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ABSTRACT: Water pollution remains a widespread problem, affecting the health and wellbeing of people around the globe. While
current advancements in wastewater treatment and desalination show promise, there are still challenges that need to be overcome to
make these technologies commercially viable. Nanotechnology plays a pivotal role in water purification and desalination processes
today. However, the release of nanoparticles (NPs) into the environment without proper safeguards can lead to both physical and
chemical toxicity. Moreover, many methods of NP synthesis are expensive and not environmentally sustainable. The utilization of
biomass as a source for the production of NPs has the potential to mitigate issues pertaining to cost, sustainability, and pollution.
The utilization of biobased nanomaterials (bio-NMs) sourced from biomass has garnered attention in the field of water purification
due to their cost-effectiveness, biocompatibility, and biodegradability. Several research studies have been conducted to efficiently
produce NPs (both inorganic and organic) from biomass for applications in wastewater treatment. Biosynthesized materials such as
zinc oxide NPs, phytogenic magnetic NPs, biopolymer-coated metal NPs, cellulose nanocrystals, and silver NPs, among others, have
demonstrated efficacy in enhancing the process of water purification. The utilization of environmentally friendly NPs presents a
viable option for enhancing the efficiency and sustainability of water pollution eradication. The present review delves into the topic
of biomass, its origins, and the methods by which it can be transformed into NPs utilizing an environmentally sustainable approach.
The present study will examine the utilization of greener NPs in contemporary wastewater and desalination technologies.

Bl INTRODUCTION wastewater treatment methods, in addition to membrane
technology, include adsorption, activated sludge bioreactors,
photocatalysis, and aerobic and anaerobic digestion. Some of
these technologies have claimed to have achieved an efficiency
of 99% or more but only under ideal operating conditions of
pH (neutral), (low/medium ambient) temperature, simple
matrices, or low total dissolved solids (TDS) and (reasonable)
contaminant concentration.'® Under industrial conditions, the
efficiency drops down. Moreover, these techniques are costly,
and the affordable ones create secondary waste.””'* Due to
these reasons, wastewater purification and water desalination

Given the rapid population increase and ever-increasing needs,
the need for pure water is a challenging problem. According to
recent surveys, over 1.2 billion people throughout the globe do
not have access to safe drinking water." Pesticides,
pharmaceuticals, items for personal hygiene, industrial
additives, and household waste are just a few of the emerging
contaminants discovered in aquatic habitats.”™> The current
situation of wastewater treatments and desalination looks
promising; however, certain barriers must be overcome for
commercializing the processes.’

In water treatment, membranes are often used to remove

pollutants from water depending on features such as charge Received: November 8, 2023
and size. Many treatments based on membrane technology like Revised: ~ March 14, 2024
ultrafiltration (UF), reverse osmosis (RO), nanofiltration Accepted:  March 21, 2024
(NF), microfiltration (MF), forward osmosis (FO), electro- Published: June 27, 2024

dialysis (ED), pervaporation (PV), and membrane distillation
(MD) are already employed for water purification.””” Other
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Figure 1. Number of articles published on the green synthesis of NPs from the year 2013 to 2022.

remain challenging, so much so that some developing countries
have reached irreversible damage with the availability of clean
drinking water. Therefore, a holistic view is required to
establish eco-friendly and economical technologies that may
avoid future water pollution and surpass wastewater treatment
systems’ constraints. Considering this idea, using nanomateri-
als (NMs) stands out among water and wastewater treatment
developments with improved efficiency for eliminating
contaminants.'*~"*

While nanoparticles are commonly defined as having
dimensions between 1 and 100 nm, several studies have
reported nanoparticles with sizes exceeding 100 nm. This
extended range reflects the diversity in nanoparticle synthesis
and application, acknowledging that size alone does not fully
dictate nanoparticle behavior or functionality."> NMs operate
differently than bulk equivalents due to their large surface-area-
to-volume ratio and possible quantum effects.'” While various
varieties of NMs are available now, a range of sophisticated
forms are expected to be produced in the following years. The
US Environmental Protection Agency (EPA) classified NPs
into four categories: carbon-based, composites (combining
NPs with other NPs or larger, bulk-type material), dendrimers,
and metal-based. NMs,'” in their different constitutions and
shapes, can be used for various applications like electronics,
energy conservation, biomedicine, textile, food industries, and
environmental remediation, including wastewater purifica-
tion."*

NPs hold impressive advantages in wastewater treatments
due to their large surface area and their catalytic, optical,
electronic, magnetic, hydrophilic, hydrophobic, and antimicro-
bial properties."'~'*'> NMs are incorporated into the
membrane to increase the efficiency of the water treatment
processes. NPs can respond to membrane stimuli, like pH or
temperature.'® This allows for better control over treatment
processes. The benefits of embedding the NPs in membranes
include increased selectivity, water permeability, mechanical
strength, hydrophilicity, and decreased fouling. Moreover,
certain NPs contribute antibacterial and catalytic capabilities to
the membranes. Metals and metalloids (such as As, Pb, Mo,

and others), as well as several hazardous microorganisms and
inorganic and organic pollutants, have also been found to be
effectively eradicated by the use of various NMs as freestandin%
NMs or part of the nanocomposite membranes.'>'”'
Different synthesis methods and experimental conditions can
be utilized to customize the characteristics of NPs to specific
pollutants to be eliminated. Synthesis of NPs is done broadly
by a top-down or bottom-up approach.'” The top-down
method includes chemical or physical synthesis, breaking down
the material into its nano size. Physical processes such as
evaporation—condensation, milling techniques, laser ablation,
and chemical processes like sol—gel and pyrolysis are often
used to synthesize the NPs. It offers several advantages, such as
precise size, particle shape, surface area, and chemical
composition control.'*'*1¢ Nevertheless, they have constraints
like elevated energy consumption, hiogh prices, and the creation
of harmful and destructive waste.”*"*'

The bottom-up strategy for creating NPs, on the other hand,
involves chemical or biological procedures that build an NM
from the molecular level while keeping structural preci-
sion."”''® When NPs are synthesized from biological sources
or biomass, they are termed biobased or bio-NPs.'”?
Biological or thermochemical processes transform biomass
resources into sustainable chemicals, fuels, and (nano)-
materials. Some biomass sources include agricultural wastes
such as rice husk or leaves, animal wastes such as manure or
parts of bones from a meat shop, and algae and municipal
wastes, to name a few. The conversion of biomass into viable
NMs includes using molecular material comprising (wholly or
partially) living components, including proteins, antibodies,
enzymes, nucleic acids, lipids, viruses, and secondary
metabolites.”>™>° Therefore, parts of plants, algae, bacteria,
fungi, actinomycetes, and yeasts can produce NPs and act as
reducing and stabilizing agents in NP synthesis.”"~*® Each
organism may create the same NP content but with different
morphologies, sizes, and distributions. In general, biological
source type, temperature, pH, reaction medium, solvent, and
buffer used for NP dispersion, and surface charge all have an
influence on the characteristics of the NPs formed during
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biosynthetic synthesis. The synthesis of NMs from biological
sources is an eco-friendly and nonhazardous process.*’
Moreover, it gives an alternate way to deal with biowaste
effectively. These advantages have piqued the scientific and
industrial sectors’ interest, primarily due to their environmental
component. This fact is recognized by the exponentially rising
number of published scientific studies which have decided to
analyze NPs produced or formed from natural or residual
substances (Figure 1).*

In this regard, this review aimed to seek current data
exhibited in relevant scientific journals on developments in the
creation of NMs to treat wastewater and effluents using green
synthesis. Detailed analysis of NMs derived from different
biomass sources is provided, along with the discussion of
current wastewater and desalination membrane technology and
how NPs are incorporated into these processes.30

B BIO-NANOMATERIALS

Advancement in NMs and nanotechnology has led to many
possibilities in various consumer product fields. NMs have one
or more structural dimensions at the nanoscale and have
sparked intense scientific interest due to their potential
applications in numerous fields of science and industry. NMs
are widely used in medicines, food, cosmetics, transport,
textile, healthcare, electronics and, in recent years, water
purification, to name a few sectors.'>*' =%’

Despite such improvements in NM technology, there is still
a paucity of research on the possible effects of NMs on the
well-being of humans and the environment. Since NPs may be
undetectable after being released into the environment, they
may cause a variety of environmental hazards if the cleanup
method is inadequate. As a result, further research is required
to properly define the structure—function connection of NMs
in terms of their underlying chemistry (toxicity and
functionality). Additionally, thorough risk assessments must
be performed for NMs that pose an actual exposure risk during
manufacture or use. Green nanoscience is now advised to
reduce the possible health and environmental risks connected
with the manufacturing and consumption of NMs and to
develop the substitution of current objects with advanced NMs
that are more ecologically friendly.”>*%*"*>

There has been growing interest in NPs for wastewater
treatment, especially in developing countries. As the globe
confronts a lack of drinkable water, scientists have shown that
NMs effectively remove organic pollutants, heavy metals, and
even bacteria from the water. They also enhance the efficiency
of existing wastewater treatment processes due to their high
surface area, strong adsorption properties, strong mechanical
stability, high solution mobility, dispersibility, hydrophilicity,
and hydrophobicity. Further progress has recently been made
in NMs, such as nanophotocatalysts, nanomembranes, and
nanosorbents, which might be used to remediate dirty water
effectively, 10713/1622,2634

Biobased NMs are derived from biomass and are a
promising alternative to synthetic NMs due to their
sustainability, biocompatibility, cost-effectiveness, and biode-
gradability. Their biocompatibility makes them suitable for
medical and biomedical applications. Additionally, their
biodegradability and low toxicity make them environmentally
friendly, which is helpful for food packaging, agriculture, and
water treatment. Finally, they have very high sustainability
because of their renewable nature and low environmental
footprint. Biobased NMs such as cellulose and its derivatives,

chitosan, pure carbon-based NMs like graphene, plain and
core—shell silica NPs, and other metal NPs are of interest for
wastewater treatment because of their cost-effectiveness and
biodegradability.””*>**** The next section will discuss in detail
the sources of biomass, major NMs extracted from biomass,
and their synthesis method.

Bl BIOMASS PRODUCTION/SOURCES OF WASTE
FOR NANOMATERIAL EXTRACTION

Biomass is a sort of renewable biological material that is
obtained from plants and animals. In 2020, global biomass
production was expected to exceed 130 billion tons annually.*®
The bulk of biomass on land (70—90%) is found in forests;
however, the quantity of land biomass is uncertain.’” Biomass
has the potential to contribute to safe and clean renewable
energy generation while also supporting the socioeconomic
growth of the world.”” The conversion of biomass to energy is
one of the critical factors in reducing the dependence on fossil
fuels. Biofuel made from biomass is considered to be a carbon-
neutral energy source. Plants, one of the major sources of
biomass energy, capture similar amounts of carbon dioxide
through photosynthesis while growing as it is released when
biomass is burned, making biomass a carbon-neutral energy
source.”® The benefits of biomass are still debated compared
with other renewable energy sources. Still, its advantages over
fossil fuels are very prominent, mainly due to its renewability,
waste reduction capabilities, and reduction in carbon
emissions.”**

In theory, burning biomass for energy realizes carbon
dioxide in the atmosphere, which is captured by biomass
sources, such as trees and crops, during photosynthesis and
keeps the carbon dioxide cycle balanced. However, in real life,
this process depends on many factors, like harvesting the
biomass, regrowing plantation efforts, the type of biomass
used, and the energy source it displaces (Figure 2)."*

2. Type of

biomass
collected and l C/Z)

how it’s harvested
AV &

Sivhs |

£Rre® "y ullin

o NG Sk M N
3. Combustion
technology

1. Replacing energy
source

4. Re-growing
efforts

Figure 2. Factors that contribute to carbon-neutral bioenergy.

By biomass management, carbon emissions from the
atmosphere may be minimized. Biomass is employed in
various applications including water purification, energy
sources (heat, electricity, and biofuels), and the manufacturing
of green chemicals. Biomass has many supplies and significant
reserves and has been extensively developed and exploited.*®
This part of the review examines the alternative use of biomass
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(besides being a source of biogas) in wastewater treatment
procedures. Many compounds may be generated from
biomass, including cellulose, chitin, SiO, ash, and NPs,
activated carbon, keratin, and collagen. These materials have
a high potential for utilization in existing wastewater
technologies. However, energy costs related with biomass
reprocessing and conversion must be considered while
assessing its benefits. This technique covers the whole biomass
consumption life cycle.

Production of biomass may be ascribed mainly to the
following categories.

Agricultural, Wood, and Food Residues. Agricultural
residues utilized in renewable energy resources offer a
significant potential for expansion in the bioenergy industry
in numerous countries (almost 250 mt/yr in Europe).*
Agricultural leftovers are produced in vast quantities worldwide
each year and are mostly ignored. Examples of crop remnants
are straw, bazgasse, stalk, stem, husk, leaves, shell, peel, pulp,
and stubble.””*® These residues are either sown into the
ground and burned or left to decay before being grazed by
cattle. Unused biomass from agricultural sources may be
turned into various energy-producing materials, including
biofuels (biogas/bioethanol) and energy storage, as well as
adsorbent materials in wastewater treatment and desalination
membranes.*”*° Most of the agricultural biomass like rice husk
(RH),>'™* com cob (CC),**° sugar cane bagasse,57_60
coconut husks and shells,”’~* date palm leaves,*> ¢’ among
others, contains organic matter like cellulose, lignin, hemi-
cellulose, graphene (carbon), and inorganic matter, mainly
silica (SiO,). The materials when converted to NMs are widely
used in various water treatments.’"">

The wood industry generates a lot of trash via various
operations. Plywood, construction components, flooring, wood
panels, and sawmilling are all examples of waste. Wood
biomass is also produced by forest leftovers left over after
timber harvesting, plantation thinning, and the extraction of
stem wood for pulp and lumber.”**” Wood and wood waste
accounted for about 5.2% of industrial end use and 4.2% of
overall industrial energy consumption in 2021.%° Waste from
the wood industry is also utilized in wastewater treatment
procedures as dyes and heavy metal adsorption material.”’~">
Cellulose®~"" and graphene’*™"° are two significant materials
that can be extracted from wood waste for use as NMs in the
treatment of wastewater.

The food industry and domestic food waste provide the
highest potential biomass energy source residues. Scraps from
fruits and vegetables and their oils, filter sludges, coffee
grounds, washing and presoaking meat, poultry litter (feathers,
manure, water, and spilt feed), the cleaning process of wine-
making fibers from sugar, blood and bones from slaughter-
houses, and starch extractions are all examples of food industry
waste.”’~"” Several techniques may be used to extract many
chemical components from food waste. Chitin, cellulose, and
keratin are the most important source materials that may be
recovered from food and animal wastes for use as NMs in
wastewater treatment procedures.78

Algae. Algae is common in our aquatic settings and is easily
gathered.*” Algae are photosynthetic eukaryotic creatures that
are not commonly considered plants. Single or multicellular
organisms containing chlorophyll thrive in water but lack the
characteristic stems, leaves, and vascular structures that
distinguish plants. Algae have no anthropogenic or negative
repercussions, proliferate, and may be farmed in the effluent.

Microalgae, macroalgae, and cyanobacteria are all sources of
algal production. Microalgae reproduce faster than land crops,
and they may thrive on desolate terrain utilizing nonpotable
waste and salty water. Using the process of photosynthesis,
these organisms synthesize biomass using carbon dioxide and
sunlight. This metabolic activity results in the production of
many components, such as proteins, carbohydrates, metabo-
lites, and lipids.**~**

Algae biomass production focuses on finding and increasing
features such as quick growth rate and high oil content that
make algae an appealing source for biofuel conversion.*” Algae
can also make biopolymers like cellulose (nano), polyolefins,
polyesters, and polyamides as well for use as an aid in the
synthesis of several metal-based NPs.*"~****> Microalgae-
based biofuels exhibit superior cost-effectiveness in comparison
with other feedstocks. According to Demirbas et al,®
microalgae that are capable of photoautotrophy have a better
efficiency in converting sunlight into biomass compared to
higher plants. Terrestrial plants have a photosynthetic
efficiency of less than 4%, while algae possess a range of
efficiency between 3 and 9%.°” The exceptional efficiency in
using light is seen in the rapid growth rate of microalgae and
the consequent generation of biomass. In addition, it should be
noted that algae exhibit a higher degree of tolerance toward
fluctuations in light intensity when compared to higher
plants.*®*” This characteristic allows them to effectively sustain
themselves through autotrophic means, specifically, by
engaging in the process of photosynthesis. Simultaneously,
some species of microalgae have the capability to produce a
substantial amount of energy-dense molecules via the use of
organic carbon sources such as glucose.”’™"*

The vast majority of NPs produced by algae species are also
effective bactericides. When it comes to the bioactive
molecules used in the synthesis of NPs, algae use the same
but somewhat different compounds than other types.
Polysaccharides and protein residues in algae can decrease
and stabilize NPs.””*"*> One significant advantage of using
algae is the availability of a broad range of phytochemicals.
Some algal species include alkaloids, amino acids, flavonoids,
saponins, carbohydrates, tannins, sterols, and phenolic
compounds. Once purified, each of the chemicals may further
modify the NM’s size, shape, and active qualities.*®

Bacteria and Fungi. Bacteria are the most numerous
forms of life. They are unicellular organisms with cell walls but
no organelles or an organized nucleus. They inhabit the air,
soil, water, and cells of plants and animals. Some bacteria are
pathogenic, while others are beneficial. Bacteria recycle the
soil’'s nutrients and assist in digestion.32 Moreover, several
strains, such as Bacillus subtilis and E. coli, are exceedingly
simple to cultivate and have a highly adaptable genetic code.
Due to these properties, beneficial bacteria are being used as
biomass sources in various wastewater treatments. They can be
used for the green production of NMs.”*~"* Apart from the aid
in synthesis of metallic NPs,”>”*?*"7 bacteria can produce
bacterial cellulose to be used in wastewater treatments.” "’

Fungi are eukaryotic creatures that get nourishment by
secreting digestive juices into their immediate surroundings
and absorbing the dissolved molecules.””'**™"'" As a by-
product of large-scale fermentation operations, fungal biomass
(FB) is a potential biomass source. Its distinguishing feature is
chitin, a long-chain polymer and glucose derivative that
strengthens their cell walls.”#!!! Fungi cell walls, besides
chitin,"'* may also comprise of polysaccharides like cellulose’’

https://doi.org/10.1021/acsomega.3c08883
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and facilitate the development of metallic NPs of various
forms, sizes, and compositions.ﬁ’log’l10’113’“4

