, and chlorine treatments. Briefl y, activated carbon 

acts as adsorbent useful for the removal of toxic orga-

nic and volatile compounds and those responsible for 

unpleasant taste and odour in the water, as well. (39). 

Moreover, selective removal of radioactive materials 

like uranium can also be effi ciently achieved using this 

technique (40). In another hand, alum is generally used 

as a fl occulant to remove unwanted colour and turbi-

dity from water supplies. Along with those treatments, 

chlorination is used for water disinfection. It is gene-

rally carried out by adding chlorine (Cl
2
) or hypochlo-

rite to water. As the chlorine is strong oxidizing agent 

chlorine treatment is highly effective against almost all 

waterborne pathogens, with some exceptions like Cryp-

tosporidium parvum oocysts and mycobacteria species 

(41,42). Ultimately, chlorination of water helps to con-

trol the spread of waterborne diseases such as cholera, 

diarrhea, typhoid, etc. 

Considering the overall limitations of traditional me-

thods, scientists are trying to develop novel, effi cient, 

and economically viable procedures for the treatment 

of water which should achieve a high degree of purity 

in less time. Nowadays, nanotechnology is emerging 

with great impact and has been used for the treatment of 

water by using various nanomaterials.

4.Nanotechnology for water and wastewater 

treatment

A wide range of applications connected with nanote-

chnology in nearly all fi elds, make it a very important 

and emerging technology. Therefore, the application of 

nanotechnology in water and wastewater treatment is 

gaining ground in both developing and developed coun-

tries. Studies carried out proved that the metal nanopar-

ticles like silver nanoparticles (AgNPs), gold nanoparti-

cles (AuNPs), etc. and other nano-based materials such 

as nanomembranes / nanofi lters would be helpful for 

the development of new water treatment technologies, 

which can be used to mitigate water-related problems 

such as waterborne pathogens, biofi lm formation, as 

well as the removal of toxic heavy metals, etc.(43).

4.1. Nanoparticles and nanocomposites as adsor-

bents for removal of contaminants

Adsorption is employed to remove organic and inorga-

nic pollutants from water and wastewater. This process 

is dependent on materials’ surface area as well as its 

active centers that will determine the type of conta-

minants in which those materials will interact. Nano-

adsorbents have the advantage to provide high specifi c 

surface area, strong sorption, as well as high reactivity 

and short intra-particle diffusion distance. NPs can also 

remove recalcitrant pollutants from water. Carbon na-
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nostructures (CNS) are important materials to interact 

with organic or hydrophobic pollutants (44,45). In this 

regard, carbon nanotubes (CNTs) were one of the fi rst 

CNS used for the adsorption of pollutants (46). Indeed, 

the high surface area provides potential to adsorb con-

taminants such as complexes of benzene, toluene, and 

xylene (BTX) (47) and trihalomethanes (THMs)(48, 

49). However, in the aqueous medium, CNTs form bun-

dle (50) that decreases its effective surface area, and as 

a consequence, could affect its adsorption capacity (51). 

Nevertheless, those aggregates present high adsorption 

energy sites through its interstitial spaces and groves 

created during this aggregation process. CNTs are more 

effi cient adsorbent than activated carbon (AC) in the 

same condition and same surface area (52). 

Another advantage of CNTs is its functionalization that 

generates new functional groups at the external surfa-

ce. These groups can also promote better dispersion at 

the water, as well as, creation of hydrogen bonds with 

hydrophilic pollutants, such as antibiotics (53), hor-

mones (54), and cations of heavy metals (55), among 

others. Despite its great adsorption capacity, CNTs need 

an immobilizing matrix (56) to avoid its spreading at 

potable water or wastewater with the potential produc-

tion of secondary contaminants by interaction with the 

recalcitrant pollutant. Thus, functionalization of CNTs 

with specifi c functional groups (e.g. carboxylic acids, 

amides, amines, phenols, etc.) with the creation of com-

posites, allows targeting of special contaminants (e.g. 

pesticides) as well as its use into sensors (28,57) or 

photocatalytic materials (58). In as much, those applica-

tions need a small quantity of CNTs for high effi ciency. 

