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Abstract Urbanization and industrial revolution has led to the pollution of the
existing water bodies at an alarming rate. Heavy metals, pesticides, dye, oil spills and
other hazardous chemicals are among the key refractory pollutants that cannot be
removed effectively by the conventional wastewater treatment processes which are
often expensive and have high energy requirements. Nanotechnology is employed
in various fields more recently that include textiles, food, pharmaceutics, agriculture
and even environment. Small dimension of the nanoparticles offers larger surface
area for adsorption of the toxic pollutants that can be eventually removed. Such
nanoparticles have exotic physicochemical and optoelectronic properties that deter-
mine their appropriate field of applications. Nanotechnology driven solutions for
wastewater treatment is not only rapid and efficient but also economical. In view of
the background, this chapter discusses in detail, the recent advances in the field of
wastewater nanobioremediation through application of various surface active nanos-
tructures. Photocatalytic degradation of pollutants in wastewater by nanostructured
catalyst in presence of appropriate source of illumination has been reported in several
studies. Some of the common nanocatalysts covered here include titanium dioxide
(TiO3), zinc oxide (ZnO), ferric oxide (Fe,03), zinc sulfide (ZnS), magnetic nanopar-
ticles (MNPs). Further, pressure-driven nanofiltration using different nanomaterials
such as carbon, metal oxides are also elaborated. Eventually, nanosorbents mediated
removal of several organic and inorganic pollutants from wastewater samples are also
covered. Hence, further optimization and scale up of nanomaterial mediated wastew-
ater treatment can help to implement the process for treating industrial effluents to
ensure a safe environment.
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1 Introduction

Water is a vital part of the planet which is naturally recycled to maintain an adequate
supply of clean water for human consumption (Bora and Dutta 2014). However,
uncontrolled growth rate of the human population along with excessive industrializa-
tion has resulted in shortage of potable water in various parts of the world (Luikham
et al. 2018). In addition, majority of water supply processes require a large amount
of resources that are primarily involved in purification and treatment of wastewater
to control the organic and inorganic content in such contaminated water samples
(Chorawala and Mehta 2015).

Conventional wastewater treatment methods are cumbersome and typically
consists of three stages namely, preliminary, primary and secondary (Ghosh 2020).
Moreover, the treated samples are also subjected to ultraviolet (UV) disinfection
before they could be discharged into the water bodies. In some instances, tertiary
methods are also employed to remove trace amounts of contaminants which are
extremely costly (Ghosh et al. 2021a, b). Hence, novel, cost-effective and improved
wastewater treatment methods are required that are rapid and environment friendly
as well (Qu et al. 2013). Nanotechnology has recently been demonstrated to provide
such solutions wherein different nanomaterials such as titanium dioxide (TiO,), zinc
oxide (ZnO), polymer membranes, carbon nanotubes (CNTs), and magnetic nanopar-
ticles (MNPs) were used for effective wastewater treatment (Ghosh and Webster
2021a, b; Ghosh et al. 2021c, d, e). Therefore, this chapter discusses in detail the
use of nanomaterials for photocatalysis, nanofiltration as well as nanosorption of
organic and inorganic pollutants from wastewater. Different kinds of nanomaterials
are summarized in Table 1 that have effectively displayed removal of various pollu-
tants such as dyes, heavy metals, organic and inorganic pollutants from wastew-
ater samples. Further studies on improvements, optimization and risk evaluation of
these nanomaterials for their application in the environment can provide an effective
nano-based wastewater treatment method that can be useful on a large scale.

2 Photocatalysis

Metal and metal oxide nanoparticles with attractive physicochemical and
optoelectronic properties are reported to show promising catalytic activity that
can be exploited for degradation and removal of refractory pollutants (Ghosh et al.
20164, b, c; Shende et al. 2017, 2018; Karmakar et al. 2020). In a recent study, Abd
Elkodous et al. (2021) loaded carbon nanomaterials onto nanocomposite matrix
that was utilized for photocatalytic treatment of wastewater. The matrix was made
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Table 1 Nanomaterials used for removal of refractory pollutants for treatment of wastewater

Type of nanomaterial Pollutant degraded Maximum References
removal

Photocatalysis

CNFST/C-dots 10%, Chloramine-T 65% Abd Elkodous et al.

CNFST/rGO 10%, and (2021)

CNFST/SWCNTs 10%

nanocomposites

SeSnNPs Methylene blue and 98% and > Saray et al. (2019)

malachite green 95%

TiO,NPs Cyanide - Ijadpanah-Saravy et al.
(2014)

ZnS QDs Naphthalene 95% Rajabi et al. (2016)

ZnSe/PANI Methylene blue, Cr(VI) >50% Shirmardi et al. (2018)

nanocomposite

Nanofiltration

Cellulose acetate NF Sulphate, sodium and - Choi et al. (2002)

membrane calcium

Commercial nanofilter Potassium, chloride - Nataraj et al. (2006)

ES10, ES10C, LES90, Various organic and - Thanuttamavong et al.