A variety of active chemicals found in bacteria and fungi may
stabilize NPs. Amino acids from proteins found on the cell wall
and within the cytoplasm, like tryptophan and tyrosine, may
decrease and stabilize NPs. These acids serve as a protective
capping agent, rendering them nontoxic to mammalian cells.
Sugars (like aldose and ketose) may also act as reducing/
stabilizing agents. These active molecules, found in and on
many bacteria species, react with metal ions and reduce them,
enabling metal ions to combine with one another and
encourage the formation of more structural features, such as
NPs of different shapes.”>*!'>!1¢

B NANOPARTICLE SYNTHESIS

The field of NM synthesis has made great strides in recent
years, providing more novel pathways to create NPs for
applications in multiple fields. NP synthesis is usually done by
two approaches, top-down or bottom-up, which are considered
traditional approaches (Figure 3).'»'®**?%!17118 The top-
down approach involves chemical or mechanical disruption of
larger particles into smaller components. It entails employing
electron beams to etch nanoscopic features onto a substrate,
followed by appropriate engraving and deposition methods.
Top-down treatments often use physical processes like
evaporation—condensation, milling techniques, and laser
ablation."'” Tt offers several advantages, such as a precise
surface area, particle shape, size, and chemical composition
control. Regarding drawbacks, the process requires high
temperatures and high shear, which might introduce defects
and degrade the particles. It can also be costly, especially for
smaller volume production.'*®

On the other hand, the bottom-up method refers to
synthesizing NPs from their atomic or molecular precursors
arranged in a predetermined pattern or design.''” This
approach relies on the self-assembly of the ingredients to
create the NPs. This process of creating NPs involves a step-
by-step assembly in a fixed pattern. The advantages of this
approach include great control over the size, shape, and
composition of the NPs. Additionally, this approach can create
unique structures, which might not be possible with a top-

down approach. However, the bottom-up approach is
expensive, time-consuming, and unsuitable for large-scale
synthesis. Also, the defects in the nanostructures cannot be
easily rectified, and most organic solvents used are not
considered environmentally friendly.'®*°

Many traditional NP synthesis methods are energy-
consuming and create hazardous wastes. To reduce the
environmental burden, researchers have been exploring green
synthesis methods for producing NPs. Green synthesis
methods aim to reduce the use of toxic chemicals, minimize
resource consumption, and reduce the environmental impact.
Many green approaches include/propose using green solvents,
and bioinspired synthesis, ie., using biomass as the raw
material for NP synthesis.z‘s’?'z’118 In recent years, extensive
studies on biological systems such as bacteria, fungi, plants
residue, algae, and various food wastes has resulted in the
transition of biomass into NPs.*”'%"

Using plant (wood and agricultural) and animal leftovers to
make NMs is perhaps the most fascinating and ecologically
beneficial method of green synthesis.”>*>*"*%7%12 Pplants
and their components have been the subject of much
investigation for NP synthesis owing to the simplicity of
scaling up for greater production and being cost-efficient and
environmentally benign. Generally, plant or food leftovers are
subjected to a technique that extracts particular chemical
components from them. The plant or food waste is typically
dried, powdered, or fragmented and then subjected to an
aqueous extraction process, often involving immersion in hot
water, followed by filtration. The extract is then stored at
temperatures below 5 °C.****'** This filtering reagent may
include a variety of bioactive compounds depending on the
plant or plant matter from which they were extracted. Plant
extracts often include various bioactive compounds, such as
flavonoids and phenols, although proteins and polysaccharides
are also involved in the creation of NPs. These bioactive
compounds have functional sections that operate as NP
precursor, reducing and stabilizing agents.””"*"

Use of microbes is another preferred method of generating
NPs due to the simplicity of managing biomass and economic
feasibility and because they are effective secretors of
extracellular enzymes, which leads to large-scale enzyme
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production.”**>#>¥%110122 Many algae species have been
found for their ability to catalyze the production of NMs.
The generalized procedure to create metallic NMs from
various algae species includes drying the samples before being
powdered. The fine powder is then mixed with water,
incubated for 24 h, and filtered. After filtration, the biomass
filtrate is mixed with the NM precursor and left to incubate at
room temperature until the color of the solution changes,
indicating NM synthesis.'**

Bacteria synthesize NPs as part of their defensive
mechanism.'** The bacterial cells’ resistance to reactive ions
in the environment is what causes the formation of NPs.
Bacterial cells are often disrupted in high ion concentrations.
Their cellular machinery aids in the transformation of reactive
ions to stable atoms in order to fight cell death. That are the
ions” NPs. This bacterial characteristic is used in the
production of NPs. To use bacteria and fungi for NM
production, the microbes are first grown aerobically to a
suitable optical density, and then the growth medium that
holds the cells is blended with the NP precursors. After an
incubation time and a perceptible change in media color, the
media is agitated at high speeds (>10000 rpm). The NMs are
suspended in the supernatant from this spin. The final
morphology and NP size are determined by various strains
and precursors and interactions with the stabilizing agent
present in the bacteria.*®

The NP synthesis technique from biomass avoids the need
for harsh chemicals, which are hazardous to both the user and
the environment. Moreover, since the bioactive compounds are
extracted using simply hot water, the requirement for high-
energy-consuming procedures is avoided. Due to the absence
of harsh reagents, the bulk of the NPs produced may be used
in biological applications.*****%**

B USE OF BIOBASED NMS AS POTENTIAL
MATERIALS FOR WASTEWATER TREATMENTS

The NPs extracted from the biomass can be divided into 6
major categories based on the different sources of waste (as
discussed above)—silica (SiO,)-based NMs, cellulose-based
NMs, graphene (carbon)-based NMs, chitosan-based NMs,
keratin-based NMs, and other metal-based NMs. This section
discusses each of these NP categories and their application in
wastewater treatment and desalination.

Cellulose-Based Nanomaterials. Cellulose is often
regarded as the most common renewable polymer in the
world."”> RH and other agricultural waste may also produce
cellulose, such as sugar cane leaves, date palm leaves, wood
pulp, jute, and maise cob.”*~"** It may then be chemically
manipulated and turned into different nanocrystals, nanofibers,
and 1a3e1rogels for specialized uses, including water purifica-
tion.

Cellulose nanocrystals (CNCs) and cellulose nanofibrils
(CNFs) are rod-like NPs with lengths ranging from 100 to
2000 nm and diameters ranging from 2 to 20 nm, depending
on the cellulose manufacturing technique and origin (Table
1)."** Nanocellulose is a highly promising material for high-
performance membranes and filters that selectively remove
impurities from industrial and drinking fluids because of its
high strength, chemical inertness, hydrophilic surface chem-
istry, and large surface area. The defibrillation of cellulose fiber
into nanocellulose significantly increases the accessible surface
area.”*” This increase in surface area is related to the increased
availability of hydroxyl groups on the surface of nanocellulose,

Table 1. Different Biocellulose-Based NMs Which Have the
Potential for Use in Different Water Treatment and
Desalination Applications

raw material NP shape and size ref
1. algae, Cladophora CNC ND 149
rupestris
2. pineapple leaf CNC L,249.7 = 51.5 nm; D, 150
445 £ 1.41 nm
3. softwood pulp CNF  max d, 139 nm 151
4. sugar cane bagasse CNC L,250—480 nm; D, 20—60 nm 152
S. corn cob CNC av D, 1314 nm 153
6. Yeast, A. xylinum BC 154
ATTC 23770
7. A. xylinum ATCC BC 185
10245
8. eucalyptus sawdust CNF 156
9. lime residues CNF D: 5-28 nm 157
10. Gluconacetobacter BC 158
sacchari
11. coconut husk CNF av D, 5.6 + 1.5 nm; L, 159
150—350 nm
12. pine needles CNF D, 30—70 nm 160

where functional groups or molecules can be grafted using
methods such as carboxylation, sulfonation, TEMPO-mediated
oxidation, phosphorylation, esterification, etherification, silyla-
tion, and amidation."**™"*" Metal ions,**'*° dyes,l‘“_143
metal," "> **!* and microorganismsMZ’144 have all been shown
to be removed using nanocellulose-based membranes and
filters. Oils and cyclohexenes have also been extracted utilizing
a modified nanocellulose matrix grafted with hydrophobic or
oleophilic functionalities.'*>"*”

Johar et al. synthesized CNCs by sulfuric acid hydrolysis of
pure rice husk fibers.”> Most NPs had diameters and aspect
ratios of 15—20 and 10—15 nm, respectively. These CNCs can
now be put into various wastewater and desalination
treatments. Jackson et al. (2021)'*® were able to impart
antibacterial qualities to the surface of a commercial thin film
composite (TFC) membrane by employing CNCs collected
from the leaves of elephant grass (Pennisetum purpureum) that
were generated from sustainable sources. TFC membrane
surface modification with antimicrobial and needle-like CNC
NPs was highly hazardous to bacteria, killing 89% of adherent
E. coli cells upon contact.

Huang et al. (2019) used CNCs, to effectively manufacture
thin-film composite (TFC) nanofiltration membranes (NFMs)
(Figure 4)."*” These CNCs enhance the filtering area and

PIP/CNC
—_—

suspension

Figure 4. Typical interfacial polymerization is used in the
construction of CNCs-filled TFN NFMs, as shown in the schematic.
Reprinted with permission from ref 137. Copyright American
Chemical Society.
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improve the hydrophilic surfaces of the TFN NFMs. The
increased filter area, better hydrophilicity, and finer polyamide
(PA) selective layer boost the water penetration flux. The
hydrophilic CNCs additionally improve the chlorine resistance
of the TFN NFMs. This work shows that eco-friendly NMs are
excellent nanofillers for synthesizing TFN NFMs with
increased water penetration flux without compromising salt
rejection.

Silica (SiO,)-Based Nanomaterials. Silica, commonly
known as silicon dioxide (SiO,), is an attractive material for a
range of applications due to its variable and controllable pore
size, customizable interface, exceptional mechanical properties,
and relatively benign chemical composition.'®" SiO, NPs are
employed in several applications, including ceramics, chroma-
tography, anticorrosion agents, water purification, and
catalysis."®* The biosources of SiO, are considered to be
waste materials which include rice husk, peanut shell, bamboo
leaves, sugar cane bagasse, algae, bacteria and fungi (Figure
5).13 During harvest time, the agricultural waste materials are
burned to release nutrients for the following growing season
and get rid of a vast number of them. During combustion,
carbon, oxygen, and hydrogen included in these waste items
are transformed into combustible gases including carbon
monoxide, hydrogen, methane, and ash. This ash is abundant
in silica and carbon, although it has not yet been used to its full
potential.

There are several publications in the scientific literature on
the use of this material to create high-quality SiO, NPs. Using
rice husk for the first time, Jansomboon et al. produced silica
micro- and NPs."** Sachan et al. worked on a comparative
investigation of the green synthesis of SiO, NPs from leaf
biomass and their application to the removal of heavy metals
from synthetic wastewater.'®* $iO, NPs including adsorbent
materials are capable of removing Pb*>* and Cu®*. Fahrina et al.
developed an antimicrobial polyvinylidene fluoride (PVDF)
membrane employing ginger extract-SiO, NPs (GE-SiO, NPs)
for filtering of bovine serum albumin (BSA).'*® GE-SiO, NP
substances areinvolved in membrane hydrophilicity enhance-
ment and antibiofouling. The antibacterial characteristics of

the PVDF/GE-SiO, NPs membrane was shown toward
Staphylococcus aureus and Escherichia coli. Using cross-flow
filtration, the fouling assessment of BSA content was examined.
A satisfactory flux recovery ratio (FRR) of 97.92% was
attained.

Due to newly developed technology, it is feasible to
manipulate the genetic material of diverse bacteria and yeast,
so that they can be utilized for the production of valuable
NMs. In fact, they are regarded as the most effective
environmentally friendly NM factories.'®® There have been
reports of bacteria-assisted SiO, NPs production. Using
bacterial culture solutions, Vetchinkina et al. synthesized
silicon nanospheres varying in size from 5 to 250 nm."%’
Actinobacteria species were used by Singh et al. to manufacture
silicon/silica nanocomposites. In this paper, both the silica
precursors K,SiFs and microorganisms are discussed. The
bacteria’s reductase and oxidant enzymes lead to the creation
of silica NPs.'®® Zamani et al. used Saccharomyces cerevisiae
yeast for the biochemical production of silica NPs for better oil
recovery applications.'® It is seen that the majority of the
powder is composed of spherical particles, while some particles
are hazy and almost shapeless.

Recent years have seen an increase in interest in fungi as
source materials for the manufacture of many NPs. The
employment of fungi in the manufacture of NPs has the
potential to be interesting since they produce vast quantities of
enzyme and are easier to work with in the lab. Fusarium,
Aspergillus, and Penicillium offer tremendous promise for the
extracellular bioproduction of various metal NPs, whereas
Verticillium Sp. might be collected for intracellular NP
synthesis, according to studies. There are several studies in
the scientific literature about the synthesis of SiNPs utilizing
fungus. Pieta et al. produced silica NPs of specified size and
form by bioconverting corn cob husk with the Fusarium
culmorum fungus.'”® Bansal et al. discovered a novel method
for producing nanosilica from rice husk. Fusarium oxysporum is
employed to bioleach silica from rice husk in this paper. This
fungus species is capable of rapidly biotransforming biosilica
from rice husk into crystalline silica NPs.'”' Estevez et al.
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generated silica NPs by the biodigestion of rice husk utilizing
the Californian red worm in intriguing research. Worms are fed
rice husk and water, which result in the production of humus.
Following various treatments, silica NPs in the range of 55—
250 nm are formed.'””

Silica and hybrid silica-based NMs are the most widely used
for water filtration because of their chemical stability, low cost,
and relatively easy surface modification.”” Kumari et al.
synthesized SiO, NPs from corn cob and mixed zerovalent
iron (nZVI) to create nanocomposites.173 The conjugation
with silica matrices inhibited nZVI aggregation, increasing
surface area, and permitting effective sorption of the Cr(VI)
species to the nZVI surface. Table 2 lists the different bio-SiO,
based NMs used in different water treatment and desalination
applications.

Table 2. Various Biosilica-Based Nanomaterials with
Potential for Application in Diverse Water Treatment
Processes

raw material properties ref

1. stem bark extract of Syzygium spherical/34—49 nm 174
alternifolium
2. sugar beet bagasse spheroid/38—190 nm 175
3. rice straw discs, D 172 nm and width 176
3.09 nm

4. sugar cane bagasse spherical/30 nm 177
S. fungus Fusarium oxysporum 2—S5 nm 178
6. Bambusa vulgaris leaves ND 179
7. bacteria, Actinobacter species ND 168
8. Eisenia fetida av d 81 nm 180
9. bentonite clay spherical /98 + 20 nm 181
10. weed, Carex riparia irregular 182

Carbon-Based Nanomaterials. Carbon quantum dots
(CQDs), a novel type of carbon NM, are brilliant photo-
luminescent quasi-spherical NPs with mostly graphitic sp* or
sp® carbon hybridization and a size of less than 10 nm (Table
3).!”” They involve multiple oxygen-containing functional

Table 3. Different Biographene-Based NMs Which Have the
Potential for Use in Different Water Treatment and
Desalination Applications

raw material properties ref
1. leaf extracts of neem (Azadirachta indica) GQDs/S nm 192
2. algae, Microcystis aeruginosa GQDs 193
3. microalgae Gymnodinium GQDs/10 nm 194
4. Mangifera indica (mango leaves) GQDs/2—8 nm 195
S. microalgae, Chlorella pyrenoidosa CQDs 196
6. red algae, Gracilaria GQDs 197
7. orange peels CQDs/1.16 + 0.1 nm 198
8. Catharanthus roseus (white flowering CQDs/~S nm 199

plant)

groups which have attracted a great deal of interest due to their
unique properties, such as simple large-scale production,
reduced costs, robust chemical stability, simple functionaliza-
tion, fine particulate sizes, high surface area, low toxicity, and
appropriate biocompatibility. Another carbon-based material
derived from biomass is graphene. Graphene, a two-dimen-
sional 2-D lattice of sp*-hybridized carbon, has several unique
features and is used in a variety of disciplines.'®>"®*
Unfortunately, graphene’s zero band gap restricts its uses in

the optical and photonics fields. The quantum confinement
effect might be used to improve the band gap of gragphene by
reducing its lateral dimensions into quantum dots.'”~ Because
of its unusual photoluminescence and physicochemical
features, graphene quantum dots (GQDs) have received a lot
of interest.' > ~"*® Wang et al. demonstrated a simple one-stegp
one-pot technique for producing GQDs from RH waste.’
GQDs generated have an average size of around 3.9 nm and
2—3 graphene layers. Under UV light (365 nm), the RH-
GQDs were distributed in water and displayed (Figure 6) vivid
blue PL. The RH-GQDs quenched Fe®" ions with excellent
selectivity, making these GQDs a potential sensor for Fe®".
Meanwhile, the GQD residue can be utilized to make
amorphous SiO, NPs.

A carbon quantum-dot-embedded polysulfone (CQDs-PSF)
membrane for antibacterial activity in FO was synthesized by
Mahat et al."*” The incorporation of a CQDs-PSF membrane
improved the antibacterial performance and hydrophilicity of
the membrane for FO. With 1.0% CQDs loaded on a PSF
membrane, both the water flow and the reverse salt flux
increase, enhancing the membrane’s FO performance. The
CQD-modified PSF membrane has antibacterial properties
against both Gram-positive and Gram-negative microorgan-
isms. Lecaros et al. fabricated tannin-based TFC membranes
including nitrogen-doped GQDs for butanol dehydration
through pervaporation.'” The inclusion of NGQDs enhanced
the membrane’s water permselectivity. The NGQDs impeded
the movement of butanol and facilitated the passage of water at
a quicker rate. According to Amari et al. the synthesized
chitosan/nitrogen doped GQD (CS/NGQD) nanocomposite
had greater pollutant removal efficiency than its components,
CS and NGQD."" This nanocomposite removed 60% of the
protein and 88% of the bacterial load. Pharmaceuticals (63%
for chlorothiazide, 81% for carbamazepine, and 89% for
ranitidine), dyes (82% for Azo blue, 84% for methylene blue,
and 94% for orange G), and fluoride (42%) all had a higher
removal efficiency. Notably, the CS/NGQD nanocomposite
reusability investigation was done for up to five cycles,
revealing that the percentage removal of protein, bacteria,
medicines, dyes, and fluoride was maintained at acceptable
standards with no notable decline in nanocomposite efficiency.