Compared to CNTs, graphene oxide (GO) and reduced 

graphene oxide (RGO) have demonstrated exceptional 

adsorbent capacity (59,60) Their advantage over CNTs 

consists of generation of self-supported materials (61) 

as well as, in the case of GO also has shown the natural 

presence of functional groups at its surface (62). In this 

regard, Yang et al (63) interacted GO with solutions of 

CuCl
2
 and observed its immediate aggregation confi r-

med by UV-Vis spectra, which showed a peak at 800 

nm that corresponds to  Cu2+. Likewise, a complemen-

tary experiment for the interaction of GO with Na+ was 

performed (with equivalent ion strength) that showed 

electrostatic interaction instead of aggregation; indica-

ting that, GO could be useful for selective removal of 

Cu2+.

Mishra and Ramaprabhu applied hydrogen inducted 

exfoliation to synthesize graphene sheets which are si-

milar to the common water fi lters (64). Those materials 

were used for simultaneous removal of species of arse-

nic and sodium from aqueous solution. Additionally, the 

membranes were used for desalination of seawater (Na+, 

Mg2+, Ca2+, K+). Both applications were successful for 

the removal of almost 60% of all studied cations. These 

preliminary data encourage the application of CNS into 

the pre-concentration of metals, as well as obtainment 

of multifunctional nanocomposites.

CNS application into water and wastewater treatment 

is not limited to the adsorption of heavy metals or des-

alination. CNSs have been used to adsorb dyes, antibio-

tics, among others from water (65). Thus, anthraquino-

ne dye, Reactive blue 29 (RB29), were removed from 

water by advanced oxidation process that also results in 

a sub-product with high interaction in CNT’s curvature 

zone (66) known as a region of high energy at CNTs. 

Furthermore, Fan et al (67) removed methylene blue 

from water combining chitosan with GO. 

Inorganic nanoparticles (e.g. iron oxide, titanium dioxi-

de, among others) also play an important role in the 

adsorption of contaminants from water because of its 

low-cost production and high interaction with cations 

of heavy metals. Magnetic iron oxide nanoparticles 

(magnetite) are gaining considerable attention from 

the scientifi c community regarding its application into 

water and wastewater treatment as a result of its high 

biocompatibility and safe degradation by environment 

(68,69). Therefore, those NPs have been used for arse-

nic removal from water (70). Thus, by controlling its 

size it was also possible to increase the adsorption ca-

pacity of arsenic up to 100 times. Such adsorption was 

also attributed to the “nanoscale effect” which change 

nanoparticles surface creating new sites for adsorption. 

For instance, Fe-S nanocomposite was shown to remo-

ve cadmium up to a greater extent as compared to the 

pure adsorbents. In this case, the adsorption rate rea-

ched over 98.5%  at pH 7, resulting in the fast removal 

of cadmium from water (71). Moreover, by dramatica-

lly size decreasing (below ~40 nm), magnetite can turn 

from magnetic to supermagnetic nanoparticles having 

high magnetic susceptibility. Superparamagnetic iron 

oxide nanoparticles (SPIONS) have been used to adsorb 

ions of heavy metals,(72), as well as other inorganic po-

llutants (73). However, the main application of SPIONS 

into water treatment depends upon functionalization at 

its surface. Indeed, silica core-shell SPIONS are an in-

teresting platform for trapping complexes or emergent 
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contaminants (74). 

Although each nanostructure described above shows 

exceptional properties for adsorption of several types 

of contaminants from water and wastewater, they also 

show limitations that involve cost of production, low 

dispensability at water, need of physical support for 

water fi ltration or pollutant aggregation. In this regard, 

nanocomposites are important since they combine pro-

perties from NPs with other materials or from two or 

more nanoparticles. Thereafter, the application of na-

nocomposites into water decontamination has been ex-

tensively reported. Thus, Qin et al reported adsorption 

of rhodamine B (RhB), a traditional dye, by using na-

nocomposites made of reduced graphene oxide (RGO) 

and SPIONS (75). This nanocomposite was obtained by 

in situ technique that GO was added into SPIONS’ syn-

thesis medium. In the same environment, GO was redu-

ced by the addition of ammonium hydroxide. These na-

nocomposites were effi cient to adsorb RhB, and for its 

re-utilization after regeneration by methanol washing. 

