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Available online 10 August 2016 methods. From past few decades, nanotechnology has gained wide attention and various nanomaterials

have been developed for the water remediation. In the present review article, various nanomaterials have
been reviewed which have been used for water decontamination. The special emphasis in the review has

{fl?;lvowl’]l:(aiiérials been given on adsorption, photocatalytic and antibacterial activity of nanomaterials.

Water treatment © 2016 Elsevier B.V. All rights reserved.
Adsorption

Photocatalyst

Antibacterial activity

Contents

B S {1 a1 Tl o) U 1117
Nanomaterials as adsorbents for Water treatmMent. . . . ... v . vttt ittt ettt e e e ettt ettt e e et et e 1117

2.1, Carbon based MaAterials. . . . . ..ottt ittt e e e e e e e e e e e e e e e e 1117

2.1.1.  Carbon NANOtUDES (CNTS). . oot vttt it ettt ettt et e e e e et e et et et e e ettt ettt e e e 1118

2.1.2.  Graphene based Materials . . . .. ...ttt ettt et e e e e e 1120

2.2.  Metal oxide based NanOMAteIials. . . . ...ttt ettt ettt e e e e e e 1121

2.2.1. Nano Metal OXIAeS . . ..ottt ettt ittt e e e e e e e e e e e e e 1121

2.2.2.  Nano metal OXideS SUPPOTLS . . . vttt ettt ettt ettt e e e e et et e e e et et e e e e e et s 1122

Abbreviations: CNTs, carbon nanotubes; SWCNTs, single walled carbon nanotubes; MWCNTSs, multi walled carbon nanotubes; CS, chitosan; CR, Congo red; BET, Brunauer—
Emmett-Teller; NOM, natural organic matter; SW, sea water; BW, brackish water; OL, old leachates; YL, young leachates; DOC, dissolved organic carbon; THMs,
trihalomethanes; SEM, scanning electron microscope; TEM, transmission electron microscope; PAC, powdered activated carbon; CNCs, carbon nanocrystals; OLA, olaquindox;
TC, tetracycline; DOM, dissolved organic matter; NR, neutral red; MV, methyl violet; RhB, Rhodamine B; MO, methyl orange; GO, graphene oxide; rGO, reduced graphene
oxide; GNs, graphene nanosheets; NMOs, nano metal oxides; MNPs, magnetic nanoparticles; MB, methylene blue; IOT, iron ore tailings; FHO, ferric hydrooxide; SDS, sodium
dodecyl sulphonate; PGA, poly(y-glutamic acid); TCE, trichloroethylene; MTP, metroprolol; GAC, granular activated carbon; P(A-N)/AT, poly(acrylic acid-acrylonitrile)/
attapulgite; P(A-O)/AT, poly(acrylic acid-acryloamidoxime)/attapulgite; AA, acrylic acid; AN, acrylonitrile; AT, attapulgite; SCS, self-propagating solution combustion
synthesis; MG, malachite green; POSS, poly octahedral silsesquioxanes; TPP, triphenylphosphine; OVS, octavinylsilsesquioxane; AO, amidoxime; Gt, graphite; GtO, graphite
oxide; UV, ultra violet; ROS, reactive oxygen species; CFU, colony forming units; GSH, glutathione; ZOI, zone of inhibition.

* Corresponding authors.
E-mail addresses: anirmalagrace@vit.ac.in (A.N. Grace), amit.bhatnagar@uef.fi (A. Bhatnagar).

http://dx.doi.org/10.1016/j.cej.2016.08.053
1385-8947/© 2016 Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2016.08.053&domain=pdf
http://dx.doi.org/10.1016/j.cej.2016.08.053
mailto:anirmalagrace@vit.ac.in
mailto:amit.bhatnagar@uef.fi
http://dx.doi.org/10.1016/j.cej.2016.08.053
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej

C. Santhosh et al./Chemical Engineering Journal 306 (2016) 1116-1137 1117

2.3.  Miscellaneous nanoadsorbents. .........................
2.4. Silsesquioxane based materials .........................
3. Nanomaterials as photocatalysts. . ...............ccoiiininon...
Nanomaterials as antibacterial agents ..........................
5. Conclusions and future perspectives. . .............c.cveueuenan..
RefeIenCes . .. ..ottt e

>

1. Introduction

Clean water is one of the most important elements for all living
organisms to sustain life. However, due to the rapid pace of indus-
trialization and tremendous increase in the population, the con-
tamination of water resources has occurred globally [1,2].
Besides other needs, the demand for water has increased tremen-
dously in agricultural, industrial and domestic sectors consuming
70, 22 and 8% of the available fresh water, respectively and this
has resulted in the generation of large amounts of wastewater
[3-5] containing a number of ‘pollutants’. Some of the important
classes of aquatic pollutants are heavy metal ions and dyes, and
once these enter into the water, water is no longer safe for drinking
purpose and sometimes it is very difficult to completely treat the
contaminated water [6,7]. Aquatic pollutants are often very dan-
gerous for living beings, and also affect the ecosystem. Therefore,
the removal of these pollutants from contaminated water is an
urgent need in order to prevent the negative effects on the human
health and to the environment.

From past few decades, various techniques have been devel-
oped for treating the waste water [8-13]. Among them, most
important methods are solvent extraction, micro and ultra-
filtration, sedimentation and gravity separation, flotation, precipi-
tation, coagulation, oxidation, evaporation, distillation, reverse
osmosis, adsorption, ion exchange, electrodialysis, electrolysis,
etc. From above mentioned techniques, adsorption is one of the
considerable techniques for treating the waste water, because of
its easy operation, low cost and the availability of a wide range
of adsorbents. Besides, adsorption can also be applied for the
removal of soluble and insoluble organic, inorganic, and biological
pollutants. Additionally, adsorption can also be used for source
reduction and reclamation for potable, industrial, and other water
purposes. In spite of these facts, adsorption has certain limitations
such as it could not achieve a good status at commercial levels.
Probably, it is due to the lack of suitable adsorbents with high
adsorption capacity and limited use of adsorbents on commercial
scale columns. Besides, a single adsorbent cannot be used for
removing all kind of pollutants. Different adsorbents are used for
different pollutants based on their properties. A comparison of
adsorption method was carried out with other water treatment
technologies. The order of cost effectiveness is adsorption >
evaporation > aerobic > anaerobic > ion exchange > electrodialysis >
micro- and ultra-filtration > reverse o0smosis > precipitation >
distillation > oxidation > solvent extraction [14]. It was observed
that, in spite of some limitations, adsorption will be considered a
good water treatment technology in the near future. Much work
has been conducted on the removal of different pollutants from
water by using adsorption in batch mode process [14,15]. Initially,
activated carbon was used for the removal of pollutants from
water, which has been replaced by some cost-effective adsorbents
[16-18]. In the last two decades, nanotechnology has emerged sig-
nificantly with its applications in almost all branches of science
and technology. As a matter of fact, various nanomaterials have
been prepared and used for the removal of aquatic pollutants
[19]. In view of the importance of water quality and emerging
utilities of nanotechnology, attempts have been made to discuss
various aspects of water treatment by adsorption using nanomate-

rials. In this regard, promoting nanomaterials presents opportuni-
ties to develop local and practical solutions for tackling global
water pollution. This review article presents a brief overview of
the technical applicability of different nanomaterials for removing
various aquatic pollutants.

Although many excellent review articles have been published
so far discussing the importance of nanomaterials in water treat-
ment and environmental remediation, but some of them are only
a material and/or adsorbent-specific (e.g., CNTs, graphene-based
nanomaterials, nano metal oxides, nano zerovalent iron, cellulose
nanomaterials [20-26]) or an adsorbate specific (e.g., metals
[22,24,27], dyes [28], pharmaceuticals and personal care products
[29]). One of the aims of the present review is to compile the
important findings of different types of nanomaterials, used in
water treatment either as adsorbents, photocatalysts and/or
antibacterial agents, for the removal of important aquatic pollu-
tants. A summary of relevant published data with some of the lat-
est important findings, and a source of up-to-date literature is
presented and the results have been discussed.

2. Nanomaterials as adsorbents for water treatment

Nanoadsorbents are nanoscale particles from organic or inor-
ganic materials that have a high affinity to adsorb substances.
Because of their high porosity, small size, and active surface,
nanoadsorbents not only are capable of sequestering contaminants
with varying molecular size, hydrophobicity, and speciation behav-
ior, but also enable manufacturing process to consume raw mate-
rials efficiently without releasing its toxic payload [30].
Nanoadsorbents not only work rapidly, but also have considerable
pollutant-binding capacities. They can also be chemically regener-
ated after being exhausted [31]. For these reasons, scholarly inter-
ests of nanotechnology have been growing rapidly worldwide. At
the nanoscale, materials show unique characteristics and, because
of their small size, they possess a large surface area and ‘surface
area to volume’ ratio [32]. These characteristics improve the
adsorption capacity of the nanoparticles. In addition to the large
surface area, these particles show unique characteristics, such as
catalytic potential and high reactivity, which make them as better
adsorbing materials than conventional materials. Because of their
high surface area, nanoparticles have a greater number of active
sites for interaction with different chemical species [33-35]. To
get better results for the removal of pollutants from wastewater,
nanoparticles are becoming new alternatives for the treatment of
wastewater [36-40].

2.1. Carbon based materials

For any adsorption process, an adsorbent having large surface
area, pore volume, and proper functionalities is the key to success.
Currently, many different porous materials have been developed,
such as activated carbon, pillared clays, zeolites, mesoporous oxi-
des, polymers and metal-organic frameworks, showing varying
extent of effectiveness in removing the toxic pollutants from air,
water and soil [41-45]. Among them, carbon-based adsorbents
including activated carbon, carbon nanotubes, fullerenes and
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graphene, usually show high adsorption capacity and thermal sta-
bility [46-49]. Of the various nanomaterials based adsorbents, car-
bon based materials have been probed as superior adsorbents for
the removal of inorganic and organic pollutants. Since the discov-
ery of carbon nanotubes (CNTs) and fullerene, these materials have
been extensively used as effective adsorbents but its large scale
application is limited on economic grounds and hence, designing
the adsorbents at a lower cost is a great challenge. Multiwalled car-
bon nanotube shows considerable removal efficiency of inorganic
metal ions with the help of magnetic nanomaterials [50].

2.1.1. Carbon nanotubes (CNTs)

Carbon nanotubes are one of the allotropes of carbon and these
can be considered as various structural forms of carbon element.
Basically CNTs are composed of cylindrical shape rolled up in a
tube like structure. CNTs are of two types, single walled carbon
nanotubes (SWCNTs) and multiwalled carbon nanotubes
(MWCNTs), where single walled carbon nanotubes are composed
of single graphene sheet with a roll up and multiwalled carbon
nanotubes are of multiple graphene roll up sheets. Fig. 1 shows
the structures of SWCNTs and MWCNTSs.