Chitosan-Based Nanomaterials. Chitin is the most
common natural amino polysaccharide, generating almost as
much as cellulose yearly. It is readily generated from crab or
shrimp shells, which are considered food wastes. Deacetylation
of chitin (its fully acetylated form), which is found in the cell
walls of most fungal biomass (chitosan is found in the cell wall
of Mucorales), insect cuticles, and crustacean shells, produces
chitosan (Figure 7)."*" Shrimp shells are now the primary
source of chitosan for industrial manufacturing. It is
biocompatible and nontoxic, with chemical tunability and
antimicrobial and antioxidant action.””*°" It is used in various
applications, including but not limited to medicinal aids,
molecular sieves, viscosity builders, heavy metal adsorbents,
chelating agents, and desalination membranes. Because of the
presence of amino groups, this material may be employed
immediately in solid form for adsorption applications
(complexation of cations or organic molecules, electrostatic
attraction or ion exchange in acidic media).””” It may also be
employed in liquid form (dissolved in acidic media) to
neutralize charges, coagulate-flocculate anionic species (dis-
solved materials, colloids, and suspended particles), and
complex metal ions.””’
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Chitosan, in particular, has been identified as a potential
cationic adsorbent for removing anions, heavy metals,
poisonous organic dyes, aromatic compounds, oil spills, and
pharmaceutical residues.””*~>' Chitosan is an ideal option for
adsorbing harmful metal ions from aqueous solutions because
it has several chelation sites and amino and hydroxyl groups
that bind metal ions through coordination bonds or ion
exchange.”''™*'* Chitosan is prone to be soluble in acidic
conditions and poor mechanical strength, so chitosan is mixed
with different materials to create adsorbent materials and
membranes for its effective use in wastewater treatment.
Several studies have been conducted to assess the adsorption
properties of chitosan and its modified forms to use them to
remove different heavy metals.”*™>'® Omer et al. (2022)
discussed the most recent developments in chitosan-based
adsorbents and their adsorption abilities toward several
harmful heavy metal ions, including As(III), As(V), Cu(II),
Cr(VI), Pb(II), and Cd(II), in his 2021 review paper.”

The adsorption processes of chitosan and chitosan-based
nanocomposite polymeric membranes are critical in providing
greater understandings that may 1m£)rove the efficiency of the
membranes for pollutant removal.”'’ Shafi et al. extracted
multi-ionic electrolytes and E. coli from wastewater with a
chitosan-based in situ mediated TFC NF membrane.”*’ The

29096

rejections of Na*, K*, Mg?*, Cl”, and SO,*” in the permeate of
the binary electrolyte solution were reported to be 81, 28, 87,
96, and 98%, respectively, at a maximum water flow of 214 10
L m* h™". The feed solution of E. coli rejected 99.9% of E. coli
after running through the membrane at a water flow of up to
220 L m* h™". Kayani et al. investigated the influence of
different amounts of polyethylene glycol and 3-aminopropyl-
triethoxysilane on the characteristics of chitosan-based RO
membranes.””" The flow and salt rejection values of the hybrid
composites rose to a maxima of 80% and 40.4%, respectively,
according to permeation measurements. Unlike control
membranes, modified films show antibacterial activity against
Escherichia coli. Kumar et al. discovered that chitosan surface
modification with a graphene oxide nanocomposite is an
effective adsorbent for As(V).”** The adsorbent’s regeneration
capability has been shown using NaOH. Furthermore, the
adsorbent stability and regeneration for three effective
adsorption—desorption cycles make it an intriguing adsorbent
material.

Carbon nanotubes were thought to be excellent materials
when combined with chitosan to create an adsorbent
membrane for heavy metal removal.”***** Particular emphasis
is placed on the chitosan/biochar (BS) composite, which was
employed to improve the adsorption capacity of the produced
polymeric membrane. Biochar has been explored in adsorbent
membranes with essential applications, such as the elimination
of heavy metals, phosphates, and different antibiotics and
medicines from fluids due to its porous structure.

Keratin-Based Nanomaterials. Keratin may be found in
feathers, fingernails, hair, animal claws, horns, and wool 2>>2%¢
It is a 19 amino acid protein, and one of the most prevalent
fibrous proteins. These amino acid residues are linked by
peptide bonds, resulting in a ladder-like structure with tight
packing of -helix and -sheet structure.””” Keratin cysteine
residues feature “thiol —SH groups” that cross-link the whole
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matrix through strong disulfide (—S—S—) linkages. Chicken
feathers (CFs) are a natural keratin byproduct of the poultry
industry, with over 65 million tons produced yearly. The
feathers account for about 4—6% of a mature chicken’s total
weight. The poultry processing sector in the United States
alone produces more than 4 billion pounds of chicken feathers
every year. Feathers are robust and light, with a keratin
macromolecule content of 91% and an average molecular
weight of 10 kDa. They exhibit great tensile strength, structural
toughness, and thermodynamic stability with no water
solubility over a broad pH range.””® Poultry feathers are
often disposed of in landfills, adding to environmental
pressures. Researchers have modified keratin for possible use
as a biosorbent for water filtration.”****’

Sun et al. used several ways to remove Cr metal from the
CFs.”° Initially, CFs were treated with an aqueous solution of
NaOH, which caused the keratin protein on the feather surface
to exfoliate. The keratin protein was cross-linked with
epichlorohydrin before being functionally enhanced with
ethylenediamine. Metal absorption was 30.5% in raw CFs,
43.8% in NaOH-treated CFs, 44.2—81.4% in epichlorohydrin
CFs, and 90% in ethylenediamine-epichlorohydrin CFs. Khosa
et al. investigated the removal of As metal integrated into CFs
by two distinct chemical routes.”>’ They unfolded keratinous
protein and revealed distinct functional groups with increased
functioning (—COOH, —NH,, and —S—S—). The CF-
modified methyl alcohol proved to have the maximum arsenic
uptake in the 85—90% range. As a result, the carboxylic group
in modified CF was discovered as an excellent activator of
arsenic absorption, resulting in efficient esterification.

Ganesan et al. developed a novel carbon-based molybdenum
oxide nanocomposite (MoO;-KSC) from keratinous sludge
utilizing CF waste as a keratin source and (NH,)sMo,0,, as a
precursor carbonization catalyst.”** The generated MoO;-KSC
nanocomposite produced possessed a significant aggregation
surface area, a high crystalline structure, and a high porosity,
suggesting a strong electrochemical reaction. The obtained
MoO;-KSC was utilized to fabricate a plated screen-printed
carbon electrode (SPE) for the detection of hydroquinone
(HQ) and catechol (CC) in ambient fluids. The electro-
catalytic capability of MoO;-KSC/SPE functionalization
surpasses that of bare SPE and KSC/SPE for HQ and CC
detection. As a result, by utilizing the differential pulse
voltammetry approach, the MoO;-KSC/SPE NM modified
electrode has good sensitivity and selectivity for determining
HQ and CC in ambient fluids. The manufactured MoO;-KSC/
SPE NM modified electrode was also used to determine
ambient water samples, and the results were satisfactory.

Metal-Based Nanomaterials. Biological systems, such as
plants, bacteria, algae, fungi, and yeasts, have been found to
manufacture a wide variety of metal and metal oxide NPs
(Table 4).>** This section highlights the importance of green
synthesis techniques for producing metal oxide NPs, such as
Au, Se, Zn, Co, Ag, Cu, Ti, and Ni, among others. Several
promising green NMs, photon nanocatalysts, metallic NMs,
and metal oxide NPs have been widely shown to have
antibacterial properties. Silver NPs (AgNPs) have an average
size of 1—40 nm and serve as antibiotics, antimicrobials, and
antifungal agents. AgNPs have a bactericidal action. They first
generate free radicals, which cling to and destroy the bacterial
cell wall. They are linked with bacterial DNA after breaking the
cell wall, changing the cell membrane characteristics, and
denature the enzymes. AgNPs play an important role in

Table 4. Different Bio-Metal-Based NMs Which Have the
Potential for Use in Different Water Treatments

raw material metal NP rroperties ref
1. algae, Gracilaria corticata Ag spherical/18—46 nm 255
2. peel, Punica granatum ZnO 118 nm 256
3. algae, Padina gymnospora Au spherical/53—67 257
4. fruits, Vitis rotundifolia CoO ND 258
S. seed, Lactuca serriols NiO ND 259
6. fungus, Yarrowia lipolytica Au triangles/15 nm 260
7. bacteria, Azoarcus sp. CIB Se ND/123 + 35 nm 261
8. seed, Terminalia chebula Fe;0, ND 256
9. algae, Plectonema boryanum Pt spherical/30—0.3 yum 262
10. Fusarium oxysporum Cds 5—20 nm 263

wastewater treatment by rapidly inactivating microbial cells
and minimizing membrane biofouling.234 In general, AgNPs
have good antibacterial activities against a broad range of
pathogens, including bacteria, fungi, and viruses. Plants include
reducing and stabilizing substances that aid in the synthesis of
biocompatible AgNPs. Secondary metabolites found in the
extract, such as alkaloids, phenols, terpenoids, flavonoids,
proteins, and carbohydrates, operate as reducing agents.”>

Minhas et al. investigated the antibacterial activities of
polysulfone (PS) composite membranes utilizing biogenic
silver NPs generated from Cladophora glomerata (L.) Kiitz and
Ulva compressa (L.) Kiitz extracts by a spin-coating
technique.”*® The capacity of Ag-NPs/PS composite mem-
branes from algae to exhibit exceptional antibacterial activity
against all bacteria, including K. pneumonia, P. aeruginosa, E.
coli, E. faecium, and S. aureus, was examined. Moodley et al.
focused on the green synthesis of Ag NPs from fresh and
freeze-dried leaf Moringa oleifera extracts and their antibacterial
properties.””” In addition, X-ray diffraction examination
revealed that the size distribution of Ag NPs in both samples
had mean diameters of 9 and 11 nm, respectively.
Antimicrobial activity was shown by silver NPs against both
strains of bacteria and fungi.

Nanocatalysts including semiconductor materials, zero-
valence metals, and bimetallic NPs may degrade organic
pollutants such as PCBs, insecticides, and azo dyes. TiO, NPs
are the most important photocatalysts for water purification.
TiO, NPs created very reactive oxidants, such as OH radicals,
which have disinfection characteristics against harmful
microbes. Nitrogen-doped TiO, NP catalysts and TiO,
nanocomposites containing multiwalled carbon nanotubes
reduced microbiological pollutants in water successfully.”****’
The manufacture of anatase TiO, NPs used a low-cost
titanium oxysulfate with polyvinylpyrrolidone as a capping
agent. These green-synthesized TiO, NPs were more effective,
degrading 94% of methyl orange in 150 min under UV light,
compared to a commonly produced TiO, that degraded 20%
faster.”** A straightforward solvent-free green chemistry
technique using titanium tetraisopropoxide as a precursor
and soluble starch as the template was used to synthesize an
eco-friendly visible light active mesoporous anatase TiO,.**!
These TiO, NPs outperformed methylene blue photocatalysis,
which may be attributed to their increased surface area (87.2
m® g7') and the self-doping of TiO,. Moreover, they are
reusable and extremely resistant to photodegradation, with the
degradation efficiency lowered by just 13.3% at the conclusion
of 10 cycles (87.3%). Shen et al. showed photocatalytic activity
of biologically synthesized cerium-doped TiO, NPs mounted
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on porous glass for the degradation of methyl orange (rate
constant 0.095 min~') and rhodamine B (0.23 min™") under
visible light (band gap was 2.8 eV).**

ZnO NPs can also have photocatlytic properties. Corymbia
citriodora leaf extract was employed for the biosynthetic
pathway of ZnO NPs, and under visual irradiation, 84% of
methylene blue was destroyed after 90 min.”** As compared to
hydrothermally synthesized ZnO NPs, which exhibited only
60% degradation, these biosynthesized NPs had a band gap
that was lowered to 3.07 eV, resulting in better photocatalytic
activity under visible light. In another investigation, photo-
catalytic degradation of more than 56% was reported under
sunshine within 6 h using ZnO NPs biosynthesized using
grapefruit peel extract Citrus paradisi.”** Darroudi et al. studied
the sol—gel synthesis, characterization, and neurotoxicity of
NPs of ZnO utilizing gum tragacanth.”** At varying calcination
temperatures, spherical ZnO NPs were produced.

Magnesium oxide embedded nitrogen self-doped biochar
composites (MgO@Nbiochar) for rapid and high-efficiency
heavy metal adsorption in an aqueous solution were developed
by Ling et al.”*® The research found that MgO@Nbiochar had
a good adsorption performance toward Pb, which might be due
to interactions between multiple functional groups on MgO@
N-biochar and Pb or Cd ions. Surface adsorption and ion-
exchange interactions were also crucial in Pb adsorption. These
findings imply that designing surface functional groups might
be a more viable strategy for high performance adsorbents
against heavy metals.

As compared with bulk materials, iron oxide NPs (FeNPs)
have superior characteristics for the elimination of organic
pollutants. Notably, their magnetic or ferromagnetic capa-
bilities render them particularly valuable in separation
procedures.”*” Certain FeNPs, especially those exhibiting a
core—shell configuration, offer the potential to improve their
magnetic characteristics to a greater extent.”****” FeNPs
(Fe,05 and Fe;0,) are capable of removing heavy elements
like arsenic. The colored humic acids in wastewater were
successfully removed by Fe,O; NPs.>** The polymer-grafted
Fe,0; nanocomposite efficiently removes divalent heavy metal
ions such as copper, nickel, and cobalt across a wide pH range
of 3—7. Cai et al. investigated the adsorption of Cu*" ions in
aqueous solution by a composite of montmorillonite and
biochar.”®" The adsorption of Cu* ions from an aqueous
solution by the composite was thoroughly investigated. The
composite was shown to be a mesoporous material. The
surface of the montmorillonite-biochar composite is rough, and
the layer structure is uneven. Adsorption was also confirmed to
be accomplished in comparatively brief time periods.

Zerovalent iron NPs effectively convert chlorinated organic
molecules and PCBs. Wang et al. investigated the activation of
persulfate by green nanozerovalent iron-loaded biochar (nZVI-
BC) for p-nitrophenol elimination.”** In comparison to C-
nZVI-BC, G-nZVI-BC included tea polyphenols, which
enhanced Fe’ dispersibility on BC, inhibited nZVI agglomer-
ation on BC, and accelerated PNP degradation significantly.
The G-nZVI-BC/PDS system effectively removed PNP in the
pH range of 3.06—9.23. The reusability of G-nZVI-BC and the
PNP elimination impact in real water bodies suggested that G-
nZVI-BC has a promising future in water treatment. The Cu/
sodium borosilicate nanocomposite was created by Nasrollah-
zadeh et al. utilizing Acalypha indica L. leaf extract.”> The
research demonstrated a decrease in the concentrations of
nitroarenes and organic dyes in water. Parial and Pal reported

extracellular production of Au NPs from Lyngbya majuscula
and Spirulina subsalsa, where progressive development of color
provided a handy time-dependent visual signal showing large
bioconversion of Au** to Au® resulting in a steady synthesis of
Au-NPs.”**

Bl APPLICATION OF BIONANOMATERIALS FOR
WASTEWATER TREATMENT TECHNOLOGIES

Green NMs such as nanowires, nanotubes, films, particles,
quantum dots, and colloids are used in wastewater treatment
systems. Pollutants are eliminated from industrial effluents,
surface water, groundwater, and drinking water using NMs in
environmentally benign and cost-effective ways.

When examining the use of biobased NMs in wastewater
treatment systems, it is important to recognize their distinct
advantages and disadvantages. These NPs are very effective in
effectively eliminating a broad spectrum of pollutants because
of their high reactivity and large surface area. As a result, they
are very efficient in processing complex industrial waste and
improving the filtration of drinking water. Nevertheless, the
implementation of NPs faces challenges such as the possibility
of environmental hazards due to NP discharge, the complex-
ities in managing and retrieving these materials, and the need
for more investigation to fully understand their enduring
effects on ecosystems and the well-being of people.

Originally, three kinds of membrane separation systems were
used in water purification systems: RO, UF, and MF. The
membrane filtration system is widely used to purify drinking
water from wastewater, ocean, and surface water. The use of
NPs in filter membranes is now quite common in the area of
water treatment systems. In the water treatment system, the
NPs performed a variety of functions, such as pollutant
material degradation, inorganic material remediation, anti-
bacterial activity, and disinfection. A variety of well-known
NPs, including silver NPs, gold NPs, zinc oxide NPs, titanium
dioxide NPs, magnesium oxide, and carbon nanotubes, are
effectively used in water and wastewater disinfection.***>%*
The zinc oxide NPs have a high potential to destroy harmful
microorganisms and may be used instead of UV disinfection to
enhance water quality. Pd NPs and silver-based nanocatalysts
have improved halogenated organic compound biodegradation
and degraded organic dyes.””°**® Magnetic NPs, carbon
nanotubes, metal NPs, quantum dots, and dye-doped NPs are
widely used in pathogen tracking. NMs are distinguished by
their tiny size and vast surface area, as well as their superior
adsorption qualities and strong reduction capacity; these
distinguishing traits help to the removal of toxins from
wastewater.”*” The use of green NMs for water and wastewater
treatment is divided into three categories: (1) nanoscale
filtration, (2) pollutant adsorption on NPs, and (3)
contaminant breakdown by the NP catalyst.

Nanoscale Filtration Technique. The nanomembranes
are composed of nanofibers that are used to remove
nanomicrosized contaminants from water bodies in order to
prevent fouling.”’” NMs are used to create multifunctional
advance membranes, and an inorganic membrane is referred to
as a nanocomposite.271 In UF or RO, nanomembranes are
used as a pretreatment measure. NPs such as alumina, silica,
zeolite, and TiO, are introduced into polymeric UF
membranes, where they improve the membrane performance
in terms of surface hydrophilicity, water permeability, and
fouling resistance. For the reductive degradation of chlorinated
chemicals, titanium dioxide NPs with inorganic membranes are
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used. Silver NPs comprising polymeric membranes

significantly prevented the growth of bacterial biofilms on
the membrane, which is widely used for water disinfection.