These data suggest the application of SPIONS@RGO 

nanocomposites into pre-concentration of RhB. Herein, 

SPIONS also have been coated with polystyrene (PS) 

to remove oil spills from water (76). In this case, it was 

taken advantage of the high hydrophobicity of those 

nanocomposites aiming oil adsorption with subsequent 

removal by aggregation under the action of a magnetic 

fi eld.  

The application of cited nanocomposites depends on 

secondary steps for water cleaning, that means, use of 

centrifugation, aggregation by a magnetic fi eld, or fi l-

tration of the mixture (water/nanocomposites) through 

water fi ltration membrane. Furthermore, those nano-

composites are specifi c for some organic contaminants 

or unique cations of heavy metals, which also increase 

the cost of water treatment. In this context, Alves et al 

(77) developed self-supported nanocomposites made of 

cerium hydrogen - phosphate (CeP) and functionalized 

CNTs and GO. These nanocomposites were capable to 

remove several cations of heavy metal from water, even 

when they were into a mixture as well as at different 

pH. The advantage of such nanocomposites includes a 

self-supported character that avoids additional steps for 

water decontamination. Indeed, decontamination oc-

curs by fi ltering the water or wastewater through the 

composite which exhibited similarity with fi lter papers.  

4.2. Nanoparticles with photocatalytic activity for 

water and wastewater decontamination 

Alternatively, to adsorb contaminants from water and 

wastewater, NPs have been used as photocatalyst mate-

rials to degrade contaminants. It is observed that the ex-

tracellular polymeric substance of bacterial cells is res-

ponsible for the development of resistance against the 

antimicrobial activity of catalyst through the bacterici-

dal activity of photocatalyst. Hence, during wastewater 

treatment, removal of such extracellular material from 

bacterial biofi lm could help the antimicrobial activity 

of photocatalysts (78). In this regard, nano - titanium 

dioxide (TiO2) is commonly deposited on surfaces ai-

ming photodegradation of compounds such as phenols 

(79), volatile compounds (VOCs) (80), dyes,(81). 

Furthermore, Chong et al (82) used TiO
2
 and nano - ti-

tanium dioxide in photocatalytic membranes for lar-

ge - scale water decontamination. Other NPs such as 

ZnONPs (83) and AuNPs (84) have been also applied 

to photocatalysis; however, their cost of production still 

elevates.

4.3. Nanoparticles and nanocomposites as sensors 

for contaminant monitoring

An important step of water and wastewater treatment 

consists of pollutant detection. Several techniques (85) 

and sensors (86,87) have been used with this aim. Ne-

vertheless, NPs are changing the way of pollutant de-

tection. AuNPs have been extensively used to detect 

ions of heavy metals from water and wastewater. In this 

regard, Ding et al (88) developed a new method for vi-

sual detection of Hg2+ by anti-aggregation of AuNPs. 

That means Hg2+ acts as a competitor to interact with 

the aggregating agent (cysteine) of AuNPs. This tech-

nique could be useful for qualitative assays for fi eld 

identifi cation of Hg2+ into water. Similarly, Li et al (89) 

developed a colorimetric technique for Hg2+ detection 

from water, using the anti-aggregation of AuNPs by the 

interaction of Hg2+ with O-phenylenediamine (OPD); 

a known aggregation agent of AuNPs. Briefl y, citrate- 

stabilized AuNPs get aggregated in presence of OPD; 

however, when the water is contaminated with Hg2+, 

such aggregation doesn’t occur (Figure 2-a) and the co-

lour of the solution turns into pink (Figure 2-b).
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Figure 2: Schematic representation of (a) Hg2+detection mechanism by the interaction of Hg2+ with OPD and 

non-aggregation of AuNPs; (b) detection system (AuNPs / OPD) in presence of several ions, showing the high 

specifi city of OPD by Hg2+.