CNTs, with their high surface active site to volume ratio and
controlled pore size distribution, have an exceptional sorption
capability and high sorption efficiency compared to conventional
granular and powder activated carbon, which have intrinsic limita-
tions like surface active sites and the activation energy of sorption.

Extensive studies have found that the adsorption capacity of
CNTs depends on both the surface functional groups and the nature
of the sorbate. For instance, the amounts of surface acidity (car-
boxylic, lactonic and phenolic groups) favor the adsorption of polar
compounds [51]. On the other hand, unfunctionalized CNT surface
is proved to have higher adsorption capacity towards non-polar
compounds such as polycyclic aromatic hydrocarbons [52]. The
sorption behaviors of CNTs mainly involve chemical interaction
for polar compounds and physical interaction for non-polar com-
pounds which is given in Table 1.

Sorption capacity of CNTs is effective over a broad pH range.
Particularly, optimum performance was reported in the pH range
of 7-10. Other than this pH range, ionization and competition
between ionic species could occur. Although CNTs are more expen-
sive compared to conventional activated carbon, their sorption and
desorption cycles are more efficient.

Table 1
Heavy metal ions adsorption onto various types of carbon nanotubes.

S. No. Adsorbents Metal ions Adsorption capacity Refs.
1. CNTs Pb%* 17.44 mg/g at pH-7.0 [52]
2. CNTs (HNOs) Pb?* 49.95 mg/g at pH-7.0 [53]
3. MWCNTs Ni2* 7.53 mg/g at pH-7.0 [54]
4, SWCNTs Ni%* 9.22 mg/g at pH-7.0 [54]
5. MWCNTs (HNO;)  Pb2* 97.08 mg/g at pH-5.0  [55]
6. CNTs Pb?* 1.406 mmol/g [56]
7. CNT-OH Pb2* 2.07 mmol/g [56]
8. CNT—CONH, Pb%* 1.907 mmol/g [56]
9. CNT—-CO0 Pb?* 4.672 mmol/g [56]
10. CNTs Cu® 1.219 mmol/g [56]
11. CNT-OH cu®* 1.342 mmol/g [56]
12. CNT—CONH, Cu® 1.755 mmol/g [56]
13. CNT-COO0~ Cu®* 3.565 mmol/g [56]
14. CNTs cd®* 1.291 mmol/g [56]
15. CNT—OH cd* 1.513 mmol/g [56]
16. CNT—CONH, cd* 1.563 mmol/g [56]
17. CNT-COO0~ cd?* 3.325 mmol/g [56]
18. CNTs Hg?* 1.068 mmol/g [56]
19. CNT—OH Hg** 1.284 mmol/g [56]
20. CNT-CONH, Hg* 1.658 mmol/g [56]
21. CNT-COO0~ Hg? 3.300 mmol/g [56]

Lu and Chiu [57] discussed the removal of zinc (Zn2+) using
purified CNTs (MWCNTs and SWCNTs). As reported in other stud-
ies [58], purification resulted in the removal of metal catalysts and
amorphous carbon from CNTs and large quantities of nanotube
bundles with the hollow inner tube diameter were observed in
the purified CNTs. The zeta potentials of purified CNTs were more
negative than that of raw CNTs due to the presence of negative
functional groups on the surface of purified CNTs. Adsorption of
Zn?* was favorable in the pH range of 2.0-12.0. But low Zn**
adsorption occurred at low pH due to the competition between
H* and Zn?* for the adsorption sites. After an increase in Zn?*
adsorption up to pH 8.0, the adsorption remained constant in the
pH range of 8.0-11.0. The Zn?" species prevails until pH 8.0, and
the process governing the Zn?* removal is adsorption. The kinetics
of Zn?* adsorption onto the CNTs was fast (60 min). The maximum
adsorption capacities of Zn?* calculated by the Langmuir model
were reported as 43.66, and 32.68 mg/g for SWCNTs and MWCNTs,
respectively, at an initial Zn?* concentration range of 10-80 mg/L.
Gupta et al. [59] studied removal of Cr(Ill) by combining the

Fig. 1. Structure representations of (a) SWCNTs and (b) MWCNTs.
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magnetic properties of iron oxide with adsorption properties of
MW(CNTs. Acid treatment (HNOs) of MWCNTs was performed to
modify the surface of CNTs with carbonyl and hydroxyl groups.
The additional adsorbing sites provided by the oxygen atoms of
iron oxide nanoparticles on the surface of MWCNTs became avail-
able for the electrostatic interaction with Cr(IIl) and thus, the pre-
pared composite showed higher capacity for Cr(IIl). The composite
was effective for Cr(Ill) adsorption in the pH range of 3.0-7.0 due to
the presence of Cr(OH)?* species of chromium at pH 4.0-7.0. Also,
at pH values of 4.0-7.0, the net negative surface charge on the for-
mer allowed increased adsorption of chromium species on
MWCNTs. The results of the fixed bed experiments revealed that
lower flow rate favored Cr(Ill) removal due to the increased contact
time between Cr(Ill) and adsorbent. Increase in fixed bed layers
also revealed an increase in Cr(Ill) uptake which was attributed
to the availability of more adsorption sites. Several researchers
have also modified the carbon nanotubes to evaluate the efficiency
of the former with the unmodified CNTs for the removal of various
contaminants [46,47].

Wu [60] evaluated the performance of carbon nanotubes
(MMWCNTs) for the adsorption of Procion Red MX-5B dye which
is present in various industrial effluents. The kinetic analysis at dif-
ferent temperature was evaluated at pH 6.5. The maximum
adsorption capacity was achieved within 3 h at various tempera-
tures 281, 291, 301 and 321K was 20.93, 22.87, 27.20 and
30.53 mg/g, respectively. Temperature also favored the adsorption
of Procion Red MX-5B onto dye carbon nanotubes. The adsorption
increased with temperature, indicating that the mobility of dye
molecules increased with temperature, as did the number of mole-
cules that interact with the active sites at CNTs; moreover, the
adsorption was endothermic. The linear correlation coefficients
and standard deviations of Langmuir and Freundlich isotherms
were determined and the results revealed that Langmuir isotherm
fitted the experimental results well. Kinetic analyses were con-
ducted using pseudo first and pseudo second-order models and
the intra particle diffusion model. The regression results showed
that the adsorption kinetics was more accurately represented by
a pseudo second-order model. Changes in the free energy of
adsorption (G°), enthalpy (H°) and entropy (S°), as well as the acti-
vation energy (E,) were determined. H° and S° were found to be
31.55kJ/mol and 216.99 J/mol K, respectively, at pH 6.5 and
41.47 kJ/mol and 244.64 J/mol K at pH 10. The activation energy
was 33.35 kJ/mol at pH 6.5. Thermodynamic parameters suggested
that the adsorption of Procion Red MX-5B dye onto CNTs was
physisorption.

Chatterjee et al. [61] impregnated chitosan (CS) hydrogel beads
with multi-walled carbon nano tubes (CNTs) and studied the
adsorption efficiency of modified adsorbent for Congo red (CR)
dye removal. The CNT impregnation rendered the beads materially
denser and the porosity of the CS/CNT beads also increased due to
the addition of CNT. The adsorption of CR onto CS/CNT was highly
pH dependent and maximum adsorption (423.1 mg/g) by the CS/
CNT beads occurred at pH 4.0. Since the beads formation was con-
ducted in a sodium hydroxide precipitation bath, the amine groups
of CS molecules were not protonated. An increase in initial pH 4.0-
5.6 and from pH 5.0-6.0 during adsorption indicated a decrease in
H* concentration in the solution. Although such behavior was
absent when the initial pH of the CR solution was neutral or basic
as protonation of amine groups did not occur at pH 7.0 and 9.0 due
to the absence of free H" in solution. The Langmuir isotherm model
showed better fit to the experimental isotherm data than the Fre-
undlich isotherm model. The maximum adsorption capacity of CS/
CNT beads for CR was reported as 450.4 mg/g. The values obtained
from pseudo-first order, pseudo-second order kinetic models and
intra-particle diffusion model showed that the mass transfer rate
was fairly increased by the addition of CNT. Bazrafshan et al. [62]

studied the removal of reactive red 120 textile dye (RR-120) using
SWCNTs. The adsorptive removal of RR-120 was influenced by pH.
The optimum pH for the process was 5.0 as below and above this
pH, adsorptive removal of the dye was found to decrease. Maxi-
mum adsorption capacity of SWCNTs for the dye was reported as
426.49 mg/g with 85.3% dye removal taking place at pH 5.0 with
initial dye concentration of 50 mg/L. The increased adsorbent
dosage resulted in the increase in surface area and adsorption sites
helped in achieving maximum dye adsorption (88.28%, 882.83 mg/
g). Adsorption equilibrium was achieved in 180 min contact time.
The BET model fitted well to the isotherm data.

In another study, resorcinol was taken as a model phenolic
derivative and the efficiency of MWCNTs was assessed for the
adsorption of resorcinol [63]. The kinetics of resorcinol onto
MW(CNTSs was fast. The experiments were not performed at pH val-
ues greater than 8.0 as in basic condition resorcinol is oxidized.
Resorcinol uptake increased with the decrease in solution pH since
its solubility decreases with the lowering of pH. A reduction in the
uptake capacity of resorcinol was observed due to the electrostatic
repulsion between negatively charged resorcinol and acid-treated
MW(CNTs. Also the carboxylic groups, those were present on the
surface of MWCNTs, acted as electrons withdrawing groups local-
izing electron from 7t system of MWCNTs interfering and weaken-
ing the forces between aromatic ring of resorcinol and graphite
structure of MWCNTs. The hydroxyl group (located in meta-
position) present in the structure of resorcinol also positively influ-
enced its adsorption. The potential of MWCNTs for herbicide
adsorption has also been tested by the researchers [64].

Carbon nanotubes have also been tested for the removal of nat-
ural organic matter (NOM) from aqueous solution and the results
have been found promising. Hyung and Kim [65] investigated the
role of MWCNTs in the removal of NOM. CNT in particular, in the
natural aquatic environment might occur to a higher extent than
predicted based only on the hydrophobicity of these materials.
The NOM had anionic character across the pH range 3.0-9.0. The
effect of NOM characteristics and water quality parameters on
adsorptive interaction between MWCNT and NOM in aqueous
phase was examined. Freundlich isotherm studies have been
employed and were compared with the adsorption onto activated
carbon. Finally, the amount of stable MWCNT suspension formed
in water as a result of NOM adsorption under varying conditions
was quantitatively analyzed. A wide range of NOM concentrations
(2.5-50 mg C/L) was investigated, and it was noted that NOM con-
centrations in some natural surface and ground waters were lower
than concentration levels used. Joseph et al. [66] investigated NOM
removal from a variety of potential drinking water sources through
a combination of coagulation and adsorption with CNTs. Both
SWCNTs and MWCNTs were examined for their removal efficien-
cies for NOM parallel to coagulation process in the presence of
alum and ferric chloride metal coagulants. Synthetic seawater
(SW) and brackish water (BW) (contained humic acid as its repre-
sentative NOM), synthetic (old and young) landfill leachates (OL,
YL) (contained glucose as its representative NOM), and natural
river water (BRW) were chosen to obtain a detailed knowledge of
NOM and its behavior towards adsorption and coagulation. Humic
acid used in the study contained ~40% DOC. The isotherm data of
BW, SW and BRW fitted well with the Freundlich model and
SWCNTs consistently had a higher adsorption capacity than
MW(CNTs for NOM. The higher specific surface area of SWCNTs
(407 m?/g) as compared to that of MWCNTSs (60 m?/g) was attrib-
uted to be responsible for the greater NOM uptake capacity of
former.