Adsorption of Pollutants on NPs. NMs have the
capacity to adsorb contaminants from water, with the surface
of the adsorbing material possessing certain functional groups
that interact with the contaminant’s ionic groups. Adsorbents
are composed of NMs or nanostructured materials with
extremely high specific surface areas, which may be paired with
functional groups, short diffusion distances, specified pore
sizes, and surface chernistry.273 Manganese oxide, zinc oxide,
magnesium oxide, titanium oxide, ferric oxides, and carbon
nanotubes are extensively utilized NPs for pollutant
adsorption.””* However, it is important to acknowledge that
the efficiency of these NP-based solutions is not only defined
by their remediation percentage. The cost, recoverability, and
reusability of NPs are essential factors for evaluating their
efficacy and long-term viability.

Breakdown of Contaminants by NP Catalysts. The
nanocatalysts are efficient in the elimination of a pollutant from
wastewater due to certain specific properties. Not only may
catalytic NPs remove pollutants but they may also break down
chemically.””® Catalytic NPs quickly break down water
pollutants such as organochlorine-based pesticides, halogen-
ated herbicides, Azo dyes, polychlorinated biphenyls, and
nitro-aromatic compounds. In wastewater treatment systems,
nanocatalytic materials, such as zerovalent metallic NPs,
semiconductor NPs, and bimetallic NPs, are often employed.
Magnetic NPs are specifically used to remove metallic salts,
heavy metals, and other organic pollutants from bodies of
water.””® Moreover, the addition of a magnetic core in these
NPs offers an additional benefit of facilitating their retrieval
from liquid media, hence elevating the practicality of their
reutilization in water treatment.

Using the aforementioned categories of wastewater treat-
ment by green NPs, they can used for disinfection, heavy metal
removal, removal of organic contaminants, and desalination.
Microorganisms, natural organic debris, and biological toxins
are regarded as pollutants in excess amounts in water.

Application of Bio-NMs in Wastewater Pretreatment.
Wastewater is first treated by multiple pretreatments to make it
ready for specific application treatments.” The primary
challenge associated with wastewater treatment is the
accumulation of pollutants in water or wastewater technology.
The treatment requires an understanding of the pollutants
present and their effects on the environment. Multiple
processes are involved in the wastewater pretreatment like
pumping, screening, pH adjustments, coagulation and
flocculation, sedimentation, dissolved air flotation (DAF),
filtration, and prechlorination. Among the methods mentioned
above, coagulation and flocculation are the most commonly
employed processes that make use of NMs.

Coagulation and Flocculation. Coagulation neutralizes the
charges on the particles, and flocculants help them bind
together, making them a%%regate so they can easily be
separated from the liquid.”’” These processes involve the
addition of specific chemicals to eliminate the suspended
contaminants in water. The contaminants may be organic, like
algae, bacteria, viruses, or other organic matter, or inorganic,
such as clay and silt. These contaminants contribute to the
water’s turbidity and should be reduced. Inorganic coagulants
such as aluminum and iron salts are considered excellent
coagulant and flocculation agents. They are known to

neutralize the contaminant particles in seconds, precipitating
as metal hydroxides when reacting with water.”””~**°

NMs are becoming more popular as flocculants because of
their large surface area, high porosity, mechanical strength,
chemical reactivity, and large capacity for adsorption.281 Sun
and colleagues synthesized pure CNCs from cotton pulp.
Heavily charged CNCs shown considerable promise as a
revolutionary microalgal flocculant.”®” Between pH 4 and 11,
the functionalized CNCs exhibited a positive surface charge.
The dosage-dependent flocculation effectiveness was depend-
ent on the degree of substitution of the pyridinium moieties. At
a dose of 0.1 g, the flocculation effectiveness of cationic CNCs
was more than 95%. The CNCs were largely immune to algal
organic matter influence. Pb adsorption with sulfonated CNC
(bleached birch chemical wood pulp) was investigated by
Suopajarvi et al.”®® Comparable to commercial adsorbent
capabilities, the adsorption capacity of the NM (in municipal
wastewater) was 1.2 mmol/g at pH S. The increasing lignin
concentration boosted the sulfonated adsorbent’s adsorption
effectiveness. It was able to remove 80% of the solution’s
turbidity and 60% of its COD content. Liu et al. investigated
the flocculation performance of CNC, GO, and polyacrylamide
(PAM) on methylene blue in aqueous phase.”** They observed
that GO was the most effective in removing MB, followed by
PAM and SWCNTs. According to their findings, electrostatic
and also other noncovalent interactions between MB and GO
are weak. This proposal contradicted the notion that
electrostatic attraction may be responsible for the interaction
between GO and MB molecules, which had been the subject of
previous speculation. SWCNT's were found to be the poorest
flocculation agent to remove MB from aqueous solution, as no
apparent floc developed at any pH value. This was due to the
limited solubility of SWCNTSs in water, which resulted in a
weak contact between SWCNTSs and the MB.

B ADVANTAGES AND DISADVANTAGES

Biowaste-based nanomaterials represent a groundbreaking shift
toward sustainable wastewater treatment methodologies,
intertwining the goals of environmental conservation with
technological innovation.”® Leveraging abundant and often
underutilized organic waste from agricultural, industrial, and
municipal sources, these nanomaterials offer a cost-effective
and environmentally friendly alternative to traditional treat-
ment options. Their nanoscale dimensions afford them a high
surface area-to-volume ratio,”*” significantly enhancing their
reactivity and efficiency in removing a wide array of pollutants,
from heavy metals to organic contaminants.”*" Furthermore,
the utilization of biowaste not only diverts it from landfills,
thereby reducing environmental burden, but also aligns with
circular economy principles by transforming waste into
valuable resources. This approach not only addresses pressing
waste management issues but also propels wastewater
treatment into a new era of efficiency and sustainability,
promising cleaner water bodies and a healthier environ-
ment.”"’

While biowaste-based nanomaterials present a promising
avenue for sustainable wastewater treatment, they are not
without their disadvantages.”*® Environmental concerns top
the list, as the long-term impacts of these nanomaterials are
still largely unknown, raising questions about their potential
toxicity to aquatic life and broader ecosystems.”**** The
challenges extend to the recovery and recycling of these
materials after treatment, which can be both complex and
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costly, potentially offsetting their initial cost-effectiveness.
Scalability is another critical issue, as producing these
nanomaterials in quantities sufficient for industrial applications
may face hurdles related to feedstock variability and the need
for specialized processing equipment.””® Furthermore, regu-
latory and safety concerns for workers and the environment
necessitate comprehensive risk assessments and the develop-
ment of new safety protocols, adding layers of complexity and
expense. Technical limitations also exist; biowaste-based
nanomaterials might not be effective against all pollutants,
and their performance can be influenced by factors, such as
water chemistry. Lastly, the disposal of these nanomaterials
poses its own set of environmental risks, necessitating the
development of responsible end-of-life management strategies
to ensure that the benefits of these innovative materials do not
come at too great an environmental cost.”!

Application of Bio-NMs in Desalination Technology.
Desalination removes salts from water to make it usable for
various applications, including industries, drinking, and
agriculture. Desalination can be done by various processes,
the majority of which are membrane processes. They are
subdivided into equilibrium- or nonequilibrium-based techni-
ques (Figure 8). This section discusses all of the available
membrane desalination processes and the recent advances in
the field using green NMs.

Membrane Distillation (MD). Membrane distillation (MD)
is a temperature-driven separation method that can contribute
to lowering our society’s water-energy stress.””> MD is a liquid
separation process where a microporous hydrophobic mem-
brane separates the two aqueous solutions at different
temperatures—the temperature gradient on the membrane
results in a vapor pressure difference.”””*”> The process may
be powered by low-grade heat and/or waste at the same time,
such as solar energy,294 geothermal energy,295 wind, tidal, and
nuclear energy, or low-temperature industrial streams.””® In
comparison to other traditional membrane separation systems,
the MD separation process offers numerous advantages,
including low operating temperatures, cost-effectiveness
through the use of waste heat and renewable energy sources,
the capacity to process wastewater with an elevated level of
purity, and a lower likelihood of membrane fouling.””’~**” As a
result of these outstanding characteristics, MD is an appealing
technology for wastewater treatment, saltwater desalination,
and a variety of other industrial applications such as

environmental purification, the food industry,300 medi-
cine,**"*°* and acid manufacturing, among others.

Much research has been performed to solve the problems
related with membrane flow, fouling, wetting, and porosity by
modifying MD membranes using NPs such as CNTs, Ag, SiO,,
and TiO,*” Yan et al. developed a highly hydrophobic
electrospun NF membrane covered with a network of CNTs
for membrane distillation using a spraying approach.’”* The
CNT network greatly improved the membrane hydrophobicity
and liquid entry pressure. The vacuum membrane distillation
(VMD) findings show that CNT-covered membranes
performed better in antiwetting and water flux in the
desalination process. Hubadillah and colleagues conducted a
study wherein they synthesized a ceramic hollow fiber
membrane made from green silica for the purpose of seawater
desalination using a direct contact membrane distillation
(DCMD) technique.’” The source material for the membrane
was rice husk. The permeate flux of DCMD was found to be
38.2 kg/(m* h), which is high. The green ceramic membranes
were able to achieve a salt rejection rate of up to 99.9%.
Nthunya et al. conducted a study wherein they produced an
increased flux in DCMD through the utilization of super-
hydrophobic PVDF nanofiber membranes that were incorpo-
rated with SiO, NPs that were organically modified with excess
apple extract.’’° The membranes that were integrated with
SiO, NPs modified with ODTS exhibited the highest level of
efficiency. They were able to reject salts at a rate exceeding
99.9% with water fluxes of approximately 342 LMH at a
temperature of 60 °C. This suggests that they have the
potential to be utilized as an energy-efficient method for
generating water of high purity.

Forward Osmosis (FO). FO, another membrane technology,
has the ability to clean wastewater and provide high-quality
water. FO is a technical word for the natural process of
osmosis, which involves the movement of water molecules
through a semipermeable membrane.”®” In contrast to
pressure-driven membrane activities, the osmotic pressure
differential drives water transport. This might be the most
significant advantage of FO over existing pressure-driven
membrane technologies: the elimination of high hydraulic
pressure and low fouling tendency. It, therefore, provides an
opportunity to reduce energy consumption and membrane
replacement cost.””’”
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The use of a FO-NF hybrid process instead of a standalone
RO unit in brackish water desalination resulted in reduced
contamination in the NF and a high water recovery (>90%)
owing to the inclusion of the FO phase. Wu et al. created a
functional TFC-FO membrane by integrating biogenic silver
NPs (BioAg) into a FO membrane’s polysulfone (PSf)
substrate utilizin% Lactobacillus fermentum LMG 8900 as the
reducing agent.30 Prior to the phase inversion procedure, the
BioAg was inserted in the PSf casting solution. The results
showed that BioAg-FO nanocomposite membranes had
increased porosity, enhanced surface hydrophilicity, and
reduced internalized concentration polarization, resulting in
2.5—4.4 times higher water flow than virgin FO membranes.
The antifouling and antibacterial properties of the BioAg-FO
membrane were also dramatically enhanced.

Doshi et al. conducted research on the bioroute production
of carbon quantum dots (CQDs) from tulsi leaves and their
use as a draw solution in FO.’” In this study, the authors
prepared a 5% concentration solution using one-pot hydro-
thermally synthesized CQDs from tulsi leaves. In FO
operation, this innovative draw solution resulted in increased
water flow (10.72 L m > h™") and reduced RSF (0.03 g7> h™")
using DI water as input compared with 1 M NaCl. In addition,
using synthetic wastewater, TCQD-G provided the highest
water flow, 5.34 L m~2> h™'. DashtArzhandi et al. sought to
improve the FO membrane’s desalination performance by
using green nanocrystalline cellulose (NCC) and halloysite
nanofillers.>'® In terms of FO test findings, TFN membranes
containing NCC performed better than TEN membranes
without NPs, independent of membrane orientations and feed/
draw solution concentration. The membranes’ solute reverse
diffusional fluxes similarly exhibited insignificant variation, and
TFN 0.05 was the membrane with the highest performance for
both the FO water flow and low solute flux. This was most
likely due to the membranes’ very hydrophilic surface after
inclusion of NCC NPs. Zufia-Rivas et al. investigated the
impact of sodium polyacrylate (PAANa) on magnetite NPs
generated by green chemistry approaches and their use in
FO.’"" In this study, the optimum compromise option for the
system Fe;O,/PAANa was determined to be the nano-
composite, which exhibits an excellent magnetic response,
>25 A m?/kg, superparamagnetic and hence reversible
behavior, and a reasonably high osmotic pressure of 11 bar
at high concentration.

Reverse Osmosis (RO). RO is one of the most common and
effective processes of membrane desalination technology to
purify seawater and brackish water.>'* It has been employed as
an alternate source for creating clean water in order to reduce
desalination-related expenditures.’’*~>'> Pressure is applied to
a saline solution, which drives the pure water through a
semipermeable membrane, leaving the unwanted salts or
contaminants passed in the reject stream. The final product or
permeate is much purer than the original feedwater. It can also
reject proteins, particles, bacteria, sugar, and dyes with a
molecular weight greater than a range of 150—250 kDa. The
only thing to remember with the RO process is that the
pressure applied on the saline solution should be higher than
the osmotic pressure of the feedwater to prevent the pure
water from moving into the saline solution,*' o737

While it is true that RO is a well-known and commonly
utilized water desalination method, substantial research and
innovation are presently underway to overcome the primary
issues that the desalination process faces. The most difficult

obstacles are RO membrane fouling and salt rejection capacity.
Recent work on new membrane fabrication and membrane
modification have attempted to improve membrane fouling
resistance.’'731%32% Nevertheless, the use of such membranes
outside of the laboratory has to be investigated.

Very significant progress has been made in the development
of ultrapermeable and antifouling membranes. Most of the
exciting development is being driven by the recent discovery of
potential new desalination materials.”>' Among these are
aquaporin proteins”****> and carbon-based NMs such as
carbon nanotubes’* and graphene-based NMs.**”** These
innovative materials provide new possibilities for developing
next-generation RO membranes. Water molecules are trans-
ferred through biological cells by a set of transmembrane
proteins called aquaporins (APQs), which offer a suitable
solution for desalination. AQPs, which have water transport
channels shaped like an hourglass, are very effective at
transporting water molecules with excellent selectivity.””
Aquaporin Z (AqpZ, an AQP present in Escherichia coli
cells) is more widely employed for membrane production,
owing to its ease of harvesting and extraction. Carbon-based
materials (CBMs), such as carbon nanotubes (CNTs),**%™*!
nanoporous graphene (NPG),”***** and graphene oxide
(GO),>***** have also emerged as potential membrane
materials due to their outstanding water transport capabilities.
The current body of research on the convergence of biogenic
NPs and their application in RO is severely restricted. Thus,
further research and investigation are required on the matter.

Nanofiltration (NF). NF is another pressure-driven
membrane liquid-separation technology. This process lies
between UF and RO. The term NF means the predicted
pore size of a membrane that has been defined by molecular
weight removal. The intake stream is separated into two parts:
permeate, that is the filtered component, and retentate, which
is the discarded nonfiltered part. NF has shown good organic
material removal.*****” NF provides high rejection of multi-
valent ions like Ca?* and low rejection of monovalent ions, like
CI', reducing the water’s hardness. The pore size of NF
membranes is slightly larger than that of RO membranes,
ranging from 1 to 10 nm and operating pressures of 5—35
bar.”>*® The membranes are made from polymers, ceramics, and
hybrids of polymers and ceramics.”>” The enhanced flux, the
wider membrane pores, and less retention are some advantages
of NP membranes. Nevertheless, chlorine disinfection is crucial
for the elimination of microbial growth that has been recorded
in NF distribution networks. To limit microbial development,
NF membranes with low inorganic material retention and high
organic material removal may create high-quality water.

A study conducted by Deepa et al. investigated the impact of
diverse shapes of alumina NPs on the integrated polysulfone
membrane’s performance for the extraction of lignin from
wood-based biomass and salt rejection.’*” The membrane was
synthesized utilizing alumina NPs of spindle, cubic, and
spherical shapes. The PSf/A3 membrane, which had a cubic
shape, exhibited a notable lignin rejection rate of 98.6%. The
PSf/A3 membrane’s inner pores alongside narrow channels
exhibit a high degree of selectivity, effectively impeding the
movement of lignin via the membrane and resulting in a high
degree of lignin rejection. Another study by Liu et al
investigated the antibiofouling properties of TFC NF
membranes grafted with biogenic silver NPs.**' The process
of synthesizing biogenic silver NPs (Bio-Ag’-6) involved the
utilization of L. fermentum LMG 8900. The hydrophilicity and
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water flux of TFC NF membranes were improved by the
incorporation of biogenic AgNPs. The grafting of biogenic
AgNPs resulted in superior membrane stability compared to
chemical AgNPs. The biogenic silver NPs (AgNP) grafted
onto the nanofiber (NF) membrane exhibit superior
antibacterial efficacy.

Pervaporation. Pervaporation (PV) dates back to the
1910s, when Kober coined the word “pervaporation” from
“permeation” and “evaporation” of selective water transfer
through parchment or collodion.”* Pervaporation is an
effective method for separating liquid solutions comprising
tiny molecules, such as water and organic solvents. The bulk of
both academic and industry research on pervaporation
processes has focused on solvent dehydration, which may
break azeotropes (alcohol/water) based on the water affinity
and size discrimination impact of a hydrophilic membrane
rather than the inclusion of an entrainer. Pervaporation has
been extensively explored in the last two decades for the
separation of tiny quantities of volatile organic compounds
(VOCs) from water. This aspect’s main emphasis is the
recovery of bioalcohol (e.g, ethanol, butanol) from aqueous
solution utilizing hydrophobic pervaporation membranes.
Despite significant challenges in membrane stability and
selectivity, pervaporation has been used to separate organic/
organic mixtures with similar physicochemical features
(aromatic/aliphatic), which is a critical and energy-intensive
process in the chemical industry. Pervaporation membrane
materials” design strategy, manufacturing technique, physico-
chemical attributes, pore structures, separation performance,
and transport mechanism are all important in effectively being
used in water treatment. The membranes are divided into 4
categories based on the material used to design them:
polymeric membrane, inorganic, 2-D membranes, and mix-
matrix membranes.