Due to its high toxicity, the detection of Hg2+ was also 

the aim of research teams that study the application of 

AgNPs for water treatment. They can be used as a se-

lective colorimetric sensor for the detection of Hg2+ by 

adding a solution at AgNPs dispersion followed by in-

cubation at room temperature. Indeed, the presence of 

Hg2+ at water would destroy AgNPs and release Ag+, 

which is visually detected (90). The same approach was 

tested for other cations, however, the visual colour chan-

ging occurred only by Hg2+ action. Although this appro-

ach is free from complex and expensive equipment and 

techniques; it is also limited by potential interference 

from other cations during Hg2+ detection. Besides that, 

Ag+ released in water is also considered harmful for the 

environment as well as for human health.

AgNPs were also applied as dual colorimetric sensors 

either for Hg2+ detection as well as for hydrogen pe-

roxide degradation by taking advantage of catalytic 

reduction properties of AgNPs (91). Similarly, Li et al 

(89) and Wang et al (91) used citrate to stabilize AuNPs 

and AgNPs, respectively, during Hg2+ detection. Indeed, 

H
2
O

2
 was used as a catalytic agent for Hg2+ detection. 

The advantage of this technique compared with that 

described above is the increased sensitivity towards 

Hg2+ concentrations in water, as well as progressive co-

lour change from light- yellow to purple, which is due 

to an increase in Hg2+concentration. 

Other cations have been equally detected by AgNPs 

or AuNPs. Hereof, Alizadeh et al applied pyridines-

functionalized AuNPs for Cu2+ detection in water. 

Certainly, the detection occurs by Cu2+ quelation with 

chelidamate chains from AuNPs. Due to quelation 

process, the colour of the AuNPs suspension changes 

from brown to blue (presence of free - Cu2+), and later 

to colourless which indicates the total complexation of 

Cu2+. Apart from that, a precipitate also appears at the 

vial’s bottom (92). Likewise, Xin et al (93) developed 

an electrode made with core-shell multiwalled carbon 

nanotubes / GO nanoribbons also coated with chitosan 

(CS), for bisphenol A (BPA) identifi cation at the water. 

The electrode was sensitive to BPA even in presence 

of several ions such as K+, Na+, Ca2+, Mg2+, Al3+, Zn2+, 

Cu2+, indicating that technique is robust and could be 

applied at the fi eld.

4.4. Nanoparticles with antibacterial properties for 

water decontamination 

Waterborne bacterial infections are a worldwide dile-

mma, especially because many types of microbes and 

their spores occur in water, sewage, and wastewater 

(94).   Therefore, water disinfection is an important is-

sue even as its contaminant detection and degradation. 

Due to the indiscriminate use of antibiotics, bacteria be-

came more resistant. Moreover, traditional techniques 

for water disinfection such as ultraviolet irradiation and 

ozonation, promote local disinfection by a short time.   

Several NPs have been highlighted for water disinfec-

tion including quantum dots, AgNPs, AuNPs, and CNSs 

which are effi cient NPs to kill or immobilize bacteria 

and a few viruses (95). In this regard, Adams et al (96) 

investigated the antimicrobial activity of metal oxi-
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de NPs (ZnO, TiO
2
 and SiO

2
) against Gram-positive 

Bacillus and Gram-negative E. coli present in water. 

Comparatively, antibacterial activity for demonstrated 

NPs is ZnO>TiO
2
>SiO

2.
 Also, the penetration into the 

cell leads to disarranging the bacterial membrane upon 

contact with these NPs. Apart from that, all tested NPs 

showed effi cient inhibition of bacterial growth (97),. 

Biogenic AgNPs were shown to be more advantageous 

for such use. They were shown to possess the size and 

phytochemical dependant antibacterial activity against 

E. coli and other bacteria. Furthermore, they were also 

reported to have high catalytic activity for the degra-

dation of toxic contaminants such as 4-nitrophenol and 

methyl orange. Both antibacterial and catalytic activi-

ties of biogenic AgNPs suggest its application in the 

effective treatment of wastewater. 

Developing countries have diffi culties in managing 

their sewage, which is directly released at potable water 

sources; consequently, they are more vulnerable at epi-

demics of cholera, bacillary dysentery, among others. 