Adsorption of trihalomethanes (THMs) from water using
MWCNTs has also been investigated [67]. Multiwalled carbon nan-
otubes (MWCNTSs) were purified by mixed HNO3/H,SO4 solution
and were employed as adsorbents. THM solution consisted of
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equivalent concentrations of CHCls;, CHCl,Br, CHCIBr,, and CHBrs.
The kinetic studies showed that diffusion mechanism controlled
the THMs adsorption onto CNTs and the smallest molecule, CHCl3
was preferred over other THMs (CHCl,Br, CHCIBr,, and CHBr3)
because CHCl; could easily enter the inner cavities through the
pores. The adsorption capacity of CHCl; was observed to be the
highest (3.158 mg/g), followed by CHBrCl, (2.016 mg/g), CHBr,Cl
(2.008 mg/g) and then CHBr3 (1.976 mg/g) at 5 °C. As the tempera-
ture increased from 5 °C to 35 °C, there was a decrease in the
adsorption capacities as well. Furthermore, the adsorption capacity
of THM molecules onto CNTs from a pure solution was found to be
quite different from a mixed solution. As the temperature
increased from 5 to 35 °C, the maximum adsorption capacity of
CHCl;3 calculated by the Langmuir model decreased from 3.158 to
2.826 mg/g. These values were two to three times more than that
of commercially available PAC (1.32 mg/g) measured at 25 °C in
the study, reflecting that CNTs are efficient adsorbents. The kinetics
of adsorption process was found to follow the first order rate law.
Morawski et al. [68] indicated that the adsorption of CHCl; onto
carbon sphere from a mixed solution was strongly depressed,
about 40% of adsorption capacity from a solution of pure CHCls.
Besides these, several other reports are available where carbon
nanomaterials have been used for the removal of aquatic pollu-
tants [69-71].

There is no doubt that CNTs possess great potential as superior
adsorbents for removing divalent metal ions, dyes, NOMs and
THMs from aqueous solution, but their relatively high unit cost
restricts their practical use. In addition to it, raw CNTs may possess
some degree of toxicity due to the presence of metal catalysts
while chemically functionalized CNTs have not demonstrated any
toxicity so far [72]. As a result, the practical use of CNTs as sorbents
in water and wastewater treatment depends on the continuation of
research into the development of a cost effective way of CNTs pro-
duction and the no or low toxicity of CNTs and CNT related mate-
rials such as carbon nanocrystals (CNCs).

Besides metals removal, CNTs have also been used for the
removal of various organic pollutants from water and wastewater
and a brief discussion is presented here. Most of the organic dyes
will have high levels of toxicity at their lower level of concentra-
tion in water and will affect the potential carcinogenic effects in
the living organisms. Due to these reason, most of the researchers
are working on the treatment of organic dyes using various adsor-
bents, before leaving them into the environment. For treating the
organic dyes from wastewaters, there are wide range of adsorbents

has been used, such as zeolites, clays, polymers and activated car-
bon, etc., Dyes are important water pollutants which are generally
present in the effluents of the textile, leather, food processing, dye-
ing, cosmetics, paper, and dye manufacturing industries. The col-
ored dye effluents are generally considered to be highly toxic to
the aquatic biota and affect the symbiotic process by disturbing
the natural equilibrium through reduced photosynthetic activity
due to the coloration of the water in streams. Carbon nanotubes
are one of the promising adsorbent for treating the organic dyes,
because of their large surface area and their unique properties
|73,74]. Other than dyes, some other organic pollutants such as
pharmaceuticals, phenols, pesticides, aromatic amines, and other
toxic organics have shown the potential negative impact on the
environment, mainly onto the water sources. For example,
olaquindox (OLA) is a well-known food additive that is highly pho-
totoxic, mutagenic, genotoxic, and carcinogenic. Tetracycline (TC)
is one of the most widely used antibiotics in the world and has
serious side effects on human health and potential negative effects
on the environment when it accumulates in water systems. Thus,
effective removal of organic pollutants from contaminated water
is of great importance. The current priority is to develop novel
adsorbent materials with high adsorption capacities and removal
efficiencies to realize effective control of these environmental pol-
lutants. Various researchers have examined the potential of CNTs
for the removal of different organic pollutants from water and
Table 2 summarizes the removal of organic pollutants using vari-
ous types of carbon nanotubes.

Even through carbon nanotubes have many significant advan-
tages, but their use on an industrial scale for practical applications
is not expected in the midterm because of their high production
costs [91]. Point-of-use applications that require small quantities
of CNTs are more competitive; for example, for the elimination of
heavily degradable contaminants such as many antibiotics and
pharmaceuticals [92-94]. Therefore, more research is needed to
come up with the practical and economical solutions for using
CNTs in water treatment.

2.1.2. Graphene based materials

Research has also been focused on another allotropy of carbon,
which is graphene. From the past decade, there is a huge growth in
the use of graphene and graphene based materials for environmen-
tal remediation, due their unique properties which helps to new
possibilities to improve the performance of numerous environ-
mental processes. There is a choice of whether to use graphene

Table 2
Removal of organic pollutants using various types of carbon nanotubes.
S. No. Type of CNTs Organic pollutants Adsorption capacity (mg/g) Refs.
1. Alkali-activated MWCNTSs Methylene blue 399 [75]
2. Untreated MWCNTs Methylene blue 59.7 [76]
3. Untreated SWCNTs Reactive red 120 (RR -120) 426.49 [62]
4. Oxidized SWCNTS Basic red 46 (BR 46) 49.45 [77]
5. Untreated MWCNTs Tetracycline (TC) 269.54 [78]
6. MWCNTs Olaquindox 99.7% [79]
7. SWCNTs 4-Chloro-2-nitrophenol 1.44 [80]
8. MWCNTs 4-Chloro-2-nitrophenol 4.42 [80]
9. Untreated SWCNTs Dissolved organic matter (DOM) 26.1-20.8 [81]
10. KOH activated MWCNTSs Toluene, ethylbenzene, m-xylene 87.12, 322.05, 247.83 [82]
11. MWCNTs Methyl orange 52.86 [83]
12. Chitosan/Fe,03/MWCNTs Methyl orange 66.90 [84]
13. Calcium alginate/MWCNTs Methyl orange 125 [84]
14. MW(CNTSs Tetracycline 192.7 [85]
15. CNTs-C@Fe-chitosan composite Tetracycline 104 [86]
16. Single, double and multiwalled carbon nanotubes Oxytetracycline 554, 507, 391 [87]
17. Single, double and multiwalled carbon nanotubes Ciprofloxacin 933.8,901.2, 651.4 [87]
18. MWCNTs/CoFe,0,4 Sulfamethoxazole 6.98 [88]
19. Pristine and hydroxylated MWCNTSs Sulfamethazine 24.78,13.31 [89]
20. Carboxylated multiwalled carbon nanotubes Norfloxacin 90.3 [90]
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as a carbon-based nanocomposite will be determined by the cost,
process ability, and environmental implications of each material.
In this regard, environmental applications based on GO offer more
realistic possibilities compared to pristine graphene due to GO’s
lower production costs. In addition to economic considerations,
environmental implications of graphene-based materials will rep-
resent an important factor in the development of graphene-based
technologies. Graphene is a substitute for CNT and an ideal mate-
rial for water treatment. Compared to CNTs, the utilization of
graphene-based materials as adsorbents may offer several advan-
tages. First, single-layered graphene materials possess two basal
planes available for pollutant adsorption [47,95-97]. In contrast,
the inner walls in CNTs are not accessible by the adsorbates [95].
Second, graphene oxide (GO) and reduced graphene oxide (rGO)
can be easily synthesized through chemical exfoliation of graphite,
without using complex apparatus or metallic catalysts. The result-
ing graphene material is free of catalyst residues, and no further
purification steps are needed. In the specific case of GO, the as-
prepared material already possesses a large number of oxygen-
containing functional groups and no additional acid treatments
are required to impart a hydrophilic character and reactivity to
GO [98]. This is a significant advantage, since those functional
groups are likely responsible for the adsorption of metal ions by
GO sheets.

Graphene based materials serve as efficient adsorbent, due to
their large specific surface area and electron rich environment.
Due to the strong functional groups on graphene oxide (GO) sur-
face, GO will be a potential adsorbent for metal ion complexation
through both electrostatic and coordinate approaches. A variety
of studies have described the application of graphene based mate-
rials as adsorbents for the removal of inorganic species from aque-
ous solutions [98]. Most of these studies have employed GO as a
model adsorbent for remediation of metal ions in water [99-
101]. GO is preferable to pristine graphene for metal ion adsorption
due to GO’s high content of oxygen groups available to interact
with metal ions. The importance of these oxygen-containing func-
tional groups was demonstrated by comparing the Pb(II) adsorp-
tion performance of pristine and oxidized graphene sheets [102].
GO and graphene nanosheets (GNs) can also be incorporated with
metal oxides to form composite materials. A composite with GO
and metal oxide usually has specific features and has been used
as effective adsorbents for the removal of different pollutants.
Flower-like TiO, on GO hybrid (GO-TiO,) has been used for the
removal of Zn?*, Cd** and Pb?" ions from water [103]. The
adsorption capacities of GO-TiO, hybrid reached 88.9 mg/g for
Zn?*, 72.8 mg/g for Cd**, and 65.6 mg/g for Pb?*, respectively, at
pH 5.6, which are higher than either GO or TiO, as shown in
Table 3.

Pristine graphene was first prepared through a vacuum-
promoted low-temperature exfoliation and submitted to heat
treatments at 500 and 700 °C (GNS500 and GNS700) to introduce
oxygen functional groups. GNS500 and GNS700 revealed a higher
adsorption capacity for Pb(I) compared to pristine graphene,
which underscores the importance of carboxyl groups in the
adsorption mechanism of Pb(II) [102]. Besides metals removal, gra-
phene based adsorbents have also been used for the removal of
various organic pollutants from water and Table 4 summarizes
the removal of organic pollutants using graphene based
adsorbents.