Extensive research has been conducted on the integration of
NMs into pervaporation (PV) membranes, while the
exploration of incorporating biogenic NPs into PV membranes
remains relatively scarce. The study conducted by Kamtsikakis
et al. examined the potential of CNCs as a modifiable NM for
pervaporation membranes that exhibit asymmetrical transport
characteristics.”* The present study reports on the develop-
ment of compositionally graded membranes utilizing a
hydrophobic matrix and CNCs. The CNCs underwent surface
alteration with oleic acid to achieve hydrophobicity as an
optional step. The direction-dependent transport of mem-
branes is attributed to their asymmetric structure. The
utilization of hydrophobized CNCs in membrane fabrication
has been observed to result in enhanced ethanol permeability.
Another study conducted by Prihatiningtyas et al. explored the
utilization of CNC as organic nanofillers in cellulose triacetate
membranes for the purpose of desalination through pervapora-
tion.”** The introduction of CNCs resulted in a transformation
of the membrane structure from a spongelike configuration to
a self-assembled structure. The results of the PV experiments
indicate that the inclusion of 3% CNCs in a CTA membrane
led to a significant improvement in water flux, increasing it by a
factor of 3 from 2.16 to 5.76 kg m™> h™". The optimization
process involved a reduction in the height of the casting blade
from 200 to 100 ym, resulting in a flux of 11.68 kg m~>h™" and
maintaining a NaCl rejection rate of 99.9%.

Electrodialysis (ED). ED is part of membrane desalination
technology. ED is similar to ion exchange but differs in
utilizing cation- and anion-selective membranes to separate

charged ions.’* It passes the saline solution through a
membrane setup with two chambers. The chambers are
separated by the membrane, which is selective toward allowing
ions but not the molecules. One chamber has an anode,
another one has a cathode, and the electric current is applied
to aid in the migration of ions from one electrode to the other.
The migration of ions results in separation of salt ions from the
solution by creating a concentration difference. The desali-
nated water is discharged from the system, and the ions are
collected in the chamber. Regular automatic polarity reversal
has introduced an improvement in the ED process. This helps
in decreasing the fouling process.”*® Many industrial
operations produce salty wastewater, which must be
desalinated before reuse or disposal. To that end, the use of
ED has been investigated for the following major types of
industrial wastewater: produced water from oil and gas
extraction, sewage from refineries and petrochemical indus-
tries, drainage wastewaters from coal mining, and wastewater
from power plants. ED treatments for industrial wastewater
may be categorized in the separation of heavy metal ions,
regeneration of acid/base, and desalination. Researchers
globally are diligently endeavoring to enhance the efficacy of
ED membranes’ efficacy by incorporating NPs into the mix.
Despite the potential benefits, integrating biobased NMs into
ED membranes has yet to be fully realized, as indicated by the
limited number of research articles currently available on this
subject.

Bl CONCLUSION

This review highlights the significant role bio-NM:s can play in
effectively resolving the immediate challenges associated with
water purification. The potential of bio-NMs is extensive and
varied, stemming from a wide range of biomass sources,
including agricultural waste and microorganisms such as algae
and fungi, as well as various NP synthesis processes. The paper
extensively examines the diverse range of NMs, including
cellulose and metal-based variants, while emphasizing their
distinct characteristics and practical uses. The uses of these
materials showcase their flexibility, as they are used in several
areas such as nanoscale filtration and pollutant adsorption for
wastewater treatment as well as their potential contribution to
desalination technology. The many instances documented in
the literature effectively highlight the increasing attention and
progress within this particular sector. In conclusion, it is
apparent that bio-NMs not only provide a viable and
environmentally friendly substitute for conventional ap-
proaches but also have the potential to significantly transform
water treatment and desalination procedures.

B FUTURE DIRECTIONS AND PERSPECTIVES

The investigation of bio-NMs in the field of water purification
signifies the beginning of a new age of sustainable approaches,
leveraging abundant resources provided by nature. This study
provides a comprehensive analysis of the recent advancements
in the synthesis of NMs using environmentally sustainable
approaches, with a particular focus on the use of biomass as a
crucial precursor. The increasing threat posed by environ-
mental toxins highlights the need to enhance and strengthen
the current cleanup procedures. The use of bio-NMs has
undeniable ecological advantages, providing a sustainable
alternative to conventional approaches. The use of many
sources, ranging from algae to agricultural waste, to produce
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these materials highlights the rich and diversified resources
available in nature for the sake of environmental restoration.

However, despite the seeming promise of bio-NMs, there
are still some persistent difficulties that need to be addressed.
The need for transitioning laboratory-scale findings to
industrial applications, particularly with regard to scalability,
remains of utmost importance. Further investigation is
required to examine the endurance and robustness of bio-
NMs, particularly in comparison to their synthetic equivalents.
It is crucial to acknowledge that while a technique may include
environmental friendliness, it should not lack effectiveness.
Further investigation is required in order to comprehend the
intricate relationship between sustainability and performance.

The economic feasibility of implementing large-scale bio-
NM deployment is a subject of ongoing discussion and
analysis. Although the initial investments required may be
large, the possible long-term advantages, such as decreased
expenses for environmental remediation and potential
regulatory incentives, have the ability to shift the balance in
favor of a positive economic projection. In the past few years,
there has been a notable rise in the development of novel
methodologies. These methodologies include the use of
various NMs, the integration of NMs with sophisticated
substrates, and the application of botanical extracts for the
synthesis of new NMs. Several other sources, including
microalgae, chitosan, and bacteria, have shown significant
promise in advancing the development of bio-NPs.

Although there have been several studies conducted on the
use of bio-NMs for adsorption applications, there is a
noticeable lack of research exploring their potential application
in desalination technologies. This discrepancy highlights a
relevant research opportunity. As the worldwide need to
mitigate the freshwater shortage becomes more pressing, the
incorporation of environmentally friendly NMs into desalina-
tion methods is a viable and economically viable approach. The
process of transitioning from controlled conditions to practical,
real-world applications has significant importance. The full
potential of bio-NMs can be fully understood and harnessed
only via rigorous testing in many uncontrolled environments.
This underscores the need to conduct extensive studies that
thoroughly assess both the efficacy of bio-NMs and their long-
term ecological consequences.

B AUTHOR INFORMATION

Corresponding Author
Syed Javaid Zaidi — UNESCO Chair on Desalination and
Water Treatment, Center for Advanced Materials (CAM),
Qatar University, Doha, Qatar; Email: szaidi@qu.edu.qa

Authors

Asif Saud — Center for Advanced Materials, Qatar University,
Doha, Qatar

Soumya Gupta — Center for Advanced Materials, Qatar
University, Doha, Qatar; IPREM-UMRS254, E2S UPPA,
CNRS, 64053 Pau cedex, France; ® orcid.org/0000-0002-
9717-4490

Ahmed Allal — IPREM-UMRS254, E2S UPPA, CNRS,
64053 Pau cedex, France

Hugues Prend’homme — IPREM-UMRS254, E2S UPPA,
CNRS, 64053 Pau cedex, France

Basem Shomar — Environmental Science Center, Qatar
University, Doha, Qatar

Complete contact information is available at:

https://pubs.acs.org/10.1021/acsomega.3c08883

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors would like to acknowledge E2S UPPA for a PhD
Talent Grant to Soumya Gupta. and also the POCTEFA
“CARUSO” (EFA085/01), INTERREG VI, and FEDER for
supporting the preliminary study along with Qatar University
project number IRCC-2023-129. The authors would like to
acknowledge the CARUSO EFA085/01 project which is 65%
co-financed by the European Union through the Interreg VI-A
Spain—France—Andorra Program (POCTEFA 2021-2027).
The objective of POCTEFA is to reinforce the economic
and social integration of the Spain—France—Andorra border
area.

B REFERENCES

(1) Global Water Market 2018 - Global Water Intelligence. https://
www.globalwaterintel.com/products-and-services/market-research-
reports/global-water-market-2018 (accessed 2023-03-01).

(2) Morin-Crini, N.; Lichtfouse, E.; Liu, G.; Balaram, V.; Ribeiro, A.
R. L,; Ly, Z.; Stock, F.; Carmona, E.; Teixeira, M. R.; Picos-Corrales,
L. A.; Moreno-Pirajén, J. C.; Giraldo, L.; Li, C.; Pandey, A.; Hocquet,
D.; Torri, G;; Crini, G. Worldwide Cases of Water Pollution by
Emerging Contaminants: A Review. Environ. Chem. Lett. 2022, 20 (4),
2311-2338.

(3) Hartmann, J.; van Driezum, I; Ohana, D.; Lynch, G.; Berendsen,
B.; Wuijts, S.; van der Hoek, J. P,; de Roda Husman, A. M. The
Effective Design of Sampling Campaigns for Emerging Chemical and
Microbial Contaminants in Drinking Water and Its Resources Based
on Literature Mining. Sci. Total Environ. 2020, 742, No. 140546.

(4) Tong, L.; Huang, S.; Wang, Y.; Liu, H,; Li, M. Occurrence of
Antibiotics in the Aquatic Environment of Jianghan Plain, Central
China. Sci. Total Environ. 2014, 497—498, 180—187.

(5) Barbosa, M. O.; Moreira, N. F. F; Ribeiro, A. R.; Pereira, M. F.
R; Silva, A. M. T. Occurrence and Removal of Organic Micro-
pollutants: An Overview of the Watch List of EU Decision 2015/495.
Water Res. 2016, 94, 257—279.

(6) Rout, P. R; Zhang, T. C; Bhunia, P.; Surampalli R. Y.
Treatment Technologies for Emerging Contaminants in Wastewater
Treatment Plants: A Review. Sci. Total Environ. 2021, 753,
No. 141990.

(7) M. Amin Abdel-Fatah, M.; Ahmed Al Bazedi, G. Water
Treatment and Desalination. In Desalination - Challenges and
Opportunities; Hossein Davood Abadi Farahani, M., Vatanpour, V.,
Hooshang Taheri, A.,, Eds.; IntechOpen: 2020. DOI: 10.5772/
intechopen.91471.

(8) von Sperling, M. Wastewater Characteristics, Treatment and
Disposal; ; IWA Publ.: 2007; Biological wastewater treatment series.

(9) Bolisetty, S.; Peydayesh, M.; Mezzenga, R. Sustainable
Technologies for Water Purification from Heavy Metals: Review
and Analysis. Chem. Soc. Rev. 2019, 48 (2), 463—487.

(10) Hillie, T.; Hlophe, M. Nanotechnology and the Challenge of
Clean Water. Nat. Nanotechnol. 2007, 2 (11), 663—664.

(11) Trivedi, R; Bergi, J. Application of Bionanoparticles in
Wastewater Treatment. In Advanced Owxidation Processes for Effluent
Treatment Plants; Elsevier: 2021; pp 177—197. DOI: 10.1016/B978-
0-12-821011-6.00010-4.

(12) Saleem, H.; Zaidi, S. J. Developments in the Application of
Nanomaterials for Water Treatment and Their Impact on the
Environment. Nanomaterials 2020, 10 (9), 1764.

(13) Goyal, R. K. Nanomaterials and Nanocomposites: Synthesis,
Properties, Characterization Techniques, and Applications; Taylor &
Francis, CRC Press: 2018.

https://doi.org/10.1021/acsomega.3c08883
ACS Omega 2024, 9, 29088—29113


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Syed+Javaid+Zaidi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:szaidi@qu.edu.qa
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Asif+Saud"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Soumya+Gupta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9717-4490
https://orcid.org/0000-0002-9717-4490
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ahmed+Allal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hugues+Preud%E2%80%99homme"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Basem+Shomar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08883?ref=pdf
https://www.globalwaterintel.com/products-and-services/market-research-reports/global-water-market-2018
https://www.globalwaterintel.com/products-and-services/market-research-reports/global-water-market-2018
https://www.globalwaterintel.com/products-and-services/market-research-reports/global-water-market-2018
https://doi.org/10.1007/s10311-022-01447-4
https://doi.org/10.1007/s10311-022-01447-4
https://doi.org/10.1016/j.scitotenv.2020.140546
https://doi.org/10.1016/j.scitotenv.2020.140546
https://doi.org/10.1016/j.scitotenv.2020.140546
https://doi.org/10.1016/j.scitotenv.2020.140546
https://doi.org/10.1016/j.scitotenv.2014.07.068
https://doi.org/10.1016/j.scitotenv.2014.07.068
https://doi.org/10.1016/j.scitotenv.2014.07.068
https://doi.org/10.1016/j.watres.2016.02.047
https://doi.org/10.1016/j.watres.2016.02.047
https://doi.org/10.1016/j.scitotenv.2020.141990
https://doi.org/10.1016/j.scitotenv.2020.141990
https://doi.org/10.5772/intechopen.91471
https://doi.org/10.5772/intechopen.91471
https://doi.org/10.5772/intechopen.91471?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5772/intechopen.91471?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CS00493E
https://doi.org/10.1039/C8CS00493E
https://doi.org/10.1039/C8CS00493E
https://doi.org/10.1038/nnano.2007.350
https://doi.org/10.1038/nnano.2007.350
https://doi.org/10.1016/B978-0-12-821011-6.00010-4
https://doi.org/10.1016/B978-0-12-821011-6.00010-4
https://doi.org/10.1016/B978-0-12-821011-6.00010-4?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-12-821011-6.00010-4?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/nano10091764
https://doi.org/10.3390/nano10091764
https://doi.org/10.3390/nano10091764
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

(14) CORPORATIVA, 1. Nanotechnology: a small solution to big
problems.; Iberdrola; https://www.iberdrola.com/innovation/
nanotechnology-applications (accessed 2023-03-29).

(15) Roco, M. C; Mirkin, C. A,; Hersam, M. C. Nanotechnology
Research Directions for Societal Needs in 2020: Summary of
International Study. J. Nanoparticle Res. 2011, 13 (3), 897—919.

(16) Baig, N.; Kammakakam, I.; Falath, W. Nanomaterials: A Review
of Synthesis Methods, Properties, Recent Progress, and Challenges.
Mater. Adv. 2021, 2 (6), 1821—1871.

(17) Ledn, V. M,; Vifias, L.; Concha-Grafia, E.; Fernandez-Gonzélez,
V.; Salgueiro-Gonzilez, N.; Moscoso-Pérez, C.; Muniategui-Lorenzo,
S.; Campillo, J. A. Identification of Contaminants of Emerging
Concern with Potential Environmental Risk in Spanish Continental
Shelf Sediments. Sci. Total Environ. 2020, 742, No. 14050S.

(18) Weihrauch, C.; Weber, C. J. Phosphorus Enrichment in
Floodplain Subsoils as a Potential Source of Freshwater Eutrophica-
tion. Sci. Total Environ. 2020, 747, No. 141213.

(19) Barabadi, H.; Tajani, B.; Moradi, M.; Damavandi Kamali, K;
Meena, R.;; Honary, S.; Mahjoub, M. A.; Saravanan, M. Penicillium
Family as Emerging Nanofactory for Biosynthesis of Green Nano-
materials: A Journey into the World of Microorganisms. J. Clust. Sci.
2019, 30 (4), 843—856.

(20) Magalhies-Ghiotto, G. A. V.; Oliveira, A. M.; de Natal, J. P. S,;
Bergamasco, R; Gomes, R. G. Green Nanoparticles in Water
Treatment: A Review of Research Trends, Applications, Environ-
mental Aspects and Large-Scale Production. Environ. Nanotechnol.
Monit. Manag. 2021, 16, No. 100526.

(21) Khatua, A.; Priyadarshini, E.; Rajamani, P.; Patel, A.; Kumar, J;
Naik, A.; Saravanan, M.; Barabadi, H.; Prasad, A.; Ghosh, L; Paul, B.;
Meena, R. Phytosynthesis, Characterization and Fungicidal Potential
of Emerging Gold Nanoparticles Using Pongamia Pinnata Leave
Extract: A Novel Approach in Nanoparticle Synthesis. J. Clust. Sci.
2020, 31 (1), 125—131.

(22) Bionanomaterials: Fundamentals and Biomedical Applications;
Singh, R. P,, Singh, K. R., Eds.; IOP Publishing: 2021. DOI: 10.1088/
978-0-7503-3767-0.

(23) Miu, B. A; Dinischiotu, A. New Green Approaches in
Nanoparticles Synthesis: An Overview. Molecules 2022, 27 (19), 6472.

(24) Verma, V.; Al-Dossari, M.; Singh, J.; Rawat, M.; Kordy, M. G.
M.; Shaban, M. A Review on Green Synthesis of TiO2 NPs:
Photocatalysis and Antimicrobial Applications. Polymers 2022, 14 (7),
1444.

(25) Begum, S. J. P.; Pratibha, S.; Rawat, J. M.; Venugopal, D.; Sahu,
P.; Gowda, A.; Qureshi, K. A.; Jaremko, M. Recent Advances in Green
Synthesis, Characterization, and Applications of Bioactive Metallic
Nanoparticles. Pharmaceuticals 2022, 15 (4), 455.

(26) Rahimi, H.-R.; Doostmohammadi, M. Nanoparticle Synthesis,
Applications, and Toxicity. In Applications of Nanobiotechnology;
Stoytcheva, M., Zlatev, R., Eds.; IntechOpen: 2020. DOI: 10.5772/
intechopen.87973.

(27) Golnaraghi Ghomi, A. R; Mohammadi-Khanaposhti, M.;
Vahidi, H.; Kobarfard, F.; Ameri Shah Reza, M.; Barabadi, H. Fungus-
Mediated Extracellular Biosynthesis and Characterization of Zirco-
nium Nanoparticles Using Standard Penicillium Species and Their
Preliminary Bactericidal Potential: A Novel Biological Approach to
Nanoparticle Synthesis. Iran. J. Pharm. Res. 2019, 18 (4), 2101.

(28) Barabadi, H.; Vahidi, H.; Damavandi Kamali, K.; Rashedi, M.;
Saravanan, M. Antineoplastic Biogenic Silver Nanomaterials to
Combat Cervical Cancer: A Novel Approach in Cancer Therapeutics.
J. Clust. Sci. 2020, 31 (4), 659—672.

(29) Green synthesis of nanoparticles... in Publications -
Dimensions.html. https://app.dimensions.ai/discover/publication.

(30) Saleem, H.; Saud, A.; Munira, N; Goh, P. S.; Ismail, A. F.;
Siddiqui, H. R.; Zaidj, S. J. Improved Forward Osmosis Performance
of Thin Film Composite Membranes with Graphene Quantum Dots
Derived from Eucalyptus Tree Leaves. Nanomaterials 2022, 12 (19),
3519.