LF10, NTR729HF, and inorganic pollutants (2002)

NTR-7410

MPF34, NF90, and NF270 | Arsenite, sulphate, and 68%, 98%, Andrade et al. (2017)
chloride and 84%

Polyacrylonitrile (PAN) Methyl blue, Congo red, | 100%, 100%, |Lv et al. (2017)

membrane with methyl orange and 69.9% and

polydopamine rhodamine B 77.3%

(PDA)/polyethyleneimine
(PEI) layer and p-FeOOH
nanorods

Nanosorption

GEPCD-MNPs Congo red and Cr(VI) - Cai et al. (2017a)
GO/Chitosan—-PVA Congo red 88.17% Das et al. (2020)
nanopolymer composite

NiONPs Rhodamine B dye 76% Motahari et al. (2015)
Polyindole nanofiber Cu(ID) 121.95 mg Cai et al. (2017b)
PVA coated PES-TiO, Organics, salts and 95.83%, Kusworo et al. (2021)
nanohybrid membrane ammonia—nitrogen 72.40% and

95.66%
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up of Cog 5Nig5Fe;04/Si0,/TiO, (CNFST) that was conjugated with C-dots, single
walled-carbon nanotubes (SWCNTs), and graphene oxide (rGO) nanomaterials.
X-ray diffraction (XRD) patterns of the nanocomposites then displayed anatase
phase of the titanium dioxide (TiO,) that was one of the primary components of
the matrix along with presence of the three different carbon nanomaterials loaded
onto the CNFST. Further, scanning electron microscopy (SEM) displayed uniform
distribution of C-dots and rGO nanomaterials over the surface of CNFST while
SWCNTs demonstrated sheet-like soots as well as uniform cross-linking with
CNFST. Thereafter, transmission electron microscopy (TEM) results demonstrated
spherical shaped particles with an average diameter of 90 £ 14 nm. Brunauer—
Emmett—Teller (BET) surface area of the synthesized nanocomposites loaded with
rGO and C-dots was smaller when compared to standard TiO, photocatalyst (P25)
samples which was a result of increase in size of the nanoformulations as well as
poor loading or increased agglomeration of the conjugated carbon nanomaterials. On
the other hand, SWCNTSs conjugation led to significant increase in the surface area.
The pores in all the conjugated samples were multimodal and broad-shaped wherein
the mesopores had a diameter ranging from 2 to 50 nm while the macropores had
a diameter greater than 50 nm. Raman analysis further showed anatase TiO, as the
dominant phase in the nanomaterial coated nanomatrix.

A comparative study of the three different carbon-loaded nanocomposites showed
28, 32.7, and 41.6% chloramine-T dye degradation by the CNFST/C-dots 10%,
CNFST/rGO 10%, and CNFST/SWCNTs 10% nanocomposites, respectively after
40 min of ultraviolet (UV) irradiation. Moreover, subsequent increase in contact time
to 90 min resulted in further increase in dye degradation ability with best removal
activity observed using CNFST/SWCNTs 10% nanocomposites. In addition, the
increase in the dosage concentration of the prepared nanoformulations resulted in
subsequent increase in photocatalytic degradation of dye. Likewise, dye degrada-
tion ability of the CNFST/SWCNTs 10% nanocomposites was increased from 35
to 65% with concomitant decrease in the pH value of the system from 10.0 to 3.0,
respectively. The zeta potential of the SWCNTs loaded nanocomposite was +15 mV
which facilitated effective binding of the dye through electrostatic attraction for
improved photocatalytic activity. The primary reactive oxygen species (ROS) medi-
ated chloramine-T dye degradation was mainly attributed to the hydroxyl radical that
was further scavenged on addition of isopropanol resulting in 40% decrease in dye
degradation.