The fate, transformation, and toxicological impacts of graphene
based materials in the environment have been extensively
reviewed in previous literature [134-136]. However, the impor-
tance of carefully evaluating the environmental implications of
graphene based materials must be emphasized. Detailed ecotoxi-
cological assessments and life-cycle analyses still need to be per-
formed, in order to identify the forms of graphene-based
nanomaterials that will allow us to utilize the properties of gra-
phene, while minimizing the associated health and environmental
impacts. Until these economic and environmental considerations
are known and better understood, it would be hard to determine
the most promising areas of research for graphene-based materi-
als. One of the most important challenges will be to reduce GO suc-
cessfully to a pristine graphene material in order to restore its
exceptional electronic and mechanical properties. Reduction of
GO for the production of graphene certainly appears a most
promising approach to produce low cost graphene on a large scale.

2.2. Metal oxide based nanomaterials

2.2.1. Nano metal oxides

Among the available adsorbents, nanosized metal oxides
(NMOs), including nanosized ferric oxides, manganese oxides, alu-
minum oxides, titanium oxides, magnesium oxides and cerium
oxides, are classified as the promising ones for removal of pollu-
tants from aqueous systems [137-139]. This is partly because of
their large surface areas and high activities caused by the size
quantization effect [140,141]. Recent studies suggested that many
NMOs exhibit favorable sorption to heavy metals in terms of high
capacity and selectivity, which would result in high removal of
toxic metals to meet increasingly strict regulations [142]. However,
as the size of the metal oxides reduces from micrometer to
nanometer levels, the increased surface energy inevitably leads
to their poor stability. Consequently, NMOs are prone to agglomer-
ation due to van der Waals forces or other interactions [143], and
the high capacity and selectivity of NMOs would be greatly
decreased or even lost. Moreover, NMOs are unusable in fixed beds

Table 3

Various graphene based nanocomposites for the removal of some heavy metal ions.
S. No Adsorbent Adsorbate Adsorption capacity (mg/g) Refs.
1. GO/Fe304 Cu(1n) 18.3 [104]
2. GO/silica/Fe304 Pb and Cd (II) 333.3 and 166.7 [105]
3. GO/Fe;04/sulfanilic acid Cd (1) 55.4 [106]
4. GO-MnFe,04 Pb(II) 673 [107]
5. rGo/COFe;04 Pb(II) 299.4 [108]
6. GO/Mn-doped Fe(Ill)oxide Cd and Cu(II) 87.2 and 129.7 [109]
7. GO/Fe;04/sulfanilic acid Cu(Ir) 50.7 and 56.8 [110]
8. GO/Fe304 Cu, Pb and Cd 23.1,38.5 and 4.4 [111]
9. Graphene Oxide (GO) Pb(II) 35.6 [103]
10. TiO»/GO Pb(1II) 65.6 [112]
11. GO-EDTA Pb(II) 479 [112]
12. Graphene nanosheets (GNs) Pb(II) 224 [102]
13. GNs-500 Pb(1I) 35.2 [102]
14. Si0,-GNs Pb(II) 113.6 [113]
15. MnO,/GNs Hg (II) 10.8 [114]
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Table 4

Adsorption of organic pollutants using graphene based materials.
S. No. Adsorbent Organic pollutants Adsorption capacity (mg/g) Refs.
1. Polyethersulfone/GO MB 62.50 [115]
2. Fe304/GO hybrids MB, NR 167.2,171.3 [116]
3. Reduced GO-MFe,0,4 hybrids RhB, MB 92% and 100% [117]
4. GO sponge MB, MV 397, 467 [118]
5. Reduced GO/ZnO nanohybrids RhB, MB - [119-121]
6. Reduced GO/CdS hybrids MB 94% [122]
7. Reduced GO-TiO, MO - [123]
8. Fe;0,~GNs MB,CR 453,337 [124]
9. GO MB 351 [125]
10. GNs MB 154-204 [126]
11. GO Tetracycline 313.48 [127]
12. GO Oxytetracycline 21231 [127]
13. GO Doxycycline 398.40 [127]
14. F-GO with MNPs Oxytetracycline 45.0 [128]
15. F-GO with MNPs Tetracycline 39.1 [128]
16. F-GO with MNPs Chlortetracycline 42.6 [128]
17. F-GO with MNPs Doxycycline 35.5 [128]
18. TiO,-graphene sponge Tetracycline 1805 [129]
19. GO Tetracycline 381.77 [130]
20. Single layer GO Ciprofloxacin 379 [131]
21. KOH-activated graphene Ciprofloxacin 194.6 [132]
22. Porous graphene hydrogel Ciprofloxacin 235.6 [133]

or any other flow through systems because of the excessive pres-
sure drops (or the difficult separation from aqueous systems) and
poor mechanical strength. To improve the applicability of NMOs
in real wastewater treatment, these were impregnated into porous
supports of large size to obtain composite adsorbents [144]. The
widely used porous supports include activated carbon, natural
materials, synthetic polymeric hosts, etc. Besides traditional NMOs,
magnetic NMOs attract increasing attentions as they can be easily
separated from water under a magnetic field [145]. Also, magnetic
NMOs-based composite adsorbents allowed easy isolation from
aqueous solutions for recycling or regeneration [146]. Such facile
separation is essential to improve the operation efficiency and
reduce the cost during water/wastewater treatment.

Since there are so many types of NMOs employed for heavy
metals removal, comparison of their capacity is necessary. How-
ever, the experimental conditions in the related references varied
greatly and thus, a direct comparison of the reported data seems
a little meaningless. For example, due to the different synthetic
methods of a given NMO, it is difficult to keep constant its size
and surface chemistry. In addition, the operating conditions, like

the solution chemistry (pH, ionic strength and ion types), temper-
ature, experimental form (batch or column runs) are quite different
from each other. Here, a simple comparison on some typical NMOs
for metals removal has been made (Table 5).

2.2.2. Nano metal oxides supports

Nano metal oxides (NMOs) show an effective and specific
adsorption towards various aquatic pollutants. Nevertheless, they
are usually present as fine or ultrafine particles, which often lead
to problems such as activity loss due to agglomeration, difficult
separation, and excessive pressure drops when applied in flow-
through systems [154]. An effective approach to overcome these
technical bottlenecks is to fabricate hybrid adsorbents by impreg-
nating or coating NMOs particles into/onto porous supports of lar-
ger size [155-158]. The widely used supports include natural hosts
such as bentonite [159,160], sand [161,162], and metallic oxide
materials such as Al,0; membrane [163], porous manganese oxide
complex [164], and synthetic polymer hosts such as cross-linked
ion-exchange resins [165-167]. Some host-supported NMOs for
heavy metals removal are summarized in Table 6.

Table 5

Adsorption capacities of nano metal oxides for metals removal.
S. No Adsorbent Adsorbate Temp. (°C) Adsorption capacity (mg/g) Refs.
1. Goethite (0-FeOOH) cu(In) 25 149.25 [147]
2. Hematite (o-Fe,03) Cu(In) 25 84.46 [148]
3. Y-Fe,04 Cu(ll) 25C 26.8 [149]
4. Zno Pb(II) 28C 6.7 [150]
5. CeO, Pb(II) 28C 9.2 [151]
6. TiO, Pb(II) 25C 401.14 [152]
7. Modified Al,O5 Pb(II) and Cd(Il) 25C 100 and 83.33 [153]

Table 6

Nano metal oxides support materials for the removal of heavy metal ions.
S. No. Metal oxide Support material Adsorbents Adsorption capacity (mg/g) Refs.
1. Iron oxide Treated municipal sewage sludge Pb(II) & Cd(II) 42.4 and 14.7 [168]
2. Fe304 Cyclodextrin Cu(ln) 47.2 [169]
3. Fe,05 Sepiolite Ni(I1) 1830 [170]
4. Manganese oxide Diatomite Pb(II) & Cd(II) 99.0 and 27.86 [171]
5. ZnO Activated carbon Pb(II) 100% removal [172]
6. Nanosize calcium titanate Aluminium oxide Pb(II) and Cd(II) 124 and 8.58 [173]
7. Goethite Sand Pb(II) and Cd(II) 702 and 704 pg/g [174]
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To date, metal oxides are widely explored as highly efficient
adsorbents for pollutants removal from water/wastewater. They
exhibit various advantages such as fast kinetics, high adsorption
capacity, and preferable sorption towards pollutants in water and
wastewater. Nevertheless, to further promote the practical appli-
cation of metal oxides in abatement of various pollutants, there
still exist some technical bottlenecks to be solved. For instance,
when applied in aqueous solution, metal oxides tend to aggregate
into large-size particles and their capacity loss seems inevitable. In
addition, the way to efficiently separate the exhausted metal oxi-
des from water/wastewater still remains an interesting but a chal-
lenging task. As for column operation, the excessive pressure drop
caused by metal oxides should also be considered.

Fortunately, fabrication of new metal oxides based composite
adsorbents seems to be an effective approach to respond to all
the above technical problems. However, it is still in the infant
stage, and various issues need to be solved concerning the develop-
ment of more facile processes to obtain the composite adsorbents,
and the answer is to interplay between the hosts and the sup-
ported metal oxides, the long-term performance of the composite
adsorbents, as well as their field application in heavy metal con-
taminated water treatment.

Recently, magnetic adsorbents have attracted intensive interest
in water treatment due to its easy separation and collection using a
magnet. Incorporation of magnetic particles with GO or GNs offer
an effective approach to overcome the separation problems associ-
ated with graphene. At the same time, loading of the magnetite
nanoparticles can avoid or decrease the possibility of serious
agglomeration and restacking of the graphene sheets, and conse-
quently provide a higher available surface area and enhancement
of adsorption capacity [175]. Liu et al. [176] have reported a mag-

Metal ion adsorption

Disrupted E-coli

netite Fe;04/GO composite (M/GO) for the removal of Co?* from
aqueous solutions and investigated adsorption kinetics, equilib-
rium and thermodynamics. M/GO was found to have a higher
adsorption than that of Fe304 and could be separated and recov-
ered by magnetic separation after adsorption. Santhosh et al. have
reported a G-Fe;0, nanocomposite for the removal of Pb®* from
aqueous solution and also investigated its adsorption and as
antibacterial activity [177].

MnFe,04-G ferrites have been used for the effective removal of
Pb and Cd ions. Sorption of Pb and Cd ions onto MnFe,04-G surface
followed pseudo second order kinetic model and the monolayer
adsorption capacity of Pb and Cd on MnFe,04-G was found to be
100 and 76.90 mg/g at pH 5 and 7 respectively. Effect of MnFe,04-
G on bacterial model E. coli was also investigated with 82% loss of
viability after 2 h of treatment with 100 mg/L MnFe,04-G (Fig. 2)
[178].