(31) Vance, M. E,; Kuiken, T.; Vejerano, E. P.; McGinnis, S. P.;
Hochella, M. F.; Rejeski, D.; Hull, M. S. Nanotechnology in the Real

World: Redeveloping the Nanomaterial Consumer Products In-
ventory. Beilstein ]. Nanotechnol. 2015, 6, 1769—1780.

(32) Huston, M.; DeBella, M.; DiBella, M,; Gupta, A. Green
Synthesis of Nanomaterials. Nanomaterials 2021, 11 (8), 2130.

(33) Patwardhan, S. V.; Manning, J. R. H.; Chiacchia, M. Bioinspired
Synthesis as a Potential Green Method for the Preparation of
Nanomaterials: Opportunities and Challenges. Curr. Opin. Green
Sustain. Chem. 2018, 12, 110—116.

(34) Kuhn, R;; Bryant, I. M; Jensch, R.; Béllmann, J. Applications of
Environmental Nanotechnologies in Remediation, Wastewater Treat-
ment, Drinking Water Treatment, and Agriculture. Appl. Nano 2022,
3 (1), 54—90, DOI: 10.3390/applnano3010005.

(3S) Kaiser, A; Stark, W. J; Grass, R. N. Rapid Production of a
Porous Cellulose Acetate Membrane for Water Filtration Using
Readily Available Chemicals. J. Chem. Educ. 2017, 94 (4), 483—487.

(36) Shen, F.; Xiong, X.; Fu, J.; Yang, J.; Qiu, M.; Qj, X;; Tsang, D.
C. W. Recent Advances in Mechanochemical Production of
Chemicals and Carbon Materials from Sustainable Biomass
Resources. Renew. Sustain. Energy Rev. 2020, 130, No. 109944.

(37) Mathimani, T.; Baldinelli, A.; Rajendran, K.; Prabakar, D.;
Matheswaran, M.; Pieter van Leeuwen, R.; Pugazhendhi, A. Review
on Cultivation and Thermochemical Conversion of Microalgae to
Fuels and Chemicals: Process Evaluation and Knowledge Gaps. J.
Clean. Prod. 2019, 208, 1053—1064.

(38) Biomass energy: green or dirty?. Physics World. https://
physicsworld.com/a/biomass-energy-green-or-dirty/ (accessed 2023-
03-29).

(39) Biomass to Renewable Energy Processes, 2nd ed.; Cheng, J., Ed,;
CRC Press, Taylor & Francis Group: 2018.

(40) Ghosh, S. K. Biomass & Bio-Waste Supply Chain Sustainability
for Bio-Energy and Bio-Fuel Production. Procedia Environ. Sci. 2016,
31, 31-39.

(41) Kwapinski, W.; Byrne, C. M. P.; Kryachko, E.; Wolfram, P,;
Adley, C.; Leahy, J. J.; Novotny, E. H.; Hayes, M. H. B. Biochar from
Biomass and Waste. Waste Biomass Valorization 2010, 1 (2), 177—
189.

(42) Trimble, J. L.; Van Hook, R. I; Gray Folger, A. Biomass for
Energy: The Environmental Issues. Biomass 1984, 6 (1-2), 3—13.

(43) Environmental benefits of biomass — European Biomass Industry
Association. https://www.eubia.org/cms/wiki-biomass/employment-
potential-in-figures/environmental-benefits/ (accessed 2023-03-29).

(44) Skoulou, V.; Zabaniotou, A. Investigation of Agricultural and
Animal Wastes in Greece and Their Allocation to Potential
Application for Energy Production. Renew. Sustain. Energy Rev.
2007, 11 (8), 1698—1719.

(4S) Environmental Impacts of Biomass | EnergySage. https://www.
energysage.com/about-clean-energy/biomass/environmental-impacts-
biomass/ (accessed 2023-03-29).

(46) Bioenergy — Analysis. IEA. https://www.iea.org/reports/
bioenergy (accessed 2023-03-29).

(47) Zhou, C.; Wang, Y. Recent Progress in the Conversion of
Biomass Wastes into Functional Materials for Value-Added
Applications. Sci. Technol. Adv. Mater. 2020, 21 (1), 787—804.

(48) Saleem, M. Possibility of Utilizing Agriculture Biomass as a
Renewable and Sustainable Future Energy Source. Heliyon 2022, 8
(2), No. e08905.

(49) Biodiesel from Biomass Waste Feedstock Prosopis Juliflora as a
Fuel Substitute for Diesel and Enhancement of Its Usability in Diesel
Engines Using Decanol - Duraisamy - 2023 - Energy Technology - Wiley
Online Library. https://onlinelibrary.wiley.com/doi/10.1002/ente.
202300346 (accessed 2024-03-14).

(50) Abolusoro, O. P.; Orah, A. M.; Yusuf, A. S.; Ayandotun, W. B,;
Ibrahim, W. Investigation of the Energy Capabilities of Selected
Agricultural Wastes in a Fluidized-Bed Combustor. 2023 International
Conference on Science, Engineering and Business for Sustainable
Development Goals (SEB-SDG) 2023, 1, 1—6.

(51) Viana, C. E. M,; Mourad, K. A. Using Rice Husks in Water
Purification in Brazil. International Journal of Environmental Planning
and Management 2016, 2 (3), 15.

https://doi.org/10.1021/acsomega.3c08883
ACS Omega 2024, 9, 29088—29113


https://www.iberdrola.com/innovation/nanotechnology-applications
https://www.iberdrola.com/innovation/nanotechnology-applications
https://doi.org/10.1007/s11051-011-0275-5
https://doi.org/10.1007/s11051-011-0275-5
https://doi.org/10.1007/s11051-011-0275-5
https://doi.org/10.1039/D0MA00807A
https://doi.org/10.1039/D0MA00807A
https://doi.org/10.1016/j.scitotenv.2020.140505
https://doi.org/10.1016/j.scitotenv.2020.140505
https://doi.org/10.1016/j.scitotenv.2020.140505
https://doi.org/10.1016/j.scitotenv.2020.141213
https://doi.org/10.1016/j.scitotenv.2020.141213
https://doi.org/10.1016/j.scitotenv.2020.141213
https://doi.org/10.1007/s10876-019-01554-3
https://doi.org/10.1007/s10876-019-01554-3
https://doi.org/10.1007/s10876-019-01554-3
https://doi.org/10.1016/j.enmm.2021.100526
https://doi.org/10.1016/j.enmm.2021.100526
https://doi.org/10.1016/j.enmm.2021.100526
https://doi.org/10.1007/s10876-019-01624-6
https://doi.org/10.1007/s10876-019-01624-6
https://doi.org/10.1007/s10876-019-01624-6
https://doi.org/10.1088/978-0-7503-3767-0?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/978-0-7503-3767-0?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/molecules27196472
https://doi.org/10.3390/molecules27196472
https://doi.org/10.3390/polym14071444
https://doi.org/10.3390/polym14071444
https://doi.org/10.3390/ph15040455
https://doi.org/10.3390/ph15040455
https://doi.org/10.3390/ph15040455
https://doi.org/10.5772/intechopen.87973
https://doi.org/10.5772/intechopen.87973
https://doi.org/10.5772/intechopen.87973?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5772/intechopen.87973?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.22037/ijpr.2019.112382.13722
https://doi.org/10.22037/ijpr.2019.112382.13722
https://doi.org/10.22037/ijpr.2019.112382.13722
https://doi.org/10.22037/ijpr.2019.112382.13722
https://doi.org/10.22037/ijpr.2019.112382.13722
https://doi.org/10.1007/s10876-019-01697-3
https://doi.org/10.1007/s10876-019-01697-3
https://app.dimensions.ai/discover/publication
https://doi.org/10.3390/nano12193519
https://doi.org/10.3390/nano12193519
https://doi.org/10.3390/nano12193519
https://doi.org/10.3762/bjnano.6.181
https://doi.org/10.3762/bjnano.6.181
https://doi.org/10.3762/bjnano.6.181
https://doi.org/10.3390/nano11082130
https://doi.org/10.3390/nano11082130
https://doi.org/10.1016/j.cogsc.2018.08.004
https://doi.org/10.1016/j.cogsc.2018.08.004
https://doi.org/10.1016/j.cogsc.2018.08.004
https://doi.org/10.3390/applnano3010005
https://doi.org/10.3390/applnano3010005
https://doi.org/10.3390/applnano3010005
https://doi.org/10.3390/applnano3010005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.6b00776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.6b00776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.6b00776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.rser.2020.109944
https://doi.org/10.1016/j.rser.2020.109944
https://doi.org/10.1016/j.rser.2020.109944
https://doi.org/10.1016/j.jclepro.2018.10.096
https://doi.org/10.1016/j.jclepro.2018.10.096
https://doi.org/10.1016/j.jclepro.2018.10.096
https://physicsworld.com/a/biomass-energy-green-or-dirty/
https://physicsworld.com/a/biomass-energy-green-or-dirty/
https://doi.org/10.1016/j.proenv.2016.02.005
https://doi.org/10.1016/j.proenv.2016.02.005
https://doi.org/10.1007/s12649-010-9024-8
https://doi.org/10.1007/s12649-010-9024-8
https://doi.org/10.1016/0144-4565(84)90003-9
https://doi.org/10.1016/0144-4565(84)90003-9
https://www.eubia.org/cms/wiki-biomass/employment-potential-in-figures/environmental-benefits/
https://www.eubia.org/cms/wiki-biomass/employment-potential-in-figures/environmental-benefits/
https://doi.org/10.1016/j.rser.2005.12.011
https://doi.org/10.1016/j.rser.2005.12.011
https://doi.org/10.1016/j.rser.2005.12.011
https://www.energysage.com/about-clean-energy/biomass/environmental-impacts-biomass/
https://www.energysage.com/about-clean-energy/biomass/environmental-impacts-biomass/
https://www.energysage.com/about-clean-energy/biomass/environmental-impacts-biomass/
https://www.iea.org/reports/bioenergy
https://www.iea.org/reports/bioenergy
https://doi.org/10.1080/14686996.2020.1848213
https://doi.org/10.1080/14686996.2020.1848213
https://doi.org/10.1080/14686996.2020.1848213
https://doi.org/10.1016/j.heliyon.2022.e08905
https://doi.org/10.1016/j.heliyon.2022.e08905
https://onlinelibrary.wiley.com/doi/10.1002/ente.202300346
https://onlinelibrary.wiley.com/doi/10.1002/ente.202300346
https://doi.org/10.1109/SEB-SDG57117.2023.10124555
https://doi.org/10.1109/SEB-SDG57117.2023.10124555
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

(52) Shukla, S. K. Rice Husk Derived Adsorbents for Water
Purification. In Green Materials for Wastewater Treatment; Naushad,
M., Lichtfouse, E., Eds.; Environmental Chemistry for a Sustainable
World; Springer International Publishing: 2020; Vol. 38, pp 131—148.
DOI: 10.1007/978-3-030-17724-9 6.

(53) Johar, N.; Ahmad, L; Dufresne, A. Extraction, Preparation and
Characterization of Cellulose Fibres and Nanocrystals from Rice
Husk. Ind. Crops Prod. 2012, 37 (1), 93—99.

(54) Zanuso, E.; Ruiz, H. A,; Domingues, L.; Teixeira, J. A. Magnetic
Nanoparticles as Support for Cellulase Immobilization Strategy for
Enzymatic Hydrolysis Using Hydrothermally Pretreated Corn Cob
Biomass. BioEnergy Res. 2022, 1—12.

(55) Herrera-Barros, A.; Tejada-Tovar, C.; Villabona-Ortiz, A;
Gonzalez-Delgado, A. D.; Alvarez-Calderon, J. Adsorption of Nickel
and Cadmium by Corn Cob Biomass Chemically Modified with
Alumina Nanoparticles. Indian J. Sci. Technol. 2018, 11, 1—-11.

(56) Nethaji, S.; Sivasamy, A.; Mandal, A. B. Preparation and
Characterization of Corn Cob Activated Carbon Coated with Nano-
Sized Magnetite Particles for the Removal of Cr (VI). Bioresour.
Technol. 2013, 134, 94—100.

(57) Falk, G.; Shinhe, G. P.; Teixeira, L. B.; Moraes, E. G.; de
Oliveira, A. N. Synthesis of Silica Nanoparticles from Sugarcane
Bagasse Ash and Nano-Silicon via Magnesiothermic Reactions. Ceram.
Int. 2019, 45 (17), 21618—21624.

(58) Bertolo, M. R.; de Paiva, L. B. B.; Nascimento, V. M.; Gandin,
C. A; Neto, M. O,; Driemeier, C. E,; Rabelo, S. C. Lignins from
Sugarcane Bagasse: Renewable Source of Nanoparticles as Pickering
Emulsions Stabilizers for Bioactive Compounds Encapsulation. Ind.
Crops Prod. 2019, 140, No. 111591.

(59) Carvalho, J. T. T.; Milani, P. A.; Consonni, J. L.; Labuto, G.;
Carrilho, E. N. V. M. Nanomodified Sugarcane Bagasse Biosorbent:
Synthesis, Characterization, and Application for Cu (II) Removal
from Aqueous Medium. Environ. Sci. Pollut. Res. 2021, 28, 24744—
2478SS.

(60) Kumar, H.; Gehlaut, A. K; Gaur, A.; Park, J-W.; Maken, S.
Facile Synthesis of SiO2/CMC/Ag Hybrids Derived from Waste
Biomass (Sugarcane Bagasse) Having Special Medical Application. J.
Nanosci. Nanotechnol. 2020, 20 (10), 6413—6421.

(61) Sinsinwar, S.; Sarkar, M. K; Suriya, K. R; Nithyanand, P.;
Vadivel, V. Use of Agricultural Waste (Coconut Shell) for the
Synthesis of Silver Nanoparticles and Evaluation of Their Anti-
bacterial Activity against Selected Human Pathogens. Microb. Pathog.
2018, 124, 30—-37.

(62) Sebastian, A.; Nangia, A,; Prasad, M. N. V. A Green Synthetic
Route to Phenolics Fabricated Magnetite Nanoparticles from
Coconut Husk Extract: Implications to Treat Metal Contaminated
Water and Heavy Metal Stress in Oryza Sativa L. J. Clean. Prod. 2018,
174, 355—366.

(63) Asadu, C. O.; Anthony, E. C; Elijah, O. C; Ike, L S;
Onoghwarite, O. E.; Okwudili, U. E. Development of an Adsorbent
for the Remediation of Crude Oil Polluted Water Using Stearic Acid
Grafted Coconut Husk (Cocos Nucifera) Composite. Appl. Surf. Sci.
Adv. 2021, 6, No. 100179.

(64) Che bt Man, H.; Akinbile, C. O.; Xun Jun, C. Coconut Husk
Adsorbent for the Removal of Methylene Blue Dye from Wastewater.
BioResources 2015, 10 (2), 2859—2872.

(65) Shoaib, M.; Al-Swaidan, H. M. Optimization and Character-
ization of Sliced Activated Carbon Prepared from Date Palm Tree
Fronds by Physical Activation. Biomass Bioenergy 2015, 73, 124—134.

(66) Alshandoudi, L. M.; Alkindi, S. R.; Alhatmi, T. Y.; Hassan, A. F.
Synthesis and Characterization of Nano Zinc Oxide/Zinc Chloride—
Activated Carbon Composite Based on Date Palm Fronds:
Adsorption of Methylene Blue. Biomass Convers. Biorefinery 2023,
1-18.

(67) Kavitha, T.; Kumar, S. Turning Date Palm Fronds into
Biocompatible Mesoporous Fluorescent Carbon Dots. Sci. Rep. 2018,
8 (1), 16269.

(68) Xu, K; Lin, F; Dou, X; Zheng, M,; Tan, W.,; Wang, C.
Recovery of Ammonium and Phosphate from Urine as Value-Added

Fertilizer Using Wood Waste Biochar Loaded with Magnesium
Oxides. J. Clean. Prod. 2018, 187, 205—214.

(69) Wood and wood waste - U.S. Energy Information Administration
(EIA). https://www.eia.gov/energyexplained/biomass/wood-and-
wood-waste.php (accessed 2023-03-29).

(70) Zamani, A; Marjani, A. P.; Mousavi, Z. Agricultural Waste
Biomass-Assisted Nanostructures: Synthesis and Application. Green
Process. Synth. 2019, 8 (1), 421—429.

(71) Ali, H. R;; Hassaan, M. A. Applications of Bio-Waste Materials
as Green Synthesis of Nanoparticles and Water Purification. Adv.
Mater. 2017, 6 (S), 8.

(72) Zikeli, F.; Vinciguerra, V.; D’Annibale, A,; Capitani, D.;
Romagnoli, M.; Scarascia Mugnozza, G. Preparation of Lignin
Nanoparticles from Wood Waste for Wood Surface Treatment.
Nanomaterials 2019, 9 (2), 281.

(73) Wijaya, C. J.; Ismadji, S.,; Gunawan, S. A Review of
Lignocellulosic-Derived Nanoparticles for Drug Delivery Applica-
tions: Lignin Nanoparticles, Xylan Nanoparticles, and Cellulose
Nanocrystals. Molecules 2021, 26 (3), 676.

(74) Shaheen, T. L; Emam, H. E. Sono-Chemical Synthesis of
Cellulose Nanocrystals from Wood Sawdust Using Acid Hydrolysis.
Int. J. Biol. Macromol. 2018, 107, 1599—1606.

(75) Suryawanshi, A.; Biswal, M.; Mhamane, D.; Gokhale, R.; Patil,
S.; Guin, D.; Ogale, S. Large Scale Synthesis of Graphene Quantum
Dots (GQDs) from Waste Biomass and Their Use as an Efficient and
Selective Photoluminescence on—off—on Probe for Ag+ Ions.
Nanoscale 2014, 6 (20), 11664—11670.

(76) Bressi, V.; Ferlazzo, A.; lannazzo, D.; Espro, C. Graphene
Quantum Dots by Eco-Friendly Green Synthesis for Electrochemical
Sensing: Recent Advances and Future Perspectives. Nanomaterials
2021, 11 (S), 1120.

(77) Pfaltzgraff, L. A,; De bruyn, M.; Cooper, E. C.; Budarin, V.
Clark, J. H. Food Waste Biomass: A Resource for High-Value
Chemicals. Green Chem. 2013, 15 (2), 307—314.