Organic pollutants were also reported to be degraded by tin selenide nanoparti-
cles (SnSeNPs) that were prepared using co-precipitation method (Saray et al. 2019).
XRD pattern analysis demonstrated orthorhombic phase of the particles. However,
the crystallinity of the particles was dependent upon the Se/Sn ratio wherein a ratio
of 1.0 resulted in formation of crystalline particles while particles made with a Se/Sn
ratio of 1.3 did not exhibited a crystalline phase. Moreover, field emission scanning
electron microscopy (FESEM) and TEM results demonstrated complete agglomera-
tion of the particles when the Se/Sn ratio was 0.8 with presence of oxygen as impurity
as confirmed by energy dispersive X-ray (EDX) spectroscopy results. Meanwhile,
particles with Se/Sn ratio of 1.2 were pure and smaller in size. The photocatalytic
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activity of the prepared SnSeNPs was then evaluated in which methylene blue degra-
dation was analysed in presence of visible light. NPs prepared using a Se/Sn ratio
of 1.2 was able to effectively degrade 98% of methylene blue dye within 25 min
of incubation. Furthermore, the reusability of the nanomaterials was also evaluated
wherein similar dye reduction ability of the SnSeNPs was observed after four succes-
sive cycles. The phase of the NPs prepared using Se/Sn ratio of 1.2 was stable as
observed in XRD patterns even after four cycles of dye degradation while particles
with Se/Sn ratio of 0.8 completely changed its phase after four successive photocat-
alytic processes. Likewise, malachite green degradation ability was also monitored
in presence of the SnSeNPs with varying ratios of Se and Sn, respectively. More
than 95% of the dye was effectively degraded by NPs with Se/Sn ratio of 1.0 within
45 min of incubation. The textural properties of the NPs were also evaluated wherein
a maximum specific surface area equivalent to 77.441 m?/g was observed with Se/Sn
ratio of 1.2 along with a pore diameter and volume of 2.43 nm and 0.124 cm®/g,
respectively. The energy of the valence bond of SnSeNPs with Se/Sn ratio of 1.2
was calculated to be 1.21 eV that was further used for investigating the electronic
structure of the particles. Therefore on the basis of electronic structure, formation of
hydroxyl radical using SeSnNPs was proposed to facilitate efficient dye degradation
which could be applicable in wastewater treatment as well.

In another study, [jadpanah-Saravy et al. (2014) reported fabrication of titanium
dioxide nanoparticles (TiO,NPs) by controlled hydrolysis of 3 M titanium tetra-
chloride. The nanomaterial demonstrated photocatalytic degradation of cyanide in
wastewater samples. X-ray diffraction (XRD) patterns then displayed characteristic
peaks of anatase and rutile form of TiO,NPs with a crystalline size of 18 and 22 nm,
respectively while scanning electron microscopic (SEM) images demonstrated spher-
ical morphology of the particles with an average size of 20 nm. Thereafter, the photo-
catalytic properties of the NPs were determined wherein a 4:1 ratio of anatase to rutile
form of the particles was optimal for maximum photocatalytic activity to degrade
cyanide. Interestingly, pH 11 was optimal for cyanide degradation with maximum
photocatalytic efficiency as well as lowest electrical energy consumption as compared
to other catalysts.

Rajabi et al. (2016) also demonstrated effective photocatalytic removal of indus-
trial pollutants using zinc sulphide quantum dots (ZnS QDs). Fast and efficient chem-
ical precipitation technique was followed for preparation of ZnS QDs which exhibited
a blue shift in UV—vis absorption peak at 235 nm that was attributed to the particle
size decrease, band-gap energy increase as well as due to quantum size confinement
effect. Additionally, the direct optical band gap value of the prepared nanomate-
rial was 4.09 eV. XRD patterns then demonstrated a cubic zinc blend crystalline
structure of the ZnS QDs without presence of any impurities. TEM image analysis
further revealed spherical shape of the QDs with an average dimension of around
1 nm. Thereafter, naphthalene was used for demonstrating pollutant degradation
activity of the prepared ZnS QDs wherein only 25-31% degradation was obtained in
absence of light. An optimal pH of 11 resulted in maximum degradation efficiency of
naphthalene which was decreased with concomitant increase in initial concentration
of the pollutant. Moreover, a rapid increase in degradation rate was observed for
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90 min that was reduced for the next 45 min followed by equilibrium. A low initial
concentration of 10 mg of ZnS QDs then demonstrated up to 95% naphthalene
degradation efficiency that remained fairly constant up to four cycles highlighting its
reusability. Further, a maximum degradation rate constant of 6.90 x 107 min~' was
attained when the initial concentration of naphthalene was 20 ppm. The mechanism
of degradation was then proposed to involve photoexcitation that may have resulted
in electron—hole pair formation on the surface of ZnS QDs semiconductor that may
have then oxidized naphthalene to 2-formylcinnamaldehyde.