CoFe,04-G and NiFe,04-G have been tested for the heavy metal
ions removal and results showed that the adsorption capacity for
Pb and Cd ions. The maximum adsorption for Pb ions was found
to be 142.8 and 111.1 mg/g at pH 5, 310 K for CoFe;04-G & NiFe,-
04-G, whereas for Cd ions, it was found to be 105.26 and 74.62 mg/
g at pH 7 and 310 K respectively. Thermodynamic properties signi-
fies that the adsorption reaction was spontaneous and exothermic
[179].

Synthesis of magnetite nanoparticles (MNPs) using low cost
approach has also been conducted [180]. Iron ore tailings (IOT)
as the primary source of MNPs was taken into consideration during
the study. Methylene blue (MB) and Congo red (CR) dyes were
taken as the model pollutants. Complete recovery of iron from
IOT was made with HCl. Finally, ferric (hydro) oxide (FHO)
(primarily constituting of goethite) was yielded after treatment
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Fig. 2. Schematic diagram showing the adsorption of heavy metal ions and antibacterial activity on MnFe,0,4-G. (Reproduced from Ref. [178] by permission of Elsevier.)
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with concentrated ammonia. The adsorbent pH was raised with
NaOH and stabilized using sodium dodecyl sulphonate (SDS). The
chemical analysis of synthesized MNPs showed that total iron con-
tent was close to theoretical value (72.36%). The pHpzc of MNPs
was found to be 7.1. The results of adsorption studies of MB and
CR dyes exhibited that the kinetics of the process was rapid show-
ing that the adsorption occurred only on the surface of MNPs. The
behavior of MNPs towards the varying pH was explained on the
basis of pHpzc (pHpzc: ~7.1) and the adsorption of cationic MB
was found to be higher above pHpzc and anionic CR adsorption
was higher in the lower pH range. The optimized pH for MB and
CR dyes adsorption was found to be ~9.2 and ~6.2, respectively.
The aggregation of MNPs on the increase of MNPs dose was noticed
leading to a non-linear adsorption of dyes. Increase in dyes concen-
trations lead to an increase in dyes uptake by MNPs but the per-
centage adsorption decreased. The monolayer adsorption
capacities of MNPs (70.4 and 172.4 mg/g for MB and CR, respec-
tively, were obtained. Desorption studies of MB and CR dyes were
also performed and 95% CR was found to desorb at pH > 8.0. How-
ever, MB desorption was more effective (85% MB desorption) when
methanolic solution of acetic acid (4% (v/v) acetic acid in metha-
nol) was used as an eluent.

In an attempt to modify the iron oxide nanoparticles for render-
ing them effective for dye removal, Inbaraj and Chen [181] synthe-
sized poly(y-glutamic acid) (PGA) coated iron oxide nanoparticles.
PGA coating was found to improve the stability of the MNPs that
was confirmed by the leaching experiments in different aqueous
matrices (deionized water, tap water, river water, acidic solutions,
basic solutions). The MB dye experimental isotherm data fitted
well to the Redlich-Peterson and Langmuir models. The maximum
adsorption capacity of MB dye onto PGA-MNPs obtained from
Langmuir model was found to be 78.67 mg/g. The adsorption
kinetics of MB onto synthesized nanomaterials was fast (equilib-
rium was achieved in 5 min). In the presence of coexisting ions,
MB adsorption was lowered. A declining trend in presence of CaCl,
was more significant than in presence of NaCl due to the valence
effect. Acidic pH (1.0-3.0) was not favorable for the adsorption of
MB dye onto PGA-MNPs due to the competition between dye
cations and hydrogen ions in the solution for the a-carboxylate
anions present on the surface of the adsorbent. lon exchange
mechanism that dominated at higher pH favored the MB adsorp-
tion onto PGA-MNPs. On the other hand, desorption was favorable
in acidic media (ionized water). Salih et al. [182] investigated the
fate and transport of Fe;O3 NPs in a granular activated carbon
(GAC) adsorber bed and its impact on trichloroethylene (TCE)
adsorption. The presence of Fe,03 NPs enhanced the TCE removal

(70%) from aqueous phase as compared kinetics onto GAC alone.
But, desorption was similarly fast due to the absence of a suitable
pore size distribution for permanent adsorption of TCE. The charac-
terization results revealed that only 3% of Fe,0; NP total surface
area was microporous resulting in their easy desorption into bulk
solution. It was concluded from the values obtained from the
kinetic models that batch systems might not be optimal to study
TCE adsorption. The column breakthrough studies were also
undertaken in which it was observed that TCE breakthrough
occurred in a shorter time in presence of Fe;03 NPs than in their
absence. This was attributed to the attachment of Fe,Os; onto
GAC. Also, the impact of Fe,03 NPs on TCE breakthrough was found
to be concentration dependent. Besides metals removal, nano
metal oxides based adsorbents have also been used for the removal
of various organic pollutants from water and Table 7 summarizes
the removal of organic pollutants using nano metal oxides based
adsorbents.

Although, the use of metal oxide nanoparticles in various appli-
cations including water treatment is increasing tremendously, but
still there are some adverse effects of using metal oxide nanoparti-
cles on the health of living organisms [ 198]. There are various stud-
ies on the toxicity of metal oxide nanoparticles and there is also an
increase in the cytotoxic potential of these metal oxide nanoparti-
cles [199]. Hence there is a challenging task of preparing eco-
friendly metal oxide nanoparticles with better efficiency and
minimum negative effects to the environment.

2.3. Miscellaneous nanoadsorbents

Besides the above categorized nanoadsorbents, there are some
other nanoadsorbents which have been prepared and applied in
water treatment by different researchers. A brief discussion is pre-
sented here. Chitosan-Fe(0) nanoparticles (chitosan-Fe(0)) were
prepared using biodegradable chitosan as a stabilizer and batch
experiments were conducted to evaluate the influences of initial
Cr(VI) concentration and other factors on Cr(VI) reduction on the
surface of the chitosan-Fe(0) [200]. The authors suggested that
the overall disappearance of Cr(VI) might include both physical
adsorption of Cr(VI) onto the chitosan-Fe(0) surface and subse-
quent reduction of Cr(VI) to Cr(Ill). Characterization with high-
resolution X-ray photoelectron spectroscopy revealed that after
the reaction, relative to Cr(VI) and Fe(0), Cr(Ill) and Fe(Ill) were
the predominant species on the surface of chitosan-Fe(0). Chitosan
also inhibited the formation of Fe(IIl)-Cr(IIl) precipitation due to
its high efficiency in chelating the Fe(Ill) ions. The adsorption of
eosin Y, as a model anionic dye, from aqueous solution using

Table 7
Removal of organic pollutants using nano metal oxides.
S. No Adsorbents Organic pollutants Adsorption capacity (mg/g) Refs.
1. SiO,/Fe304 MO 53.19 [183]
2. v-Fe,03/SiO/chitosan composite MO 34.29 [184]
3. v-Fe,05 crosslinked chitosan composite MO 29.46 [185]
4. Magnetic nanopowder Phenol 135 [186]
5. v-Fe,03/2C nanocomposite Phenol 42.34 [187]
6. v-Fe,03/2C nanocomposite MO 72.68 [187]
7. v-Fe,03 Acridine orange 59 [188]
8. Polyacrylic acid-Fe;04 MB, Crystal violet 199,116 [189,190]
9. Fe;04,-CTAB Acid red 27 1.05 [191]
10. CTAB-Fe304/SiO, Phenolic compounds - [192]
11. Chitosan-Fe;04 Acid orange 12 acid green 25 1.883,1.471 [193]
12. Fe;0,@Si0,/SiCRG Metoprolol (MTP) 447 [194]
13. Si0,/SiCRG Metoprolol (MTP) 393 [194]
14. Silica gel Metoprolol (MTP) 68.4 [195]
15. o-Fe,03 Congo red 413.22 [196]
16. Qur-Fe,03 Congo red 619.51 [196]
17. Fe304 MNPs Crystal violet 166.67 [197]
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chitosan nanoparticles, prepared by the ionic gelation between chi-
tosan and tripolyphosphate, was examined by Du et al. [201]. The
adsorption capacity was found to be 3.33 g/g. The adsorption pro-
cess was endothermic in nature with an enthalpy change (AH) of
16.7 kJ/mol at 20-50°C. The optimum pH value for eosin Y
removal was found to be 2-6. The dye was desorbed from the chi-
tosan nanoparticles by increasing the pH of the solution. The des-
orption percentage was about 60% within 60 min at pH 11.0,
whereas 98.5% of the dye could be eluted at pH 12 in 150 min.
The potential of nanochitosan to remove acid dyes from aqueous
solution has also been explored by the researchers [202]. The
monolayer adsorption capacities were determined to be 1.77,
4.33,1.37 and 2.13 mmol/g for acid orange 10, acid orange 12, acid
red 18 and acid red 73 dyes, respectively. The differences in capac-
ities might be due to the differences in the size of dye molecules
and the number of sulfonate groups on each dye molecule. The
results have demonstrated that monovalent and smaller dye
molecular sizes have superior capacities due to the increase in
dye/chitosan surface ratio in the system and deeper penetration
of dye molecules into the internal pore structure of nanochitosan.
The mechanism of the adsorption process of acid dye on nanochi-
tosan was proposed to be the ionic interactions of the colored dye
ions with the amino groups on the chitosan. By encapsulating zir-
conium phosphate (ZrP) nanoparticles into three macroporous
polystyrene resins with various surface groups, i.e., —CH,Cl, —SO3
and —CH,N+(CH3)3 three nanocomposite adsorbents (denoted as
ZrP-Cl, ZrP-S, and ZrP-N) were fabricated, respectively for lead
removal from water [203]. Effect of functional groups on nano-
ZrP dispersion and effect of ZrP immobilization on the mechanical
strength of the resulting nanocomposites were investigated. The
presence of the charged functional groups (—SOs; and —CH);N
+(CHs)3) were more favorable than the neutral —CH,Cl group to
improve nano-ZrP dispersion (i.e., to achieve smaller ZrP nanopar-
ticles). ZrP-N and ZrP-S had higher capacity than ZrP-Cl for lead
removal. As compared to ZrP-N, ZrP-S exhibited higher preference
towards lead ions at high calcium levels as a result of the potential
Donnan membrane effect. On the other hand, nano-ZrP immobi-
lization would simultaneously reinforce both the compressive
strength and the wear performance of the resulting nanocompos-
ites with the ZrP loadings up to 5 wt%.

The organic-inorganic hybrid of poly(acrylic acid-acrylonitrile)/
attapulgite, P(A-N)/AT nanocomposites, were prepared by using
in situ polymerization and composition of acrylic acid (AA) and
acrylonitrile (AN) onto modified attapulgite (AT) nanoparticles
[204]. The resulting P(A-N)/AT nanocomposites were transformed
into novel nano-adsorbent of poly(acrylic acid-acryloamidoxime)/
attapulgite by further functionalization, i.e., P(A-O)/AT nano-
adsorbent. The adsorption properties of P(A-O)/AT toward metal
ions were determined, and the results indicated that the adsor-
bents with nanocomposite structure held a good of selectivity to
Pb(II) among numerous metal ions. The maximum removal capac-
ity of Pb(II) was up to 109.9 mg/g and it was notable to see that the
adsorption removal of P(A-O)/AT nano-adsorbent for Pb(II) could
achieve more than 96.6% when the initial concentration of Pb(II)
was 120.0 mg/L. Besides the above mentioned nanoadsorbents,
several other materials have also been examined as nano-
adsorbents for the removal of different aquatic pollutants
[27,205-222].