Thus, in order to offer an alternative for people from 

those countries, green synthesized AgNPs and ZnONPs 

against V. cholerae and enterotoxic E. coli can be used 

(99). Both, AgNPs and ZnONPs, showed considerable 

antibacterial activity against the tested strains. Howe-

ver, the application of those NPs was done in infected 

animal models for the development of potential emer-

gency treatment for cholera and dysentery; unfortuna-

tely, the action of those NPs at living animals remains 

unknown.

Although, some research groups applied isolated NPs 

coated TiO
2
 anatase with AgNPs to obtain photoca-

talytic activity and bactericidal activity against strains 

of enterohemorrhagic E. coli and Listeria monocytoge-

nes. Furthermore, those nanocomposites showed strong 

activity against deadly spores of C. perfringens, respon-

sible for human gas gangrene, which regularly spread 

by water or sewage (100). 

4.5. Other applications of nanoparticles for water 

treatment or remediation 

Nowadays, emergent and complex pollutants are the 

most challenging problem faced by governments 

worldwide, due to lack of knowledge concerning the 

dynamics of those contaminants in environment (101), 

and their interaction with living organisms (102,103) or 

its spreading at food chain (104). While a majority of 

developing countries still struggle to offer potable water 

for their people by improving water treatment systems 

(105); antibiotics (106,107), hormones (108,109), 

dioxins (110,111), surfactants (112,113), pesticides 

(114,115) which appear as emergent water contami-

nants (116), urging for new materials or techniques 

applicable for their detection and removal from water 

(117,118). Considerable progress has been made in the 

fi eld of water and wastewater decontamination (119), 

however, a key-point remains unsolved regarding the 

safe application of NPs and the control or disinfection 

of toxic by-products (DBPs) 120 that are carcinogenic 

or show deleterious effects (121,122). 

GO has been used to adsorb pharmaceutical compounds 

such as tetracyclines. Its adsorption occurred by π-π 

interaction and cation - π bonding either between GO 

electronic network and π electrons from the aromatic 

chain or cations from tetracycline. In fact, several re-

search groups have taken advantage of π-π interactions 

to adsorb dioxins as well as hormones at GO surface 

(123). The functional groups from GO are useful for 

adsorption of some types of DBPs (e.g. trihalometha-

nes, brominated haloacetonitriles - HANs) (59,124). 

Those functional groups are also important to combine 

GO with other materials and promote the detection of 

hormones such as estradiol (125,126).

Considering that nonylphenols are potential disruptors 

and xenostrogen due to its estrogen-like activity; its 

early detection in water and wastewater is necessary 

(127,128). Thus, GO was used into gold electrodes to 

detect nonylphenols (129), as DBPs from nonylpheno-

lethoxylates. Such application was viable by functiona-

lization of GO with β- cyclodextrins. However, detec-

tion and removal of DBPs from drinking water by new 

technologies is the need of the hour. 

From all of the above discussion, it is imperative that 

nanomaterial-based technology is proving to be the 

boon for the effective treatment and/or purifi cation of 

various types of water bodies contaminated with va-

rious types of polluters. It has upper hand over various 

conventional methods of purifi cation and/or treatment 

of water. Various studies performed to date make a po-

int that this technology has huge potential to revolutio-

nise water treatment technology in the 21st century. 

5. Toxicity of nanoparticles

Although nanoparticles have shown various applica-

tions, there are a number of reports stating that they 

could be harmful to humans and the environment. The 

nanoparticles are released into water bodies through 
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sewage effl uent, and therefore, the contamination of the 

environment is unavoidable (130–133), and the sewage 

contamination by nanoparticles has been also obser-

ved through various reports (134–137). Therefore, as 

compared to the other contaminants, nanoparticles are 

also important contaminants for nanotechnologists. Va-

rious parameters are affecting their properties including 

size, shape, and most importantly the surface coating 

(138,139). Therefore, it is inevitable that nanomaterials 

are under the scanner of the U.S. Environmental Pro-

tection Agency. There are various initiatives undertaken 

by scientists across the globe dealing with the study of 

the fate of nanomaterials in the ecosystem especially in 

aquatic systems (140). 