Shirmardi et al. (2018) also demonstrated improved photocatalytic activity of zinc
selenide nanoparticles (ZnSeNPs) after addition of polyaniline (PANI) that acted as
an organic semiconductor. The ZnSe/PANI nanocomposite was prepared using co-
precipitation technique whose heterostructure form was confirmed by XRD patterns.
In addition, TEM images showed a distinct ZnSeNPs core and PANI shell structure
whereas high resolution transmission electron microscopy (HRTEM) images demon-
strated interplanar distance of 0.33 nm between the zinc blend structure as evident
from Fig. 1. Raman spectroscopy of the nanocomposite indicated a weaker ZnSe
peak at 500 cm~! as compared to pristine ZnSeNPs that was attributed to the pres-
ence of PANI shell in the composite. Raman spectrum of the nanocomposite also
demonstrated two other peaks at 1105 and 420 cm™' that corresponded with C-H
vibration of the semi-quinonoid rings and out-of-plane ring-deformation of PANI,
respectively. X-ray photon spectroscopy (XPS) based valence band (VB) spectral
analysis then demonstrated a nanocomposite VB potential of 0.48 £ 0.05 eV while
the pristine ZnSeNPs had a VB potential of approximately 1.13 eV. Further, methy-
lene blue dye degradation ability of the prepared nanocomposite was analysed under
visible light irradiation. More than 50% of the initial dye concentration was reduced
by the ZnSe/PANI nanocomposite within 30 min whereas it took 120 min for the
pristine ZnSeNPs for completing similar levels of reduction. Additionally, presence
of PANI displayed an increase in photocurrent intensity along with a decrease in
the photoconductivity resistance. In addition, ZnSe/PANI nanocomposite was also
investigated for its inorganic pollutant removal activity wherein absorption peak of
K,Cr,07 at 375 nm was decreased in presence of the nanocomposite with gradual
increase in visible light irradiation time. Hence, Cr(VI) ions were reduced to Cr(II)
efficiently by the nanocomposite as well.

3 Nanofiltration

Nanoparticles impregnated polymeric films are often used as superior membranes
for nanofiltration of water in order to remove certain hazardous pollutants which
are recalcitrant in nature (Ghosh et al. 2022a, b; Ghosh and Webster 2022). Nataraj
et al. (2006) removed colour and contaminants from distillery effluent using a hybrid
system of nanofiltration (NF) combined with reverse osmosis (RO). A commercial
nanofilter as well as thin-film composite (TFC) polyamide RO membrane was used
in this study wherein effective colour removal ability of the NF was attained when
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Fig.1 TEM image of a pristine ZnSe NPs and b ZnSe/PANI nanocomposites. The inset shows an
HRTEM image of ZnSe/PANI nanocomposites. Reprinted from Shirmardi A, Teridi MA, Azimi HR,
Basirun WJ, Jamali-Sheini F, Yousefi R, 2018. Enhanced photocatalytic performance of ZnSe/PANI
nanocomposites for degradation of organic and inorganic pollutants. Applied Surface Science
462:730-738. Copyright © 2018 Elsevier B.V

the size of the particles was in the colloidal range. Thus, in at an optimal pressure of
30-50 bar, the total dissolved solids (TDS) was reduced from 51,500 to 9050 ppm
while conductivity and chloride concentration was reduced from 346 mS/cm and
4900 ppm to 15.06 mS/cm and 2650 ppm, respectively. High rejection efficiency
against bivalent and trivalent ions was also exhibited by the NF membrane. There-
after, evaluation of RO based pollutant removal was performed. The impact of feed
pressure on the permeate properties was analysed in which the pressure increased
linearly from 20 to 70 bar when distillery spent wash was used as feed. TDS and
chemical oxygen demand (COD) rejection was altered from 83 to 99.06% and 95.6 to
98.96%, respectively when 50 bar pressure was applied. Additionally, high rejection
percentages for potassium and chloride ions were observed.

Choi et al. (2002) used a cellulose acetate NF membrane for treatment of wastew-
ater. The effective surface area of the hollow NF membrane used in this study was 11.7
m? along with 55% salt rejection property. A membrane bioreactor (MBR) system
was set up to evaluate the efficacy of treatment which was operated for 71 days. The
transmembrane pressure along with the relative productivity permeate after 20 days
of incubation were 36 kPa and 1.0-1.2, respectively after which a drastic increase
in relative productivity was observed. The change in sulphate, sodium and calcium
ions concentration were similar to that of conductivity wherein no electrolytes were
accumulated in the bioreactor due to charge effect of the membrane. It was hence
proposed that the bioreactor could be operated under low suction pressure as the
effect of osmotic pressure was insignificant along with high rejection of organic
matter. The biodegradable membrane remained stable for 60 days in the bioreactor
wherein nitrification and denitrification occurred simultaneously. In addition, atomic
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force microscope (AFM) images revealed a larger surface roughness on the cellulose
acetate membrane after 40 days of bioreactor operation which was further increased
till 71 days thus highlighting biodegradation of the membrane.