Raveendra et al. [223] have synthesized nanocrystalline meta-
zinc titanate (ZnTiOs) ceramic using a self-propagating solution
combustion synthesis (SCS) using urea as fuel. The preparation
and characterization of ilmenite type nanocrystalline ZnTiO5 cera-
mic were discussed in detail and studied its effectiveness in the
adsorption of hazardous malachite green (MG) dye. Mechanism
of adsorption of MG onto the nanocrystalline ZnTiO3 ceramic was
explained on the basis of pH effect. Under acidic conditions, it

was difficult for cationic MG dye to adsorb onto the nanocrystalline
ZnTiO3 surface. This is because, as initial pH of dye solution
decreased, the number of negatively charged adsorbent sites
decreased and positively charged sites increased which did not
favor the adsorption since the MG is a cationic dye resulting in
electrostatic repulsion. This decrease in the adsorption at lower
pH was also due to the fact that the presence of excess H' released
from the MG dye at acidic condition which opposed with dye
cations for the adsorption. In turn, at higher pH, the negatively
charged sites on adsorbent molecule increased which attracted
the positively charged sites of cationic MG dye resulting in higher
adsorption. The results showed that the parameters such as effect
of pH and contact time played a very important role on the adsorp-
tion. Adsorption kinetics results show that adsorption of MG over
ZnTiO5 followed first order kinetics.

Taghizadeh et al. [224] have synthesized nickel nanoparticles
(Ni-NP) and zinc selenide nanoparticles (Zn-Se-NP) which were
loaded on activated carbon and used for the removal of Arsenazo
(1) dye from aqueous medium. The results show that Langmuir
plot for Arsenazo (II) adsorption on both adsorbents is linear over
the whole concentration range studies and the correlation coeffi-
cients were extremely high (R?>0.99). Heat of adsorption and
the adsorbent-adsorbate interaction were studied by Tempkin
and Pyzhev models. Adsorption equilibrium data were also fitted
with Dubinin and Radushkevich isotherm models. From the corre-
lation coefficient it was concluded that the adsorption was not fit-
ted well with Dubinin and Radushkevich isotherm model. The high
Arsenazo (III) removal using both adsorbents showed their applica-
bility to remove the dye in short equilibrium time (less than
25 min). Adsorption kinetics was found to follow a second-order
rate expression and equilibrium adsorption data for both adsor-
bents were best represented by the Langmuir isotherms. Higher
inhibition field of nickel nanoparticle (120-205 Oe) in comparison
to respective value for bulk nickel may be attributed to decrease in
the size of produced nickel and formation of nanoparticle. The Ni-
NP-AC was efficient for quantitative removal of Arsenazo (III) (98%
within 20 min). It was found that the dye removal efficiency of Ni-
NP- AC was superior than that of Zn-Se-NP-AC. The maximum
adsorption capacity of Ni-NP-AC and Zn-Se-NP-AC was found
as 168 and 162.74 mg/g, respectively.

2.4. Silsesquioxane based materials

A silsesquioxane is an organosilicon compound with the chem-
ical formula [RSiO3;], (R=H, alkyl, aryl or alkoxyl) [225].
Silsesquioxanes are members of polyoctahedral silsesquioxanes
(“POSS”), which have attracted attention as precursors to ceramic
materials and nanocomposites. The potential applications of
silsesquioxane based materials lie in the fields of catalysis
[226,227], separation and storage [228,229], opto-electronics
[230] and environmental field [231-233]. These materials are
extensively used for the synthesis of nano structured hybrid poly-
mer materials, having nanometer sized inorganic cores surrounded
with organic functional groups [225,234-236].

There are diverse POSS based nanocomposites which have been
developed [237,238], and generally, there are mainly three
approaches for integrating POSS into nanocomposites: first is the
core as a POSS function and the microinitiator to initiate polymer-
ization from the surface of the POSS, giving a star-like macro-
molecules; second is multi-functional POSS compounds which
can function as nano fillers or monomers to polymerize with
organic monomers or polymers, forming crosslinked nanocompos-
ites and the third is monofunctional POSS compounds as tethering
macromolecules to graft onto a polymer backbone, forming poly-
mers with pedant POSS cages. Star-like nanocomposites with POSS
as the core are generally prepared using functional POSS as the
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micro-initiator. For example, by reacting octa(aminophenyl)
silsesquioxane (OAPS) with 2-bromo-isobutyryl bromide, octa-
butyrylbromide POSS can be obtained and it can subsequently ini-
tiate atom transfer radical polymerization (ATRP) of 2,2,3,4,4,4-
hexafluorobutyl methacrylate (HFBMA) or methyl methacrylate
(MMA) [239]. Due to the incorporation of a thermally stable inor-
ganic Si-O core, the star-like POSS-g-HFBMA exhibits improved
thermal properties.

Shena and Liu [240] have selected the triphenylphosphine (TPP)
and triphenylphosphine oxide (TPPO) materials to react with cubic
octavinylsilsesquioxane (OVS) for preparing the two novel parallel
series of hybrid phosphorus-containing porous polymers (denoted
as HP-TPPs and HP-TPPOs) via the Friedel-Crafts reaction, respec-
tively. These hybrid porous polymers possessed high surface areas,
unique bimodal pores with uniform micropores and mesopores
centered at 1.5nm and 3.7 nm, respectively, and an excellent
size-selective adsorption for dyes. They displayed an outstanding
adsorption ability for Rhodamine B (RhB) with maximum adsorp-
tion capacities of 828.6 mg/g, and could rapidly remove more than
90% RhB within 3 min when the initial concentration of the RhB
solution was 50 ppm.

Liu et al. reported the removal of Pb?* ions from aqueous solu-
tions by using synthetic polymer P(AO/AN/MA) which achieved an
adsorption capacity of 4.28 mmol/g at 25 °C [241]. Polymers which
could selectively adsorb metal ions should consist of two monomer
groups, each having a different role. One functional group forms a
complex with the target and the other allows the polymers to
stretch and shrink reversibly in response to environmental change.
Generally, amidoxime (AO) and carboxylic groups (AA) were cho-
sen as the functional groups [242-244].

Based on the discussion above, it can be concluded that these
materials are very promising to be industrialized and be of great
use in the field of wastewater treatment. A future direction for
the development of POSS-containing materials is also proposed
for applications in organic photovoltaic and other high-
performance materials.

3. Nanomaterials as photocatalysts

During recent decades, the photocatalytic degradation of vari-
ous toxic organic compounds has been proposed as a viable pro-
cess to detoxify water. Much attention has been paid to the
photocatalytic degradation of dyes with TiO, particles under UV
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Hydrothermal Mcthod

Q ZnCdS

or visible light since conventional biological treatment processes
are not effective in degrading these pollutants in wastewater
[245,246]. There are various proposed mechanisms for the degra-
dation of dyes using the photocatalyst materials. One mechanism
suggests that the oxidation of organic compounds is first initiated
by the free radicals, which are mainly induced by the electron-hole
(e”/h™) pairs at the photocatalyst surface [247]. Another mecha-
nism states that the organic compound is firstly adsorbed on the
photocatalyst surface and then reacts with excited superficial e”/
h* pairs or OH radical to form the final products [248]. A variety
of reaction mechanisms depend on both surface adsorbed and
solution phase species, resulting in different kinetics of pho-
todegradation. Adsorption of the organic pollutants is generally
considered to be an important parameter in determining degrada-
tion rates of photo catalytic oxidation [249].

Semiconductor materials have shown good photocatalytic
activity on removing various organic pollutants. However, com-
mercial visible light photocatalysts show some disadvantages,
either they are unstable or inefficient upon the illumination of
light. Recently, group II-VI semiconductors with energy gaps cov-
ering the visible spectral range have been recognized as compati-
ble candidates for photocatalysts. Many studies have been
reported exploring the novel materials, which can act as highly
efficient material under visible light, and act as an active photocat-
alyst for the degradation of different organic pollutants with high
efficiency and high stability [250].

Shen et al. [251] prepared ZnCdS nanoparticles decorated on a
2D platform of reduced graphene oxide (rGO) sheets by a one-
pot ionic-liquid-assisted hydrothermal process towards photocat-
alytic activities toward the photo-degradation of organic dyes
(Fig. 3).

Generally, three factors are crucial for the photocatalytic activ-
ities of the composite, namely, the adsorption of contaminant
molecules, light irradiation absorption, and charge transportation
and separation [252]. The photocatalytic degradation of organic
pollutants using TiO, as photocatalyst has been widely studied.
However, TiO, is only activated under UV irradiation, which
greatly limits the efficient utilization of solar energy. In the case
of ZnCdS, its valence band energy is about 1.0 eV more negative
than that in the case of TiO,. It causes the narrowing of bandgap
energy and response to visible light [253]. On the other hand,
because of the unique properties of graphene, it cannot only
improve the separation and transport of photocarriers, but also

GO
Ascorbic acid
Na,S

sonication

Fig. 3. Experimental procedure used to prepare rGO-ZnCdS. (Reproduced from Ref. [251] by permission of Elsevier.)
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might cause a higher conduction band position with a stronger
reductive power. Photo catalytic activity was evaluated by the
degradation of methyl orange and RhB in aqueous solution under
visible light with different weight loadings of rGO into the ZnCdS
[251]. From Fig. 4, it can be found that the degradation of methyl
orange over the as-prepared catalyst within a 24 h reaction time
decreased in the order of rGO-ZnCdS-3 > rGO-ZnCdS-2 > rGO-
ZnCdS-4 > rGO-ZnCdS-1 > ZnCdS (Fig. 4a). Similar results were also
observed for the degradation of RhB under visible light irradiation
(Fig. 4b). It seems that with the increase of the content of rGO, the
photoactivity with respect to degradation of dyes is enhanced
gradually at first but decreased with higher loading ratio. Excessive
addition of black color rGO will lower the light intensity through
the depth of the reaction solution, thus decreasing its
photoactivity.

It was found that there were at least three reasons for the
remarkable photocatalytic activity of rGO-ZnCdS for the bleaching
of organic dye under visible-light irradiation. First, rtGO-ZnCdS has
enhanced adsorption of organic dyes molecules; second, rGO-
ZnCdS has an obviously extended photo-responsive range; finally,
the formed rGO-ZnCdS hetero system has a synergetic effect on
its photoactivity.