(78) Ince, M,; Ince, O.; Asam, E.; Onal, A. Using Food Waste
Biomass as Effective Adsorbents in Water and Wastewater Treatment
for Cu (II) Removal. At. Spectrosc. 2017, 38 (S), 142.

(79) Kalhor, P.; Ghandi, K. Deep Eutectic Solvents for Pretreatment,
Extraction, and Catalysis of Biomass and Food Waste. Molecules 2019,
24 (22), 4012.

(80) Ravindran, B.; Gupta, S.; Cho, W.-M.; Kim, J; Lee, S.; Jeong,
K.-H; Lee, D,; Choi, H.-C. Microalgae Potential and Multiple
Roles—Current Progress and Future Prospects—An Overview.
Sustainability 2016, 8 (12), 1218.

(81) Salama, E.-S.; Roh, H.-S.; Dev, S.; Khan, M. A.; Abou-Shanab,
R. A. L; Chang, S. W,; Jeon, B.-H. Algae as a Green Technology for
Heavy Metals Removal from Various Wastewater. World J. Microbiol.
Biotechnol. 2019, 35 (5), 75.

(82) Mohsenpour, S. F.; Hennige, S.; Willoughby, N.; Adeloye, A.;
Gutierrez, T. Integrating Micro-Algae into Wastewater Treatment: A
Review. Sci. Total Environ. 2021, 752, No. 142168.

(83) Sarwer, A.; Hamed, S. M.; Osman, A. L; Jamil, F.; Al-Muhtaseb,
A. H.; Alhajeri, N. S.; Rooney, D. W. Algal Biomass Valorization for
Biofuel Production and Carbon Sequestration: A Review. Environ.
Chem. Lett. 2022, 20 (5), 2797—2851.

(84) Dahoumane, S. A.; Mechouet, M.; Wijesekera, K; Filipe, C. D.
M,; Sicard, C,; Bazylinski, D. A,; Jeffryes, C. Algae-Mediated
Biosynthesis of Inorganic Nanomaterials as a Promising Route in
Nanobiotechnology — a Review. Green Chem. 2017, 19 (3), 552—587.

(85) Rahman, A; Kumar, S.; Nawaz, T. Biosynthesis of Nanoma-
terials Using Algae. In Microalgae Cultivation for Biofuels Production;
Elsevier: 2020; pp 265—279. DOI: 10.1016/B978-0-12-817536-
1.00017-S.

(86) Demirbas, A.; Fatih Demirbas, M. Importance of Algae Oil as a
Source of Biodiesel. Energy Convers. Manag. 2011, 52 (1), 163—170.

(87) Dismukes, G. C.; Carrieri, D.; Bennette, N; Ananyev, G. M,;
Posewitz, M. C. Aquatic Phototrophs: Efficient Alternatives to Land-
Based Crops for Biofuels. Curr. Opin. Biotechnol. 2008, 19 (3), 235—
240.

https://doi.org/10.1021/acsomega.3c08883
ACS Omega 2024, 9, 29088—29113


https://doi.org/10.1007/978-3-030-17724-9_6
https://doi.org/10.1007/978-3-030-17724-9_6
https://doi.org/10.1007/978-3-030-17724-9_6?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.indcrop.2011.12.016
https://doi.org/10.1016/j.indcrop.2011.12.016
https://doi.org/10.1016/j.indcrop.2011.12.016
https://doi.org/10.17485/ijst/2018/v11i22/126125
https://doi.org/10.17485/ijst/2018/v11i22/126125
https://doi.org/10.17485/ijst/2018/v11i22/126125
https://doi.org/10.1016/j.biortech.2013.02.012
https://doi.org/10.1016/j.biortech.2013.02.012
https://doi.org/10.1016/j.biortech.2013.02.012
https://doi.org/10.1016/j.ceramint.2019.07.157
https://doi.org/10.1016/j.ceramint.2019.07.157
https://doi.org/10.1016/j.indcrop.2019.111591
https://doi.org/10.1016/j.indcrop.2019.111591
https://doi.org/10.1016/j.indcrop.2019.111591
https://doi.org/10.1007/s11356-020-11345-3
https://doi.org/10.1007/s11356-020-11345-3
https://doi.org/10.1007/s11356-020-11345-3
https://doi.org/10.1166/jnn.2020.18509
https://doi.org/10.1166/jnn.2020.18509
https://doi.org/10.1016/j.micpath.2018.08.025
https://doi.org/10.1016/j.micpath.2018.08.025
https://doi.org/10.1016/j.micpath.2018.08.025
https://doi.org/10.1016/j.jclepro.2017.10.343
https://doi.org/10.1016/j.jclepro.2017.10.343
https://doi.org/10.1016/j.jclepro.2017.10.343
https://doi.org/10.1016/j.jclepro.2017.10.343
https://doi.org/10.1016/j.apsadv.2021.100179
https://doi.org/10.1016/j.apsadv.2021.100179
https://doi.org/10.1016/j.apsadv.2021.100179
https://doi.org/10.15376/biores.10.2.2859-2872
https://doi.org/10.15376/biores.10.2.2859-2872
https://doi.org/10.1016/j.biombioe.2014.12.016
https://doi.org/10.1016/j.biombioe.2014.12.016
https://doi.org/10.1016/j.biombioe.2014.12.016
https://doi.org/10.1007/s13399-023-03815-8
https://doi.org/10.1007/s13399-023-03815-8
https://doi.org/10.1007/s13399-023-03815-8
https://doi.org/10.1038/s41598-018-34349-z
https://doi.org/10.1038/s41598-018-34349-z
https://doi.org/10.1016/j.jclepro.2018.03.206
https://doi.org/10.1016/j.jclepro.2018.03.206
https://doi.org/10.1016/j.jclepro.2018.03.206
https://www.eia.gov/energyexplained/biomass/wood-and-wood-waste.php
https://www.eia.gov/energyexplained/biomass/wood-and-wood-waste.php
https://doi.org/10.1515/gps-2019-0010
https://doi.org/10.1515/gps-2019-0010
https://doi.org/10.11648/j.am.20170605.16
https://doi.org/10.11648/j.am.20170605.16
https://doi.org/10.3390/nano9020281
https://doi.org/10.3390/nano9020281
https://doi.org/10.3390/molecules26030676
https://doi.org/10.3390/molecules26030676
https://doi.org/10.3390/molecules26030676
https://doi.org/10.3390/molecules26030676
https://doi.org/10.1016/j.ijbiomac.2017.10.028
https://doi.org/10.1016/j.ijbiomac.2017.10.028
https://doi.org/10.1039/C4NR02494J
https://doi.org/10.1039/C4NR02494J
https://doi.org/10.1039/C4NR02494J
https://doi.org/10.3390/nano11051120
https://doi.org/10.3390/nano11051120
https://doi.org/10.3390/nano11051120
https://doi.org/10.1039/c2gc36978h
https://doi.org/10.1039/c2gc36978h
https://doi.org/10.46770/AS.2017.05.004
https://doi.org/10.46770/AS.2017.05.004
https://doi.org/10.46770/AS.2017.05.004
https://doi.org/10.3390/molecules24224012
https://doi.org/10.3390/molecules24224012
https://doi.org/10.3390/su8121215
https://doi.org/10.3390/su8121215
https://doi.org/10.1007/s11274-019-2648-3
https://doi.org/10.1007/s11274-019-2648-3
https://doi.org/10.1016/j.scitotenv.2020.142168
https://doi.org/10.1016/j.scitotenv.2020.142168
https://doi.org/10.1007/s10311-022-01458-1
https://doi.org/10.1007/s10311-022-01458-1
https://doi.org/10.1039/C6GC02346K
https://doi.org/10.1039/C6GC02346K
https://doi.org/10.1039/C6GC02346K
https://doi.org/10.1016/B978-0-12-817536-1.00017-5
https://doi.org/10.1016/B978-0-12-817536-1.00017-5
https://doi.org/10.1016/B978-0-12-817536-1.00017-5?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-12-817536-1.00017-5?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.enconman.2010.06.055
https://doi.org/10.1016/j.enconman.2010.06.055
https://doi.org/10.1016/j.copbio.2008.05.007
https://doi.org/10.1016/j.copbio.2008.05.007
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

(88) N2022_30.Pdf. https://dce.au.dk/fileadmin/dce.au.dk/
Udgivelser/Notater 2022/N2022_30.pdf (accessed 2024-03-14).

(89) Maltsev, Y.; Maltseva, K; Kulikovskiy, M.; Maltseva, S.
Influence of Light Conditions on Microalgae Growth and Content
of Lipids, Carotenoids, and Fatty Acid Composition. Biology 2021, 10
(10), 1060.

(90) Hassan, S. H.; Hameed, M. S. A.,; Hammouda, O. E.; Ghazal, F.
M.; Hamed, S. M. Effect of Different Growth Conditions on Certain
Biochemical Parameters of Different Cyanobacterial Strains. Malays. J.
Microbiol. 2012, 266—272.

(91) Hamed, S. M.; Klock, G. Improvement of Medium
Composition and Utilization of Mixotrophic Cultivation for Green
and Blue Green Microalgae towards Biodiesel Production. Adv.
Microbiol. 2014, 04 (3), 167—174.

(92) Lee, Y.-K. Microalgal Mass Culture Systems and Methods:
Their Limitation and Potential. J. Appl. Phycol. 2001, 13 (4), 307—
31S.

(93) Iravani, S. Bacteria in Nanoparticle Synthesis: Current Status
and Future Prospects. Int. Sch. Res. Not. 2014, 2014, 359316.

(94) Pantidos, N.; Horsfall, L. E. Biological Synthesis of Metallic
Nanoparticles by Bacteria, Fungi and Plants. . Nanomedicine
Nanotechnol. 2014, 05 (5), 1.

(95) Ghashghaei, S.; Emtiazi, G. The Methods of Nanoparticle
Synthesis Using Bacteria as Biological Nanofactories, Their
Mechanisms and Major Applications. Curr. Bionanotechnol. Discontin.
2015, 1 (1), 3—17.

(96) Prakash, A.; Sharma, S.; Ahmad, N.; Ghosh, A, Sinha, P.
Bacteria Mediated Extracellular Synthesis of Metallic Nanoparticles.
Int. Res. ]. Biotechnol 2010, 1 (5), 071—079.

(97) Singh, A,; Gautam, P. K; Verma, A; Singh, V.; Shivapriya, P.
M.; Shivalkar, S.; Sahoo, A. K; Samanta, S. K. Green Synthesis of
Metallic Nanoparticles as Effective Alternatives to Treat Antibiotics
Resistant Bacterial Infections: A Review. Biotechnol. Rep. 2020, 25,
No. e00427.

(98) Vitta, S.; Thiruvengadam, V. Multifunctional Bacterial Cellulose
and Nanoparticle-Embedded Composites. Curr. Sci. 2012, 1398—
140S.

(99) Li, X;; Chen, S.; Hu, W.; Shi, S.; Shen, W.; Zhang, X.; Wang, H.
In Situ Synthesis of CdS Nanoparticles on Bacterial Cellulose
Nanofibers. Carbohydr. Polym. 2009, 76 (4), S09—512.

(100) Wasim, M.; Mushtaq, M.; Khan, S. U.; Faroog, A.; Naeem, M.
A.; Khan, M. R; Salam, A,; Wei, Q. Development of Bacterial
Cellulose Nanocomposites: An Overview of the Synthesis of Bacterial
Cellulose Nanocomposites with Metallic and Metallic-Oxide Nano-
particles by Different Methods and Techniques for Biomedical
Applications. J. Ind. Text. 2022, 51, 1886S—1915S.

(101) Hu, W.; Chen, S.; Zhou, B.; Wang, H. Facile Synthesis of ZnO
Nanoparticles Based on Bacterial Cellulose. Mater. Sci. Eng,, B 2010,
170 (1-3), 88—92.

(102) Yang, G.; Xie, J; Hong, F.; Cao, Z.; Yang, X. Antimicrobial
Activity of Silver Nanoparticle Impregnated Bacterial Cellulose
Membrane: Effect of Fermentation Carbon Sources of Bacterial
Cellulose. Carbohydr. Polym. 2012, 87 (1), 839—84S.

(103) Zhang, T.; Wang, W.; Zhang, D.; Zhang, X.; Ma, Y.; Zhou, Y.;
Qi, L. Biotemplated Synthesis of Gold Nanoparticle—Bacteria
Cellulose Nanofiber Nanocomposites and Their Application in
Biosensing. Adv. Funct. Mater. 2010, 20 (7), 1152—1160.

(104) Hu, W.; Chen, S;; Li, X;; Shi, S.; Shen, W.; Zhang, X.; Wang,
H. In Situ Synthesis of Silver Chloride Nanoparticles into Bacterial
Cellulose Membranes. Mater. Sci. Eng, C 2009, 29 (4), 1216—1219.

(105) Shah, N.; Ul-Islam, M.; Khattak, W. A.; Park, J. K. Overview of
Bacterial Cellulose Composites: A Multipurpose Advanced Material.
Carbohydr. Polym. 2013, 98 (2), 1585—1598.

(106) de Santa Maria, L. C.; Santos, A. L.; Oliveira, P. C.; Barud, H.
S.; Messaddeq, Y.; Ribeiro, S. J. Synthesis and Characterization of
Silver Nanoparticles Impregnated into Bacterial Cellulose. Mater. Lett.
2009, 63 (9—10), 797—799.

(107) Wu, J.; Zheng, Y.; Song, W.; Luan, J.; Wen, X.; Wu, Z.; Chen,
X; Wang, Q; Guo, S. In Situ Synthesis of Silver-Nanoparticles/

Bacterial Cellulose Composites for Slow-Released Antimicrobial
Wound Dressing. Carbohydr. Polym. 2014, 102, 762—771.

(108) Saxena, J.; Sharma, M. M.; Gupta, S.; Singh, A. Emerging Role
of Fungi in Nanoparticle Synthesis and Their Applications. World J.
Pharm. Sci. 2014, 3 (9), 1586—1613.

(109) Yadav, A.; Kon, K; Kratosova, G.; Duran, N.; Ingle, A. P.; Rai,
M. Fungi as an Efficient Mycosystem for the Synthesis of Metal
Nanoparticles: Progress and Key Aspects of Research. Biotechnol. Lett.
2015, 37, 2099—2120.

(110) Khan, A. U.; Malik, N.; Khan, M.; Cho, M. H.; Khan, M. M.
Fungi-Assisted Silver Nanoparticle Synthesis and Their Applications.
Bioprocess Biosyst. Eng. 2018, 41, 1-20.

(111) Thakkar, K. N.; Mhatre, S. S.; Parikh, R. Y. Biological
Synthesis of Metallic Nanoparticles. Nanomedicine Nanotechnol. Biol.
Med. 2010, 6 (2), 257—262.

(112) Barikani, M.; Oliaei, E.; Seddiqi, H.; Honarkar, H. Preparation
and Application of Chitin and Its Derivatives: A Review. Iran. Polym.
J. 2014, 23, 307—326.

(113) Sastry, M.; Ahmad, A.; Khan, M. L; Kumar, R. Biosynthesis of
Metal Nanoparticles Using Fungi and Actinomycete. Curr. Sci. 2003,
162—170.

(114) Siddigi, K. S.; Husen, A. Fabrication of Metal Nanoparticles
from Fungi and Metal Salts: Scope and Application. Nanoscale Res.
Lett. 2016, 11, 1-15.

(115) Thakkar, K. N,; Mhatre, S. S.; Parikh, R. Y. Biological
Synthesis of Metallic Nanoparticles. Nanomedicine Nanotechnol. Biol.
Med. 2010, 6 (2), 257—262.

(116) Narayanan, K. B.; Sakthivel, N. Biological Synthesis of Metal
Nanoparticles by Microbes. Adv. Colloid Interface Sci. 2010, 156 (1—
2), 1-13.

(117) Rahimi, H.-R.; Doostmohammadi, M. Nanoparticle Synthesis,
Applications, and Toxicity. In Applications of Nanobiotechnology;
Stoytcheva, M., Zlatev, R, Eds.; IntechOpen: 2020. DOI: 10.5772/
intechopen.87973.

(118) Samuel, M. S.; Ravikumar, M.; John, J. A.; Selvarajan, E.; Patel,
H.; Chander, P. S.; Soundarya, J.; Vuppala, S.; Balaji, R;
Chandrasekar, N. A Review on Green Synthesis of Nanoparticles
and Their Diverse Biomedical and Environmental Applications.
Catalysts 2022, 12 (5), 459.

(119) Baig, N.; Kammakakam, I; Falath, W. Nanomaterials: A
Review of Synthesis Methods, Properties, Recent Progress, and
Challenges. Mater. Adv. 2021, 2 (6), 1821—1871.

(120) Green Nanoparticles. https://app.dimensions.ai/discover/
publication?search_mode=content&search_text=
green%20synthesis%200f%20NPs&search_type=kws&search_field=
full_search (accessed 2023-03-29).

(121) Pantidos, N.; Horsfall, L. E. Biological Synthesis of Metallic
Nanoparticles by Bacteria, Fungi and Plants. J. Nanomedicine
Nanotechnol. 2014, 05 (5), 1.

(122) LewisOscar, F.; Vismaya, S.; Arunkumar, M.; Thajuddin, N.;
Dhanasekaran, D.; Nithya, C. Algal Nanoparticles: Synthesis and
Biotechnological Potentials. In Algae - Organisms for Imminent
Biotechnology; IntechOpen, 2016. DOI: 10.5772/62909.

(123) Senapati, S.; Syed, A,; Moeez, S; Kumar, A; Ahmad, A.
Intracellular Synthesis of Gold Nanoparticles Using Alga Tetraselmis
Kochinensis. Mater. Lett. 2012, 79, 116—118.

(124) Ajitha, B.; Ashok Kumar Reddy, Y.; Sreedhara Reddy, P.
Green Synthesis and Characterization of Silver Nanoparticles Using
Lantana Camara Leaf Extract. Mater. Sci. Eng. C Mater. Biol. Appl.
2015, 49, 373—-381.

(125) Barsbay, M.; Giiven, O. Surface Modification of Cellulose via
Conventional and Controlled Radiation-Induced Grafting. Radiat.
Phys. Chem. 2019, 160, 1-8.

(126) Hu, Y.; Hamed, O.; Salghi, R.; Abidi, N.; Jodeh, S.; Hattb, R.
Extraction and Characterization of Cellulose from Agricultural Waste
Argan Press Cake. Cellul Chem. Technol. 2017, S1, 263—272.