Thanuttamavong et al. (2002) also characterized NF rejection efficiency of organic
and inorganic pollutants for treatment of wastewater. Six different commercial NF
membranes namely ES10, ES10C, LES90, LF10, NTR729HF, and NTR-7410 were
used in this study that were composed of aromatic polyamides, polyvinyl alcohols,
and sulfonated polysulfones. The total dissolved organic and inorganic content of
the polluted water sample were 1.8 mg/L and 3 mM, respectively. The pH and the
turbidity of the water samples were in the range of 7.2-7.5 and 2.5-5.5 NTU, respec-
tively. Long-term operations for a time period of 120 and 20 days were carried out
with and without microfiltration pre-treatment, respectively. A transmembrane pres-
sure of 0.15 MPa was maintained in both cases along with a standardized permeate
flux temperature of 25 °C. A significant decline in permeate flux was observed for
all the membranes during the first 10 days of operation. The permeate flux of the
untreated loose membrane NTR7410 continuously declined and reached a steady
state value of 0.28 m/d in 15 days of operation whereas the treated membranes
showed a faster steady state attainment. Further, a stable rejection of all the compo-
nents was observed throughout the NF operation which highlighted that membrane
fouling does not interfere with the rejection mechanisms. Additionally, significant
change in zeta potential values of the membrane surface was observed after long-term
operation. The MWCO value for ES-10, ES-10C, LES-90 and LF-10 was 100 Da
while it was 200 Da and more than 350 Da for NTR-729HF and NTR-7410, respec-
tively. Moreover, organic matter with a size range of 300-1800 Da was found in
the permeate of NTR7410 NF membrane. With regards to inorganic matter rejec-
tion, divalent ions such as Ca?* and Mg?* exhibited higher rejection as compared to
monovalent ions such as Na* and C1~ which was attributed to the charge effect of the
membrane. Thereafter, the effective charge density of the NTR-729HF membrane
was changed from —2 to —0.5 mol/L after long-term operation which suggested a
decrease in the electrostatic property of the membrane after its utilization. The parti-
tioning coefficient of the membrane for nitrate ion was also decreased from 5.0 to
2.6 after operation.

Likewise, Andrade et al. (2017) demonstrated gold mining effluent treatment
using NF and compared with RO. Five different membranes were used in this study
namely, TFC-HR and BW30 that were RO membranes while MPF34, NF90, and
NF270 were the three NF membranes. The permeate flux of RO membranes were
7-12 folds lower than NF membranes that was attributed to higher resistance in the
RO membrane. Moreover, a more intense membrane fouling was also observed in
case of TFC-HR whereas MPF34 exhibited minimum fouling. The initial pollutant
retention efficiency of all the membranes was considerably high. However, a high
sulphate concentration in the mining effluent was proposed to interfere with the reuse
of water as it could cause metal precipitation which could further result in membrane
fouling. Among the RO membranes, TFC-HR demonstrated maximum pollutant
retention efficiency with 75%, 99%, and 78% retention of arsenic, sulphate, and
chloride ions, respectively. Similarly, NFOO membrane exhibited excellent arsenic,
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sulphate, and chloride retention of 68%, 98%, and 84 %, respectively. Moreover, the
effluent was pre-treated to increase its pH which resulted in decrease in conductivity
as well as concentrations of calcium and magnesium. Concentration of arsenic was
also reduced with subsequent increase in pH of the effluent from 2.2 to 5.0 that
subsequently enhanced recovery rate from 27 to 70% along with higher resistance to
membrane fouling. The permeate recovery rate (RR) was also studied in which the
quality of the permeate remained almost similar when the RR value was up to 40%
above which the removal efficiency started to gradually decrease. The concentration
of polarization of NF membranes was then increased to 1.45 using a synthetic solution
of MgSO,4 which resulted in increase of RR to 70% while decreasing the removal
efficiency. Hence, it was concluded that such NF based effluent treatment could be
optimal as well as feasible for obtaining industrial water samples from the same.