Xiong et al. [254] synthesized graphene-gold nanocomposites
for photocatalytic degradation of dyes under visible light irradia-
tion. On the basis of the experimental data, it proposed a mecha-
nism accounting for the degradation of dye pollutants over GOR-
Au under visible light irradiation as schematically illustrated in
Fig 5. The dye was firstly excited to dye®, followed by an electron
transfer from the dye* to graphene. Then, the electron moved to
a gold nanoparticle and was trapped by O, to produce various
ROSs. The dye” finally itself degraded and/or was degraded by
the ROSs.

The photoactivity of GOR-Au was evaluated using Rhodamine B
(RhB) under visible light irradiation, and the results are shown in
Fig. 6. It can be seen that RhB was very stable under visible light
irradiation without the catalyst or over GOR-Au in the dark. It
was slightly degraded in the presence of GOR. However, in the
presence of GOR-Au, the RhB degradation was remarkably
enhanced; the rate constant was calculated to be about 8.7 * 1073 -
min~', much larger than that of P25 (4.9 * 10~ min~'), Au depos-
ited P25 (P25-Au, 5.1 * 102 min~') and GOR (5.2 * 10~ min™ ).

Other non-biodegradable dyes, including methylene blue (MB)
and orange II, were also examined using catalyst GOR-Au under
visible light irradiation. The rate constants were calculated to be
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Fig. 5. A proposed mechanism of photosensitized degradation of dyes over GOR-Au
under visible light irradiation. (Reproduced with permission from Ref. [254] by The
Royal Society of Chemistry.)

O gl
il 0.6

0.4

T T T

T T T

T T
0 50 100 250

-
200

I
150
t (min)

Fig. 6. Degradation of RhB (a) over GOR-Au in the dark, and (b) without catalyst,
over (c) GOR, (d) P25, (e) P25-Au and (f) GOR-Au under visible light irradiation.
Experimental conditions: 5.3 x 10~ mM RhB solution and 6.3 mg of photocatalyst
material. (Reproduced from Ref. [254] by permission of The Royal Society of
Chemistry.)

about 4.1 *102min~! and 9.4 * 10~ min~ for MB and orange II,
respectively. It was noted that the degradation rate for MB was
much faster than that for RhB and orange II despite the redox
potential of MBx being the highest among the dyes [255]. This
was attributed to their different adsorption abilities on GOR-Au,
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Fig. 4. Degradation curves under visible light irradiation of the samples for methyl orange (A) and RhB (B). Experimental conditions: RGO-ZnCdS nanocomposite (10 mg);
methyl orange or RhB solution of (10> mol/L). (Reproduced from Ref. [251] by permission of Elsevier.) (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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which were 88.6%, 27.6% and 8.5% for MB, RhB and orange II,
respectively. Considering that the electron recombination was
greatly depressed on GOR-Au, the high adsorption of MB on the
catalyst surface would remarkably enhance the electron transfer
efficiency and contact opportunity with surface adsorbed ROSs.

Zhang et al. [256] synthesized the graphene-metal-oxide com-
posites for the degradation of dyes under visible light irradiation.
The preparation of metal oxides as SnO, and TiO, materials onto
graphene sheets to prepare the graphene based metal oxide
nanocomposites (Fig. 7).

The photocatalytic activity of both samples was evaluated using
the degradation of RhB under visible light irradiation. It can be
seen from Fig. 8 that RhB was very stable under visible light irradi-
ation without the presence of a photocatalyst. It was slightly
degraded in the presence of RGO. However, in the presence of cat-
alysts RGO-Sn0O, and RGO-TiO,, the degradation was remarkably
enhanced with rate constants of about 6.2 * 107> min~! for RGO-
Sn0, and 3.6 * 107> min~! for RGO-Ti0,, significantly higher than
that of RGO (3.9*10 % min~'). In addition, photocatalyst RGO-
SnO, performed better than RGO-TiO, and commercial product
P25.

The presence of reduced graphene sheets greatly enhanced the
photocatalytic activity of the metal oxides for the degradation of
RhB under visible light irradiation because of the effective charge
separation and transfer. The RGO-Sn0O, system exhibited a better
photocatalytic activity than P25 and RGO-TiO, due to the good
electrical conductivity and effective charge separation due to the
presence of RGO.

Fan et al. [257] prepared ZnO/reduced graphene oxide hybrids
for enhanced photocatalytic degradation of dye wastewater. Xu
et al. [258] demonstrated that graphene-hybridized ZnO photocat-
alysts show enhanced photocatalytic activity for the degradation of
organic dye, and the highest photocatalytic activity is about four
times as that of pristine ZnO. Kavitha et al. [259] synthesized
graphene-ZnO nanoparticle hybrids through the in-situ generation
of ZnO nanoparticles onto graphene, and the photocatalytic results
showed that over 70% of the methyleneblue (MB) in ethanol was
degraded within 3 h under ultraviolet (UV) irradiation.

Fu et al. [260] have investigated the photodegradation of MB
using ZnO-graphene nanohybrids, and found that the nanohybrids
containing 2.5% graphene exhibit the highest activity, which was

Fig. 7. A scheme showing the preparation of samples RGO-SnO, and RGO-TiO,.
(Reproduced from Ref. [256] by permission of The Royal Society of Chemistry.)
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Fig. 8. Degradation of RhB (a) without catalyst, with (b) RGO, (¢) RGO-TiO,, (d) P25,
(e) RGO-Sn0y, (f) RGO-Ti0,-400, and (g) RGO- Sn0,-400. Experimental conditions:
5.3*10~> mM Rhodium B (RhB) solution and 6.3 mg of photocatalyst material.
(Reproduced from Ref. [256] by permission of The Royal Society of Chemistry.)

three times as large as that of pure ZnO. The photocatalytic prop-
erties of the as-prepared ZnO/rGO hybrids were also investigated
through the degradation of MB, methylene orange (MO), and Rho-
damine 6 G (Rh6G) under UV irradiations at room temperature
[257].

To investigate the photocatalytic properties of the as-prepared
ZnO/rGO hybrids, the photodegradation of MB solution (50 mL)
was performed using the ZnO/rGO hybrids and pure ZnO synthe-
sized by the same conditions. Results showed that the absorption
intensities of the MB solution diminished gradually as the irradia-
tion time increased. Under UV irradiation for 35 min, the absorp-
tion peak of MB disappeared completely and the MB solution
became colorless, which was much better than previous reports
[261,262]. The photocatalytic stability of the as-prepared ZnO/
rGO hybrids has also been investigated by four cyclic photo degra-
dations. After four cycles of degradation, the as-prepared ZnO/rGO
hybrids did not exhibit any significant loss in photocatalytic activ-
ity, indicating good photocatalytic stability during the oxidation of
MB molecules. The stable photocatalytic activity may be ascribed
to the transfer of the photo-generated electrons from ZnO to
rGO. The photodegradation rates of MB solution with pure ZnO
and ZnO/rGO hybrids and without catalysts have been analyzed.
It was found that the degradation time using the as-prepared
ZnO/rGO hybrids was about 1/3 of that of pure ZnO, confirming
the enhanced photocatalytic efficiency of ZnO/rGO hybrids. The
results show that the as-prepared ZnO/rGO hybrids exhibit higher
photocatalytic efficiency than pure ZnO nanostructures, and above
99% dyes in wastewater could be degraded after irradiation for
30 min. This enhanced photocatalytic activity can be attributed
to the low recombination probability of photogenerated elec-
tron-hole pairs due to efficient charge transfer from ZnO to rGO
sheets.

Shanmugam et al. [263] have prepared the graphene-V,0s
nanocomposite via hydrothermal method and tested for the degra-
dation of MB dye under direct sunlight. The G-V,05 composite was
prepared by solution mixing followed by sonication. Schematic
representation of the formation of the G-V,05 nanocomposite is
shown in Fig. 9.

The photocatalytic activity of the synthesized G-V,05 nanocom-
posite was analyzed using MB dye under UV, visible, and direct
sunlight irradiations as shown in Fig. 9. The irradiation of UV light
for different time intervals and the rate of degradation of MB dye
was observed as shown in Fig. 10(a) and Fig. 10(b). The results
showed that visible light irradiated MB dye with the G-V,0s
nanocomposite solution was degraded quickly within 150 min
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Fig. 9. Schematic representation of the formation of the G-V,0s nanocomposite. (Reprinted with the permission from Ref. [263] copy right from American Chemical Society).

compared to UV irradiation. Fig. 10(c) showed the absorption spec-
tra of MB dye solution with the G-V,05 nanocomposite under
direct sunlight irradiation for different time intervals. The dye
degraded at a faster rate under sunlight (90 min) compared to
UV and visible light sources as the sunlight has higher intensity.
To demonstrate the influence of graphene on the photodegrada-
tion, the degradation of MB with pure V,05 was studied under vis-
ible light. Fig. 10(d) showed the variation of C/Cy, with time for
V5,05 and the G-V,0s5 nanocomposite, where Cy is the initial con-
centration of the dye solution, and C is the concentration of the
dye solution with respect to the degradation time (t). It is obvious
from Fig. 10(d) that the rate of degradation was quite faster in the
composite compared to pure V,05 rods, which showed the benefi-
cial impact of graphene on the photocatalytic performance of the
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composite. The photocatalytic activity of the composite prepared
by the present method is higher than the graphene-V,0s5 based
composite prepared by the hydrothermal method [264].