According to a report, after 21 day exposure of citric 

acid coated silver nanoparticles on Daphnia magna, 

the reproductive toxicity at the concentrations of 10 μg 

Ag/L (141) was demonstrated. Similar results were also 

found after the exposure of sulfi dized AgNPs on Cae-

norhabditis elegans (142). Interestingly, silver nanopar-

ticles were found to be more toxic to the algal (Pseu-

dokirchneriella subcapitata) growth than platinum 

nanoparticles (143). Gold nanoparticles also reported 

to induce the reactive oxygen species (ROS), expres-

sion of genes involved in oxidative and general cellular 

stress such as glutathione S-transferase (GST), catala-

se (CAT), heat shock protein 70 (HSP70), and meta-

llothionein1 (MT1) (144). All of these studies indicate 

that though nanoparticles can help us in the treatment of 

water, they can also be harmful after their accumulation 

or release in the aquatic environment.

5.1. Interaction of nanoparticles with surfactants 

and organic compound in water and wastewater

Many times researchers use surfactants for either stabili-

zing or modifying nanoparticles (145–148) and therefo-

re, surfactants exist with nanoparticles. Surfactants are 

mostly chemicals, and hence they add to the properties 

of nanoparticles. In summary, they will certainly affect 

the environment. Adsorption of surfactant on the surfa-

ce of nanoparticles is a critical step for the application 

of nanoparticles as a superior sorbent in the treatment of 

wastewater (131,149). They also play a role in deciding 

the hazard associated with their use along with nanoma-

terials to which they are bound (131,150–152).

Surfactants have been used as antibacterial agents for a 

long time (153). It has been demonstrated that the bac-

terial surface is negatively charged due to the hydroly-

sis of the surface groups (154); thus, the cationic sur-

factant dodecyl-trimethylammonium chloride (DTAC) 

with positively charged groups can combine with the 

bacterial surface through electrostatic interactions and 

consequently cause an antibacterial effect.  Brayner et 

al (97) studied the effect of ZnO nanoparticles on bacte-

rial growth. They used the SDS surfactant for regulating 

the shape of ZnO nanoparticles. Furthermore, they ob-

served that the SDS surfactant used was contributing to 

the toxicity. The observed toxicity might be due to the 

denaturation of bacterial protein by SDS. By composi-

tion Tween 20 does not have any charged group and the-

refore, does not affect the ZnO toxicity. The combined 

effect of ZnO NPs with adsorbed Tween 20 is additive. 

The additive effect might be due to the dissolved Zn 

ions and the surfactant (155). 

According to the study performed by Sayes et al (156), 

surfactants were shown to decrease the toxicity of 

single-walled carbon nanotube. The mechanism lying 

behind such observation might be in the surface adsorp-

tion of surfactant on the nanoparticle surface thereby 

conditioning the nanoparticle surface, fi nally affecting 

the cytotoxicity (157). The reason behind this output 

might include the interaction between nanoparticles and 

bacteria through steric hindrance and charge repulsion 

thereby decreasing the toxicity of nanoparticles (158). 

Furthermore, through attachment to the nanoparticle 

surface, the surfactant modifi es the surface charge of the 

nanoparticles, resulting in the alterations in their pro-

perties and toxicity (159,160). Additionally, humic acid 

has also been reported to markedly reduce the toxicity 

of nanoparticles (161–163). On the other hand, it has 

been reported to increase nanoparticle toxicity (164). A 

recent study by Wang et al (165) also found the simi-

lar results suggesting the alleviative property of humic 

acid on PVP-coated AgNP, in an alga (Raphidocelissub 

capitata), a cladoceran species (Chydorus sphaericus), 

and a freshwater fi sh larva (Danio rerio). Bisphenol A 

(BPA), an organic compound, mimics the hormone es-

trogen thereby disrupting the endocrine system. There-

fore, it could show a harmful effect on human health 

(166,167). It can also be found in water bodies as a con-

taminant. However, the BPA may interact with TiO
2
NP 

when it could be used as a drug carrier. Furthermore, 

Shi et al(168) investigated the activity of both TiO
2
NP 

and BPA, both independently and in combination with 

L-02 cells, human embryo hepatocytes. The authors ob-

served that both TiO
2
NP and BPA alone did not show 

signifi cant damage to DNA and chromosome. Howe-

ver, a combination of both of them induced much rise in 

oxidative stress, double-strand breaks in DNA, and for-
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mation of micronuclei. The reason behind such activity 

was claimed to be the increased intracellular binding of 

BPA to TiO
2
NP. 