Lv et al. (2017) reported fabrication of a photocatalytic nanofiltration (NF)
membrane that had self-cleaning property and thus, could be used for wastew-
ater treatment as represented schematically in Fig. 2. Co-deposition method was
carried out on an ultrafiltration polyacrylonitrile (PAN) membrane with poly-
dopamine (PDA)/polyethyleneimine (PEI) to form an intermediate layer after which
B-FeOOH nanorods were mineralized to further create a photocatalytic layer on
the NF system. X-ray photoelectron spectrometer (XPS) results of the mineral-
ized membrane then displayed additional binding energy peaks at Fe 2p along with
a change in oxygen/carbon ratio from 0.32 to 1.22 which confirmed presence of
FeOOH group on the membrane surface. SEM images also demonstrated uniform
distribution of B-FeOOH nanorods over the surface of the membrane with a vertical
orientation and a thickness of around 0.45 wm. The enhanced wettability of the
membrane was analysed through calculation of the dynamic water contact angle
that was decreased from 60° to 20° within 100 s. Such improved permeability of the
mineralized membrane was attributed to the hydrophilicity of the 3-FeOOH nanorods
that were attached on the surface of the membrane. The surface charge properties
of the membrane were then analysed wherein the isoelectric point of the membrane
surface decreased from 6.3 to 5.6 after mineralization. In addition, the molecular
weight cut-off (MWCO) value showed a steady decrease from 20,000 to 2000 Da
with subsequent increase in deposition time from 1 to 6 h, respectively. Thereafter,
the dye rejection performance of the stable mineralized NF membrane was studied
in which 100% rejection of methyl blue and Congo red was attained at pH 3 and 7,
respectively with a deposition time of 2 h. Likewise, 60.8 and 69.9% of methyl orange
rejections were observed at pH 7 and 3, respectively. On the other hand, rhodamine B
dye rejection was increased up to 77.3% when a positive surface charge was attained
on the membrane. Thereafter, a continuous cross-flow membrane reactor was set
up for observing the photocatalytic performance of the prepared membranes. The
colour of the feed solution containing 20 mg/L of methyl blue and 30% H,O, became
colourless after 6 h of incubation. The self-cleaning property of the membrane was
also evaluated by immersing the fouling membrane into an acidic H,O, solution
and in presence of visible light wherein the water flux was recovered to its original
value. A high NF performance of 97.3% was achieved even after five successful
photocatalytic cycles indicating its reusability and recyclability.



438 S. Ghosh et al.

UF Substrate Visible Light

]
]
e 1
c I
S 1 Dye Solution
g £ :
% 'E Dyes Degraded |
3 @ Products ,’
Ol ¢ m————— N Photocatalytic
1 & 1 ‘:
I5'!.:' < ¢ Nanofiltration - -
( w I
g oo
Fe™
i, L Hydrolysis ;
PDA-PEI NFM Mineralized NFM Colorless Filtrate

Fig. 2 Schematic representation of preparation process for the B—~FeOOH mineralized NFM and
its application in photocatalytic nanofiltration. Reprinted with permission from Lv Y, Zhang C, He
A, Yang SJ, Wu GP, Darling SB, Xu ZK, 2017. Photocatalytic nanofiltration membranes with
self-cleaning property for wastewater treatment. Advanced Functional Materials 27:1,700,251.
Copyright © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

4 Nanosorption

Nanocomposite based adsorbents are advantageous compared to conventional
sorbents due to their superior ability for purification and convenience in manipu-
lation of their activity by rational physico-chemical modification. Cai et al. (2017a)
also reported formulation of a novel multi-layer magnetic adsorbent (GEPCD-
MNPs) using ring opening polymerization process wherein a multi-layer cationic
polymer was coated on the surface of magnetic nanoparticles (MNPs). These nano-
adsorbents were then utilized for dyeing wastewater treatment. SEM images of the
nano-adsorbents showed spherical morphology of the MNPs that had a smaller diam-
eter as compared to pristine MNPs which suggested presence of the polymer on the
active sites of MNPs. The contact angle of the nano-adsorbent was less than 90°
when immersed in Congo red and Cr(VI) containing solutions thus indicating its
hydrophilicity. The magnetic properties of the nano-adsorbent were also evaluated
which provided a saturation magnetization value of 54.7 emu/g. The removal effi-
ciency of Congo red increased with subsequent increase in the pH value of the system
from 7.25 to 9.25 that was attributed to protonation of the MNPs and the functional
groups of the polymer which may result in improved coordinate affinity with the dye.
On the contrary, removal rate of Cr(VI) from the solution decreased with concomitant
increase in pH value from 2.98 to 11.94 which was proposed to transform Cr,0,%~
into CrO,~ that has lower electrostatic interaction with the nano-adsorbent. The
adsorption kinetics analyses for Congo red and Cr(VI) adsorption followed a pseudo-
second order reaction while both the Langmuir and Freundlich adsorption isotherm
models were properly fitted for the adsorption processes. Therefore, GEPCD-MNPs
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were proposed to be economically viable and effective nano-adsorbents that could
be potentially be used in large-scale wastewater treatment processes with further
optimization.