4. Nanomaterials as antibacterial agents

One of the serious problems world is facing today is infectious
diseases and increasing resistance of the microorganisms towards
antibiotics [265]. Most of the infection causing bacteria are with
strong resistant to at least one of the antibiotics that are generally
used to eradicate the infection [266]. For preventing such type of
infectious microorganisms, nanoantimicrobials have been proved
as effective treatment option [267]. The bacterial growth control
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Fig. 10. Photodegradation of MB dye under the irradiation of (a) UV-light, (b) visible light, (c) direct sunlight, and (d) C/Cy vs time (min) for the G-V,05 nanocomposite.
Experimental conditions: 10 mg of photocatalyst material; 50 mL of MB dye solution. (Reprinted with permission from Ref. [263] copy right from American Chemical Society).
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is a challenging aspect in every environmental applications,
because they are complex media rich in microorganisms and nutri-
ents and their surfaces are exposed for a long period. Liu et al. [268]
have discussed about antibacterial activity of graphite (Gt), gra-
phite oxide (GtO), graphene oxide (GO), and reduced graphene
oxide (rGO): membrane and oxidative stress. E. coli was used as a
model bacterium to evaluate antibacterial activities of the four
types of graphene-based materials. E. coli cells (106-107 CFU/mL)
were incubated with the same concentration (40 pg/mL) of Gt,
GtO, GO, and rGO dispersions in isotonic saline solution for 2 h.
The death rate of bacterial cells was determined by the colony
counting method. The isotonic saline solution without graphene-
based materials was used as a control. As shown in Fig. 11(a), Gt
dispersion exhibited a moderate cytotoxicity with the cell inactiva-
tion percentage at 26.1 + 4.8%. The GtO dispersion showed a slight
weaker antibacterial activity compared with Gt, having the cell
inactivation percentage at 15.0 £3.7%. GO had a much stronger
bacterial activity compared with GtO. The loss of E. coli viability
increased to 69.3 + 6.1%, which was more than 4-fold compared
with that of GtO. rGO had a lower antibacterial activity compared
with GO with a bacterial inactivation percentage of 45.9 +4.8%.
Significant differences were found in their antibacterial activities
among the four materials. In particular, GO and rGO showed much
higher bacterial inactivation percentages compared with those of
Gt and GtO. Fig. 11(b) indicates the loss of E. coli viability steadily
increases with extending incubation time. For GO dispersion, the
loss of E. coli viability increases from 49.1 £ 6.0%, 69.3 £6.1%,
81.5+3.9% and 89.7 + 3.1% after incubation period of 1h, 2h, 3h
and 4 h respectively. rGO dispersion displayed a similar trend.
The loss of E. coli viability was 35.6 + 2.5%, 47.4+ 4.6, 67.8 £5.6
and 74.9 +4.8% after incubation period of 1h, 2h, 3h, and 4 h,
respectively. For both materials, a large fraction of cell death
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occurred in the first hours of incubation. Comparing GO and rGO
dispersions, GO dispersions had much higher antibacterial activi-
ties than rGO dispersions at all tested incubation intervals.
Fig. 11(c), the loss of E. coli viability progressively went up with
the increases of GO or rGO concentration. The loss of E. coli viability
jumped from 10.5 + 6.6% at the GO concentration of 5 pg/mL to
91.6 £3.2% at 80 pg/mL. The majority of E. coli was killed after
incubation with GO at the concentration of 80 pg/mL. In a similar
manner, rGO dispersion at the concentration of 5 pg/ mL killed
only 8.4+7.3% of E. coli, while 80 ng/mL rGO dispersion kills
76.8 +3.1% of E. coli. Fig. 11(d) shows SEM image of E. coli cells
which were individually wrapped by thin layers of GO nanosheets.

The correlation among antibacterial activities, GSH oxidation
and aggregate size is summarized in Table 8, which can be exam-
ined from three aspects.

Firstly, comparing GtO and GO, they have similar capacities in
oxidizing GSH (GtO at 21.4 + 1.1% vs GO at 22.2 £ 0.7%); however,
GO dispersion can kill much higher fractions of E. coli
(69.3 + 6.6%) than GtO dispersion (15.0 + 3.7%). GtO and GO contain

Table 8
The correlation among antibacterial activities, oxidative stress and particle size.
(Reprinted with permission from Ref. [268] copy right from American Chemical
Society).

S. Materials Loss of cells Loss of GSH Particle size
No. (%) (%) (pm)

. GtO (Graphite Oxide) 15.0+3.7 214+1.1 6.28 £2.50
2. Gt (graphite) 26.1+4.8 29.9+0.7 6.87 £3.12
3. rGO (reduced graphene 45.9+4.8 942 +1.1 2.75+1.18

oxide)
4, GO (graphene oxide) 69.3 £6.6 22.2+0.7 0.31+0.20
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Fig. 11. (a) Cell viability measurement after incubation with Gt, GtO, GO, and rGO dispersions. A 5 mL portion of graphene-based materials (80 pg/mL) was incubated with
E. coli (10°-107 colony forming units per milliliter (CFU/mL), 5 mL) for 2 h at 250 rpm shaking speed and 37 °C. Loss of cell viability rates was obtained by colony counting
method. Isotonic saline solution without graphene-based materials was used as control. (b) Time-dependent antibacterial activities of GO and rGO; 5 mL of GO or rGO (80 pg/
mL) was incubated with E. coli (10°-107 CFU/mL, 5 mL) for 4 h. The loss of visibility was measured at 0, 1, 2, 3, and 4 h, respectively. (c) Concentration-dependent antibacterial
activities of GO and rGO; 5 mL of GO or rGO (at 10, 20, 40, 80, and 160 pg/mL) was incubated with E. coli (10°~107 CFU/mL, 5 mL) for 2 h. (d) E. coli cells after incubation with
GO dispersion (40 png/mL) for 2 h. (Reprinted with permission from Ref. [268] copy right from American Chemical Society).
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Fig. 12. Schematic of the procedure for preparing GO-Ag nanocomposite.
(Reprinted with permission from Ref. [269] copy right from American Chemical
Society).

almost the same chemical functional groups. Their difference is
that GO is individual nanosheets with average size of
0.31 £ 0.20 um, while GtO is aggregated stacks of GO nanosheets
with average particle size of 6.28 + 2.50 um. Their distinct antibac-
terial activities suggest the aggregation of graphene nanosheets is
important in the antibacterial mechanism. Materials having smal-
ler size (e.g., GO), have higher cytotoxicity than those with larger
size (e.g., GtO). Second, comparing Gt and GtO, Gt particles

1131

(6.28 £2.50 um). However, it was found the antibacterial activity
of Gt (26.1 £ 4.8%) is much higher than that of GtO (15.0 + 3.7%).
This is obviously correlated with their different GSH oxidation
capacities. Metallic Gt can oxidize more GSH than insulating GtO,
suggesting that the metallicity of graphene materials also played
a role in their antibacterial activities. Third, if GO with rGO are
compared, although rGO shows much stronger oxidation capacity
toward GSH, smaller size GO has much higher antibacterial activity
than rGO. Overall, results in Table 8 suggest the antibacterial activ-
ities of graphene-based materials are attributed to their dis-
persibility, size, and oxidization capacity. Their antibacterial
mechanism is likely to be the synergy of membrane stress and
oxidative stress. The antibacterial activity of Gt, GtO, GO, and
rGO aqueous dispersions toward E. coli was compared. Colony
counting method results show that GO has the highest antibacte-
rial activities, followed by rGO, Gt, and GtO under the same disper-
sion concentration.

Shao et al. [269] have prepared the silver nanoparticle-
decorated graphene oxide nanocomposite using chemical process
(Fig. 12).

Two strains including Gram negative E. coli ATCC 25922 and
Gram-positive S. aureus ATCC 6538 were selected for antibacterial
tests because they are usually associated with the medical-
associated infections [270]. Antibacterial property of GO-Ag
nanocomposite was investigated by calculating antibacterial ratios
based on the numbers of bacteria colonies incubated with different
dosages of GO-Ag nanocomposite at 37 °C after a contact time of
1 h, as shown in Fig. 13(a and b).

It was found that the antibacterial ratio increased with increas-
ing GO-Ag nanocomposite dosages. anti-E. coli ratio of 60 pL dosage
of GO-Ag nanocomposite reached 98.36%, and the anti-S. aureus
ratio was 96.18%, respectively. Antibacterial ratios were 100% with
more than 60 pL dosage. Therefore, antibacterial behavior of GO-
Ag nanocomposite displayed a dose-dependent manner. These
results indicate that GO-Ag nanocomposites have excellent
antibacterial activities against Gram negative E. coli and Gram pos-
itive S. aureus.

Dinh et al. [271] synthesized the multiwalled carbon nanotubes
coated with silver nanoparticles using a modified Tollens process
(Fig. 14).

The antibacterial activities of Ag-NPs, MWCNTs, and Ag-
MWCNTs nanocomposite were initially assessed with the paper-
disc diffusion method, which is widely used for quick antibiotic
susceptibility determinations. Fig. 15(a and b) shows the pho-
tographs of result of antibacterial test for studied samples using
paper-disc diffusion method against Gram-negative E. coli and
Gram-positive S. aureus bacteria. The antibacterial effects of Ag-
MWCNTs samples at different silver concentrations were from
10 pg/mL, 20 pg/mL, 30 pg/mL, and 50 pg/mL. The antibacterial

(6.87+3.12pum) are slightly larger than GtO particles abll.lty of pure Ag-NPs sample (30 pg/mL) was also tested for com-
parison purpose.
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Fig. 13. Antibacterial ratios of E. coli and S. aureus (a and b). (Reprinted with permission from Ref. [269] copy right from American Chemical Society).
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Fig. 15. Antibacterial activity of Ag-MWCNTs samples against E. coli and S. aureus bacteria. (Reprinted with permission from Ref. [271] Copyright © 2015).

It can be seen that both Ag-NPs and Ag-MWCNTs composite
samples were found to exhibit significant inhibitory effect against
both E. coli and S. aureus bacteria. The diameter of zone of inhibi-
tion (ZOI) for studied samples was measured. In another study
by same researchers, they reported that the Ag-MWCNTSs have lar-
ger inhibition zone than that of pure Ag-NPs and pristine MWCNTSs
indicating the higher antibacterial activity of the composite mate-
rial [272]. This finding suggests that the bacterial growth inhibition
of the composite sample might be synergetic effect resulting from
both the Ag nanoparticles and MWCNTSs. The existence of zone of
inhibition suggests that the Ag-MWCNTs could kill the bacteria
by direct contact through disruption of bacterial membrane func-
tion. It is also emphasized that the antibacterial activity of as-
prepared Ag-NPs and Ag- MWCNTs samples was more effective
against E. coli bacteria than that of S. aureus bacteria. This might
be from the thinner thickness of the peptidoglycan layer of
Gram-negative E. coli bacteria as compared to that of the Gram-
positive S. aureus bacteria.

5. Conclusions and future perspectives

In the present review article, various nanomaterials are
reviewed which have been used for water decontamination. The
special emphasis in the review has been given on adsorption, pho-

tocatalytic and antimicrobial properties of nanomaterials. As evi-
dent from the reviewed literature, a wide range of nanomaterials
have been tested for the removal of inorganic and/or organic pollu-
tants. Many nanomaterials eventually present a potent alternative
to conventional treatment methods due to increased adsorption
and/or photocatalytic activity and substance specificity. However,
most applications are not yet ready for the market due to technical
challenges (e.g., scale up, system set up), environmental concerns
and cost-effectiveness and hence, only a few nanosized commer-
cial products are available in the market. Moreover, there are some
other drawbacks associated with nanomaterials use that have to be
negotiated. Sometimes, the mass production of nanomaterials, for
their practical use, might be a difficult issue. Furthermore, the
availability of enormous quantities of nanomaterials at economi-
cally viable prices for water treatment purposes can be a serious
bottleneck for industrial applications [273]. Another important
challenges is to prevent the release of nanomaterials to the envi-
ronment where they can accumulate for long periods of time. Addi-
tionally, it was pointed out by Gehrke and Geiser [274] that no
online monitoring systems exist up till now that could provide reli-
able real-time measurement data on the quality and quantity of
nanoparticles present only in trace amounts in water, thus offering
a high innovation potential. Nevertheless, nanomaterials could
offer great potential in water treatment and environmental
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remediation in the coming decades, in particular designing of
point-of-use systems, and in the complete degradation of emerging
organic contaminants from water and wastewater.
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