Dichloro diphenyl trichloroethane (p,p′-DDT) was wi-

dely used as an effi cient insecticide. It was shown to 

possess a genotoxic and endocrine disruptive effect on 

humans and other organisms (169–171). Therefore, to 

avoid its harmful effect its removal from the environ-

ment is essential. TiO
2
NP has been shown to degrade it. 

But surprisingly it has been observed that the combined 

action of TiO
2
NP and p,p′-DDT synergistically increa-

sed genotoxicity, oxidative stress, DNA, and chromoso-

mal damage in L-02 cells (168). Such interaction thus 

poses an environmental threat. However, the literature 

on the effect of surfactants in combination with nano-

particles is inadequate. Therefore, there is a need to 

highly explore this aspect.

5.2. Interaction of nanoparticles with ions and inor-

ganic compounds

The interaction of nanoparticles with various metal 

ions and toxic inorganic compounds can both increa-

se and decrease their toxicity. Sodium fl uoride (NaF) 

and TiO
2
NPs are additive materials used in toothpas-

te (172,173). Nevertheless, Xie et al (174) studied the 

combined effects of both of them on 16-HBE, the hu-

man bronchial epithelial cells. After exposure, the lyso-

zymes are adsorbed on the surface of TiO
2
NPs. The 

adsorption might be due to the electrostatic attraction 

and hydrogen bonds between the lysozymes and the na-

noparticles. It implies that such interaction could give 

rise to harmful effects on the exposed cells.

6. Generation of complex pollutants

Through various usage, nanoparticles are reaching to 

water bodies and thus affecting the aquatic environ-

ments. As discussed, ultimately these nanoparticles 

certainly mix and interact with the other water pollu-

tant and form the complex compounds, which might be 

more toxic than nanoparticles and the pollutant alone 

(175). It is a well-known fact that copper is essential for 

the normal functioning of our homeostasis. At lower do-

ses, it is harmless to the human body. Whereas, at a high 

dose, copper could be toxic to humans. At high doses, 

it has demonstrated to cause immunotoxicity in mice 

(176). However, TiO
2
NPs with copper have increased 

bioaccumulation of copper in freshwater D. magna 

(water fl ea), resulting in toxicity (177). Furthermore, 

TiO
2
 NPs when mixed with lead acetate (PbAC) was 

reported to increase the generation of reactive oxygen 

species (ROS), intracellular superoxide dismutase, glu-

tathione, and cytotoxicity in human embryo hepatocyte 

cells (178). These observations suggested an increased 

oxidative stress due to the interaction of TiO
2
 NP with 

PbAC. 

Arsenic is also a water pollutant. Exposure to arsenic 

can result in various ailments such as cancer, cardiovas-

cular and metabolic diseases (179). TiO
2
NP can be used 

to reduce the arsenic level from water because it acts 

as photocatalytic oxidant and absorbent for As (180). 

Through a study, Wang et al (181) demonstrated that 

TiO
2
NP and As were nontoxic to Ceriodaphnia dubia 

(water fl ea) at 400 mg/L and 3.68±0.22 mg/L respec-

tively after their independent exposure. Exposure of 

both materials in combination increased the toxicity at 

the lower concentration of 50 mg/L TiO
2
NPs and 1.43 

mg/L As. Similarly, TiO
2
 with humic acid also affects 

the accumulation of Cadmium in zebrafi sh. TiO
2
NP of 

21nm in diameter at the concentration of 5-20 mg/L in 

humic acid-containing water has been reported to alter 

the Cd uptake(182). 