A hybrid hydrogel nanopolymer was prepared by Das et al. (2020) using graphene
oxide (GO), chitosan and polyvinyl alcohol (PVA) that was investigated for its
wastewater treatment efficacy. SEM images of the prepared GO reinforced chitosan-
PVA hydrogel nanopolymer displayed homogenous distribution of GO over the
matrix without any agglomeration. Fourier transform infrared (FTIR) spectroscopy
analysis then displayed peaks at 3268.06 and 1377.33 cm~! which corresponded
with —-NH, stretching vibrations of chitosan and —CH, deformation vibrations of
PVA due to cross-linking, respectively. FTIR spectra of the prepared nanopolymer
then displayed characteristic peaks corresponding with surface functional groups
of chitosan, PVA and GO. A maximum positive surface charge on the nanopolymer
membrane was observed at a pH value of 3.3 that was considered ideal for anionic dye
adsorption. The swelling behaviour of the nanopolymer membrane was also evalu-
ated wherein maximum swelling of 17.24 g/g was achieved after 90 min of immersion
in water that further increased to 25.89 g/g at a pH value of 2.0. This change was
attributed to ionization of the functional groups present on the membrane. Thereafter,
dye adsorption studies were conducted using a biological oxygen demand (BOD)
shaker at 140 rotations per minute (rpm) under room temperature. A maximum Congo
red dye removal efficiency of 84.31% was obtained at an initial dye concentration
of 10 mg/L. Additionally, the adsorption efficiency increased from 76.62 to 81.1%
with subsequent increase in dosage of adsorbent from 1 to 6 g/L, respectively. An
acidic pH of 2.0 was further demonstrated to provide maximum adsorption effi-
ciency of 88.17% because of effective electrostatic interaction between the cationic
nanopolymer membrane and anionic dye molecules. Adsorption isotherm studies
predicted that Langmuir model was best fitted for explaining the dye adsorption
while adsorption kinetics revealed pseudo second order reaction of the adsorption
process.

In another study, Motahari et al. (2015) cost-effectively synthesized nickel oxide
nanoparticles (NiONPs) for rhodamine B dye removal from wastewater samples.
Hacacen ligand was used for hydrothermal formation of nano-scale Ni(OH),
followed by calcination to obtain NIONPs. XRD patterns of the prepared NPs corre-
sponded with the face-centered cubic as well as crystalline structure of nickel oxide.
FESEM images then displayed monodispersed NiONPs while TEM micrographs
showed spherical morphology of the particles with an average size of 10 nm. The
BET surface area of the NiONPs was 176.56 m?/g that were porous in nature with
an average pore size of around 9.7 nm. Later on, dye adsorption studies were carried
out in which 76% of rhodamine B dye at a concentration of 10 mg/L was efficiently
removed within the initial 30 min of reaction. The reusability of the particles was
also highlighted wherein no change in dye adsorption activity was observed after
reusing the same particles. Adsorption isotherm studies then provided maximum dye
adsorption capacity of 111 mg/g using Langmuir isotherm model whereas kinetic
studies showed suitability of pseudo second order reaction for explaining the NiONPs



440 S. Ghosh et al.

mediated rhodamine B dye adsorption reaction. Optimal pH 7.0 then demonstrated
efficient dye adsorption that was exothermic in nature as the dye adsorption capacity
decreased with subsequent increase in the temperature of the system.

Cai et al. (2017b) also fabricated polyindole nanofibers using electrospinning
that could act as nano-adsorbent for removal of heavy metal ions from wastewater.
SEM and TEM images displayed spherical morphology of the nanofibers that had a
smooth surface along with an average diameter range of 140-300 nm. The ranges of
pore size, diameter and specific surface area were 0.217-0.250 cm® g~!, 55-68 nm
and 64.43-86.41 m? g~!, respectively. Moreover, the specific surface area and pore
volume decreased with concomitant decrease in the fibre diameter while the opposite
was observed for the pore diameter. Thereafter, effect of pH on the metal adsorption
capacity of the nanofibers was investigated wherein maximum Cu(II) adsorption
was observed at an acidic pH value of 6.0 that was used for further experiments
in this study. The maximum adsorption capacity of the nanofibers having a polyin-
dole concentration of 1.6% was 121.95 mg/g within 15 min of incubation that was
the most effective contact time as well. In addition, the Cu(II) adsorption capacity
of the nanofiber was insignificantly affected in presence of low concentrations of
other metal ions such as Na*, K*, Mg?* and Ca* that highlighted the specific Cu(II)
adsorption capacity of the nanofibers. Moreover, the adsorption isotherm studies
then demonstrated Langmuir model to be a best fit for the Cu(Il) adsorption using
polyindole nanofibers. Additionally, the pseudo second order reaction was followed
by the adsorption process. Moreover, the reusability of the nanofiber was also inves-
tigated wherein the adsorption efficiencies were 95%, 88.7% and 82% of the original
adsorption capacity of the nanofibers after the third, fifth and seventh cycle, respec-
tively. In addition, Cu(II) adsorption by the nanofibers was proposed to be mediated
by chemisorption which consists of coordination between the metal ion and nitrogen
containing functional groups of the membrane may result in chelation.