Polyacryl coated TiO
2
NP can also be used to remove Cd 

from water. The coated TiO
2
NPs are much safer than 

the uncoated, as mentioned above. This is because it 

is found that Cd absorbs quickly on polyacryl coated 

TiO
2
NP thereby removing them from the aquatic en-

vironment and thus reducing the incidence of Cd toxi-

city. Additionally, as per the experiment performed on 

Chlamydomonas reinhardtii the electrostatic and steric 

repulsion between algal cells and TiO
2
NP minimizes 

the chances of cell – nanoparticle interaction, ultima-

tely reducing the chances of nanoparticle toxicity (183). 

Various studies are reporting the combined toxicity of 

a nanoparticle with a pollutant, there is also a need to 

study the combined toxicity of one type of nanoparticle 

with another type of nanoparticle in the aquatic envi-

ronment. It will open up a new avenue as a water body 

including sewage water and/or drinking water might 

possess more than one type of nanoparticles. Therefore, 

there are possibilities to have altered toxicity of various 

nanoparticles in combination with aquatic life. Figure 3 

is the summary of the comparative activity and result of 

nanoparticles and pollutants alone and in combination. 
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Figure 3: Scheme of the interactions of pollutants, NP, and organisms (algae as an example). (a) Adsorption 

and uptake of pollutants, (b) adsorption and uptake of nanoparticles, (c) adsorption (or absorption) of pollutants 

onto NP and reduction in pollutant uptake by organisms and (d) adsorption of NP with adsorbed (or absorbed) 

pollutant and possible uptake of pollutant-NP (131).

7. Solutions to avoid toxicity   

As seen in the earlier section nanoparticles might show 

the hazardous effect. Therefore, there is a need of fi n-

ding the ways by which the nanotoxicity can be avoi-

ded and/or reduced. For instance, gold from the soil can 

be absorbed by the plants. Gardea-Torresdey (184) has 

shown that the alfalfa plants can absorb the elemental 

gold from the soil. They have further demonstrated the 

formation of gold nanoparticles inside the live plants. 

This approach has the potential to remove the metallic 

compounds from the environment, especially from the 

water bodies. Secondly, Kiser et al (137) explored the 

use of removal of different nanoparticles from conta-

minated wastewater. The group has used natural orga-

nic matter (NOM), extracellular polymeric substances 

(EPS) to adsorb nanoparticles from wastewater. The 

study claimed that the NOM and EPS to be more signi-

fi cant in biosorption of fullerenes. Furthermore, the au-

thors also added that this approach led to the removal of 

97% AgNPs, 88% of aqueous fullerene, 39% of functio-

nalized AgNPs, 23% of TiO2NPs, and 13% fullerenes. 

More rigorous studies are needed in such a novel appro-

ach. In the future, such studies will be very helpful for 

effi ciently removing nanoparticles from contaminated 

sewage. Moreover, there is also a need to prevent the 

potential release of nanomaterials in the environment. 

This can be achieved by using the nanomaterials at the 

required concentrations/level. The overexploitation of 

nanomaterials could lead to bioaccumulation in the 

aquatic fl ora and fauna thereby disturbing the aquatic 

life system.

8. Conclusion

The availability of safe drinking water has become very 

diffi cult in many parts of the world due to their conta-

mination by means of increasing population and many 

others. Many laboratories around the globe including 

developed and developing countries are engaged in the 

development of cheaper and effi cient methods for water 

and wastewater treatments. Although various traditio-

nal approaches are available for the treatment of water, 

those have their own limitations. Therefore, the fabrica-
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tion of nano-products and/or approaches for purifi cation and treatment of water would be the hope. Some of the 

studies mentioned in this review shown the effective use of nanomaterial-based products for the purifi cation of 

water. Moreover, these purifi cation approaches also meet the WHO guidelines for drinking water. Collectively, 

from the present review, it is confi rmed that water/wastewater treatment using nanomaterials is a promising fi eld 

for current and future research. While, considering the toxicological concerns of nanomaterials, more work is re-

quired to explore actual risks associated with humans and the environment. It can be predicted that, in the coming 

decade, we will see nanotechnology playing a very signifi cant role all over the world.
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