In another similar study, a nanohybrid membrane that was cross-linked with PVA
and coated with polyether sulfone (PES)-TiO,NPs was reported as an effective adsor-
bent in wastewater treatment (Kusworo et al. 2021). SEM images of the prepared
membranes showed a smooth surface with minimal nodules while the sub-layer struc-
tures of the membrane were asymmetric with a dense skin layer along with a porous
sub-layer made up of finger-like structures as evident from Fig. 3. XRD patterns of
PVA coated PES-TiO, nanohybrid membrane further showed a wide band at 19-20°
that corresponded with orthorhombic lattice along with the polycrystalline behaviour
of PVA along with weak bands that highlighted the amorphous PES and TiO, crys-
talline peaks. In addition, the water contact angle of the 3.0 wt.% PVA complexed
nanohybrid membrane was 27.67° that highlighted its hydrophilicity. Mechanical
properties of the 3.0 wt.% PVA linked membrane was also studied that demonstrated
a thickness of 90 pm with a tensile strength and elongation break of 6.4 + 0.15 MPa
and 1.6 & 0.10%, respectively. Thereafter, addition of TiO,NPs on the membrane
was attributed to the increase and stabilization of the permeate flux at 80 L/m?/h as it
could degrade the attached foulants. Hence, gradual increase in TiO, concentration
resulted in improved COD, total dissolved solids (TDS), surface wettability as well
as rejection percentages. Likewise, addition of PVA resulted in considerable increase
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in COD, TDS, and NH3-N rejection by 244.80%, 56.70%, and 5.29%, respectively.
Furthermore, organics, salts and ammonia—nitrogen rejection were also enhanced up

to 75.00%, 51.61%, and 90.47% that was further improved by 95.83%, 72.40% and
95.66%, respectively when integrated with ozonation.

WD10mm S$830 x5,000 Spm — 0 x1,000 10pm

e

SEI 10KV wDImm 5530 Spm — 553 1,000 10pm

SEI 10KV WD10mm Sum — | SEI 10KV WO10mm 0 x1,000 10pm  —

Fig. 3 Membrane surface morphology of a PES-TiO> 1 wt-%, b PES-TiO»/PVA 0.5 wt-%, ¢ PES-
TiO2/PVA 3.0 wt-% and cross-section images of d PES-TiO; 1 wt-%, e PES-TiO,/PVA 0.5 wt-%,
f PES-TiO2/PVA 3.0 wt-%. Reprinted with permission from Kusworo TD, Kumoro AC, Utomo
DP, Kusumah FM, Pratiwi MD, 2021. Performance of the crosslinked PVA coated PES-TiO; nano
hybrid membrane for the treatment of pretreated natural rubber wastewater involving sequential
adsorption—ozonation processes. Journal of Environmental Chemical Engineering 9:104,855.
Copyright © 2020 Published by Elsevier Ltd
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5 Conclusion and Future Perspectives

Surface active nanoparticles exhibit notable physical and chemical properties that
are exploited in various biomedical applications (Ghosh et al. 2018). The attractive
features of the nanoparticles have extended their applications for infection control,
agriculture, textiles, and even environment (Adersh et al. 2015; Rokade et al. 2017;
Jamdade et al. 2019; Bhagwat et al. 2018; Ghosh et al. 2016d). The nanostruc-
tures used so far for the treatment of wastewater for photocatalysis, nanofiltration
or nanosorption are either fabricated by physical or chemical methods which often
use hazardous chemicals and reaction conditions (Bloch et al. 2021; Ranpariya et al.
2021). However, biological route for synthesis of metal and metal oxide nanoparti-
cles are environmentally benign, rapid and efficient (Shinde et al. 2018). Microbe
synthesized nanoparticles are reported to have efficient photocatalytic activity that
can be further integrated in the membranes for effective dye degradation and removal
(Ghosh 2018). Similarly, various medicinal plants like Gloriosa superba, Dioscorea
bulbifera, Gnidia glauca, Plumbago zeylanica, and others are reported to synthesize
exotic gold, silver, copper, platinum, and palladium nanoparticles that can be further
explored for wastewater treatment (Rokade et al. 2018; Ghosh et al. 2015a, b, c;
Jamdade et al. 2019; Salunke et al. 2014). Composite nanoparticles either bimetallic
or functionalized with metal removing or dye degrading enzymes, bioactive princi-
ples can be employed for multimodal wastewater treatment (Robkhob et al. 2020;
Ghosh et al. 2015d; Kitture et al. 2015). In view of the background it can be concluded
that development of nanotechnology assisted strategies for wastewater treatment can
serve as a powerful tool to ensure clean environment.
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