(127) Romruen, O.; Karbowiak, T.; Tongdeesoontorn, W.; Shiekh,
K. A;; Rawdkuen, S. Extraction and Characterization of Cellulose from

https://doi.org/10.1021/acsomega.3c08883
ACS Omega 2024, 9, 29088—29113


https://dce.au.dk/fileadmin/dce.au.dk/Udgivelser/Notater_2022/N2022_30.pdf
https://dce.au.dk/fileadmin/dce.au.dk/Udgivelser/Notater_2022/N2022_30.pdf
https://doi.org/10.3390/biology10101060
https://doi.org/10.3390/biology10101060
https://doi.org/10.21161/mjm.43912
https://doi.org/10.21161/mjm.43912
https://doi.org/10.4236/aim.2014.43022
https://doi.org/10.4236/aim.2014.43022
https://doi.org/10.4236/aim.2014.43022
https://doi.org/10.1023/A:1017560006941
https://doi.org/10.1023/A:1017560006941
https://doi.org/10.1155/2014/359316
https://doi.org/10.1155/2014/359316
https://doi.org/10.4172/2157-7439.1000233
https://doi.org/10.4172/2157-7439.1000233
https://doi.org/10.2174/2213529401999140310104655
https://doi.org/10.2174/2213529401999140310104655
https://doi.org/10.2174/2213529401999140310104655
https://doi.org/10.1016/j.btre.2020.e00427
https://doi.org/10.1016/j.btre.2020.e00427
https://doi.org/10.1016/j.btre.2020.e00427
https://doi.org/10.1016/j.carbpol.2008.11.014
https://doi.org/10.1016/j.carbpol.2008.11.014
https://doi.org/10.1177/1528083720977201
https://doi.org/10.1177/1528083720977201
https://doi.org/10.1177/1528083720977201
https://doi.org/10.1177/1528083720977201
https://doi.org/10.1177/1528083720977201
https://doi.org/10.1016/j.mseb.2010.02.034
https://doi.org/10.1016/j.mseb.2010.02.034
https://doi.org/10.1016/j.carbpol.2011.08.079
https://doi.org/10.1016/j.carbpol.2011.08.079
https://doi.org/10.1016/j.carbpol.2011.08.079
https://doi.org/10.1016/j.carbpol.2011.08.079
https://doi.org/10.1002/adfm.200902104
https://doi.org/10.1002/adfm.200902104
https://doi.org/10.1002/adfm.200902104
https://doi.org/10.1016/j.msec.2008.09.017
https://doi.org/10.1016/j.msec.2008.09.017
https://doi.org/10.1016/j.carbpol.2013.08.018
https://doi.org/10.1016/j.carbpol.2013.08.018
https://doi.org/10.1016/j.matlet.2009.01.007
https://doi.org/10.1016/j.matlet.2009.01.007
https://doi.org/10.1016/j.carbpol.2013.10.093
https://doi.org/10.1016/j.carbpol.2013.10.093
https://doi.org/10.1016/j.carbpol.2013.10.093
https://doi.org/10.1007/s10529-015-1901-6
https://doi.org/10.1007/s10529-015-1901-6
https://doi.org/10.1007/s00449-017-1846-3
https://doi.org/10.1016/j.nano.2009.07.002
https://doi.org/10.1016/j.nano.2009.07.002
https://doi.org/10.1007/s13726-014-0225-z
https://doi.org/10.1007/s13726-014-0225-z
https://doi.org/10.1186/s11671-016-1311-2
https://doi.org/10.1186/s11671-016-1311-2
https://doi.org/10.1016/j.nano.2009.07.002
https://doi.org/10.1016/j.nano.2009.07.002
https://doi.org/10.1016/j.cis.2010.02.001
https://doi.org/10.1016/j.cis.2010.02.001
https://doi.org/10.5772/intechopen.87973
https://doi.org/10.5772/intechopen.87973
https://doi.org/10.5772/intechopen.87973?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5772/intechopen.87973?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/catal12050459
https://doi.org/10.3390/catal12050459
https://doi.org/10.1039/D0MA00807A
https://doi.org/10.1039/D0MA00807A
https://doi.org/10.1039/D0MA00807A
https://app.dimensions.ai/discover/publication?search_mode=content&search_text=green%20synthesis%20of%20NPs&search_type=kws&search_field=full_search
https://app.dimensions.ai/discover/publication?search_mode=content&search_text=green%20synthesis%20of%20NPs&search_type=kws&search_field=full_search
https://app.dimensions.ai/discover/publication?search_mode=content&search_text=green%20synthesis%20of%20NPs&search_type=kws&search_field=full_search
https://app.dimensions.ai/discover/publication?search_mode=content&search_text=green%20synthesis%20of%20NPs&search_type=kws&search_field=full_search
https://doi.org/10.4172/2157-7439.1000233
https://doi.org/10.4172/2157-7439.1000233
https://doi.org/10.5772/62909
https://doi.org/10.5772/62909
https://doi.org/10.5772/62909?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.matlet.2012.04.009
https://doi.org/10.1016/j.matlet.2012.04.009
https://doi.org/10.1016/j.msec.2015.01.035
https://doi.org/10.1016/j.msec.2015.01.035
https://doi.org/10.1016/j.radphyschem.2019.03.002
https://doi.org/10.1016/j.radphyschem.2019.03.002
https://doi.org/10.3390/polym14091830
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

Agricultural By-Products of Chiang Rai Province, Thailand. Polymers
2022, 14 (9), 1830.

(128) Xu, J.; Krietemeyer, E. F.; Boddu, V. M,; Liu, S. X.; Liu, W.-C.
Production and Characterization of Cellulose Nanofibril (CNF) from
Agricultural Waste Corn Stover. Carbohydr. Polym. 2018, 192, 202—
207.

(129) Ventura-Cruz, S.; Tecante, A. Nanocellulose and Micro-
crystalline Cellulose from Agricultural Waste: Review on Isolation and
Application as Reinforcement in Polymeric Matrices. Food Hydrocoll.
2021, 118, No. 106771.

(130) Ukkund, S. J; Taqui, S. N,; Mayya, D. S.; Prasad, P.
Nanocrystalline Cellulose from Agricultural Waste: An Overview. Int.
J. Nanoparticles 2018, 10 (4), 284—297.

(131) Ihsanullah, I; Sajid, M.; Khan, S.; Bilal, M. Aerogel-Based
Adsorbents as Emerging Materials for the Removal of Heavy Metals
from Water: Progress, Challenges, and Prospects. Sep. Purif. Technol.
2022, 291, No. 120923.

(132) Voisin, H.; Bergstrém, L.; Liu, P.; Mathew, A. Nanocellulose-
Based Materials for Water Purification. Nanomaterials 2017, 7 (3), 57.

(133) Habibi, Y. Key Advances in the Chemical Modification of
Nanocelluloses. Chem. Soc. Rev. 2014, 43 (5), 1519—1542.

(134) Bozi¢, M.; Liu, P.; Mathew, A. P.; Kokol, V. Enzymatic
Phosphorylation of Cellulose Nanofibers to New Highly-Ions
Adsorbing, Flame-Retardant and Hydroxyapatite-Growth Induced
Natural Nanoparticles. Cellulose 2014, 21 (4), 2713—2726.

(135) Isogai, A; Saito, T.; Fukuzumi, H. TEMPO-Oxidized
Cellulose Nanofibers. Nanoscale 2011, 3 (1), 71—85.

(136) Volesky, B. Biosorption and Me. Water Res. 2007, 41 (18),
4017—4029.

(137) Huang, S.; Wu, M.-B.; Zhu, C.-Y.; Ma, M.-Q;; Yang, J.; Wu, ] ;
Xu, Z.-K. Polyamide Nanofiltration Membranes Incorporated with
Cellulose Nanocrystals for Enhanced Water Flux and Chlorine
Resistance. ACS Sustain. Chem. Eng. 2019, 7 (14), 12315—12322.

(138) Cellulose Nanomaterials in Water Treatment Technologies |
Environmental Science & Technology. https://pubs-acs-org.inc.bib.cnrs.
fr/doi/10.1021/es506351r (accessed 2023-04-15).

(139) Nanofibrous Microfiltration Membrane Based on Cellulose
Nanowhiskers | Biomacromolecules. https://pubs-acs-org.inc.bib.cnrs.
fr/doi/10.1021/bm201421g (accessed 2023-04-15).

(140) Wang, R.; Guan, S.; Sato, A,; Wang, X.; Wang, Z.; Yang, R;;
Hsiao, B. S.; Chu, B. Nanofibrous Microfiltration Membranes Capable
of Removing Bacteria, Viruses and Heavy Metal Ions. J. Membr. Sci.
2013, 446, 376—382.

(141) Salama, A.; Shukry, N El-Sakhawy, M. Carboxymethyl
Cellulose-g-Poly(2-(Dimethylamino) Ethyl Methacrylate) Hydrogel
as Adsorbent for Dye Removal. Int. J. Biol. Macromol. 2018, 73, 72—
75.

(142) Suman; Kardam, A.; Gera, M.; Jain, V. K. A Novel Reusable
Nanocomposite for Complete Removal of Dyes, Heavy Metals and
Microbial Load from Water Based on Nanocellulose and Silver Nano-
Embedded Pebbles. Environ. Technol. 2015, 36 (6), 706—714.

(143) Jin, L; Li, W,; Xu, Q; Sun, Q. Amino-Functionalized
Nanocrystalline Cellulose as an Adsorbent for Anionic Dyes. Cellulose
2015, 22 (4), 2443—-2456.

(144) Thakur, V. K.; Voicy, S. I. Recent Advances in Cellulose and
Chitosan Based Membranes for Water Purification: A Concise
Review. Carbohydr. Polym. 2016, 146, 148—165.

(14S) Zhu, C.; Dobryden, L; Rydén, J; éberg, S.; Holmgren, A,;
Mathew, A. P. Adsorption Behavior of Cellulose and Its Derivatives
toward Ag(I) in Aqueous Medium: An AFM, Spectroscopic, and DFT
Study. Langmuir 2015, 31 (4S), 12390—12400.

(146) Wang, X,; Yeh, T.-M.; Wang, Z.; Yang, R.; Wang, R.; Ma, H,;
Hsiao, B. S.; Chu, B. Nanofiltration Membranes Prepared by
Interfacial Polymerization on Thin-Film Nanofibrous Composite
Scaffold. Polymer 2014, 55 (6), 1358—1366.

(147) Zhang, Z.; Seébe, G.; Rentsch, D.; Zimmermann, T.; Tingaut,
P. Ultralightweight and Flexible Silylated Nanocellulose Sponges for
the Selective Removal of Oil from Water. Chem. Mater. 2014, 26 (8),
2659—2668.

(148) Sustainable Cellulose Nanocrystals for Improved Antimicro-
bial Properties of Thin Film Composite Membranes. ACS Sustainable
Chemistry & Engineering. https://pubs-acs-org.inc.bib.cnrs.fr/doi/10.
1021/acssuschemeng.1c02389 (accessed 2023-04-15).

(149) Sucaldito, M. R.; Camacho, D. H. Characteristics of Unique
HBr-Hydrolyzed Cellulose Nanocrystals from Freshwater Green
Algae (Cladophora Rupestris) and Its Reinforcement in Starch-
Based Film. Carbohydr. Polym. 2017, 169, 315—323.

(150) Santos, R. M. dos; Flauzino Neto, W. P.; Silvério, H. A;
Martins, D. F.; Dantas, N. O.; Pasquini, D. Cellulose Nanocrystals
from Pineapple Leaf, a New Approach for the Reuse of This Agro-
Waste. Ind. Crops Prod. 2013, 50, 707—714.

(151) Zhang, L,; Tsuzuki, T.; Wang, X. Preparation of Cellulose
Nanofiber from Softwood Pulp by Ball Milling. Cellulose 20185, 22 (3),
1729-1741.

(152) Kumar, A.; Singh Negi, Y.; Choudhary, V.; Kant Bhardwaj, N.
Characterization of Cellulose Nanocrystals Produced by Acid-
Hydrolysis from Sugarcane Bagasse as Agro-Waste. J. Mater. Phys.
Chem. 2014, 2 (1), 1-8.

(153) Jansomboon, W.; Boonmaloet, K; Sukaros, S.; Prapainainar,
P. Rice Hull Micro and Nanosilica: Synthesis and Characterization.
Key Eng. Mater. 2016, 718, 77—80.

(154) Hong, F.; Zhu, Y. X; Yang, G; Yang, X. X. Wheat Straw Acid
Hydrolysate as a Potential Cost-Effective Feedstock for Production of
Bacterial Cellulose. J. Chem. Technol. Biotechnol. 2011, 86 (5), 675—
680.

(155) Uraki, Y.; Morito, M.; Kishimoto, T.; Sano, Y. Bacterial
Cellulose Production Using Monosaccharides Derived from Hemicelluloses
in Water-Soluble Fraction of Waste Liquor from Atmospheric Acetic Acid
Pulping. 2002, 56 (4), 341—347.

(156) Vallejos, M. E.; Felissia, F. E.; Area, M. C.; Ehman, N. V,;
Tarrés, Q.; Mutj¢, P. Nanofibrillated Cellulose (CNF) from
Eucalyptus Sawdust as a Dry Strength Agent of Unrefined Eucalyptus
Handsheets. Carbohydr. Polym. 2016, 139, 99—105.

(157) Jongaroontaprangsee, S.; Chiewchan, N.; Devahastin, S.
Production of Nanofibrillated Cellulose with Superior Water
Redispersibility from Lime Residues via a Chemical-Free Process.
Carbohydr. Polym. 2018, 193, 249—-258.

(158) Gomes, F. P.; Silva, N. H. C. S.; Trovatti, E,; Serafim, L. S.;
Duarte, M. E,; Silvestre, A. J. D.; Neto, C. P.; Freire, C. S. R.
Production of Bacterial Cellulose by Gluconacetobacter Sacchari
Using Dry Olive Mill Residue. Biomass Bioenergy 2013, S5, 205—211.

(159) Wu, J; Dy, X; Yin, Z,; Xu, S.; Xu, S.; Zhang, Y. Preparation
and Characterization of Cellulose Nanofibrils from Coconut Coir
Fibers and Their Reinforcements in Biodegradable Composite Films.
Carbohydr. Polym. 2019, 211, 49—56.

(160) Xiao, S.; Gao, R; Lu, Y.; Li, J.; Sun, Q. Fabrication and
Characterization of Nanofibrillated Cellulose and Its Aerogels from
Natural Pine Needles. Carbohydr. Polym. 20185, 119, 202—209.

(161) Akhayere, E.; Kavaz, D.; Vaseashta, A. Efficacy Studies of
Silica Nanoparticles Synthesized Using Agricultural Waste for
Mitigating Waterborne Contaminants. Appl. Sci. 2022, 12 (18), 9279.

(162) Vaibhav, V.; Vijayalakshmi, U.; Roopan, S. M. Agricultural
Waste as a Source for the Production of Silica Nanoparticles.
Spectrochim. Acta. A. Mol. Biomol. Spectrosc. 2015, 139, 515—520.

(163) Karande, S. D.; Jadhav, S. A,; Garud, H. B.; Kalantre, V. A
Burungale, S. H,; Patil, P. S. Green and Sustainable Synthesis of Silica
Nanoparticles. Nanotechnol. Environ. Eng. 2021, 6 (2), 29.

(164) Sachan, D.; Ramesh, A; Das, G. Green Synthesis of Silica
Nanoparticles from Leaf Biomass and Its Application to Remove
Heavy Metals from Synthetic Wastewater: A Comparative Analysis.
Environ. Nanotechnol. Monit. Manag. 2021, 16, No. 100467.

(16S) Fahrina, A; Yusuf, M.; Muchtar, S.; Fitriani, F.; Mulyati, S.;
Aprilia, S.; Rosnelly, C. M.; Bilad, M. R,; Ismail, A. F.,; Takagi, R;
Matsuyama, H.; Arahman, N. Development of Anti-Microbial
Polyvinylidene Fluoride (PVDF) Membrane Using Bio-Based Ginger
Extract-Silica Nanoparticles (GE-SiNPs) for Bovine Serum Albumin
(BSA) Filtration. J. Taiwan Inst. Chem. Eng. 2021, 125, 323—331.

https://doi.org/10.1021/acsomega.3c08883
ACS Omega 2024, 9, 29088—29113


https://doi.org/10.3390/polym14091830
https://doi.org/10.1016/j.carbpol.2018.03.017
https://doi.org/10.1016/j.carbpol.2018.03.017
https://doi.org/10.1016/j.foodhyd.2021.106771
https://doi.org/10.1016/j.foodhyd.2021.106771
https://doi.org/10.1016/j.foodhyd.2021.106771
https://doi.org/10.1504/IJNP.2018.096387
https://doi.org/10.1016/j.seppur.2022.120923
https://doi.org/10.1016/j.seppur.2022.120923
https://doi.org/10.1016/j.seppur.2022.120923
https://doi.org/10.3390/nano7030057
https://doi.org/10.3390/nano7030057
https://doi.org/10.1039/C3CS60204D
https://doi.org/10.1039/C3CS60204D
https://doi.org/10.1007/s10570-014-0281-8
https://doi.org/10.1007/s10570-014-0281-8
https://doi.org/10.1007/s10570-014-0281-8
https://doi.org/10.1007/s10570-014-0281-8
https://doi.org/10.1039/C0NR00583E
https://doi.org/10.1039/C0NR00583E
https://doi.org/10.1016/j.watres.2007.05.062
https://doi.org/10.1021/acssuschemeng.9b01651?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b01651?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b01651?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs-acs-org.inc.bib.cnrs.fr/doi/10.1021/es506351r
https://pubs-acs-org.inc.bib.cnrs.fr/doi/10.1021/es506351r
https://pubs-acs-org.inc.bib.cnrs.fr/doi/10.1021/bm201421g
https://pubs-acs-org.inc.bib.cnrs.fr/doi/10.1021/bm201421g
https://doi.org/10.1016/j.memsci.2013.06.020
https://doi.org/10.1016/j.memsci.2013.06.020
https://doi.org/10.1016/j.ijbiomac.2014.11.002
https://doi.org/10.1016/j.ijbiomac.2014.11.002
https://doi.org/10.1016/j.ijbiomac.2014.11.002
https://doi.org/10.1080/09593330.2014.959066
https://doi.org/10.1080/09593330.2014.959066
https://doi.org/10.1080/09593330.2014.959066
https://doi.org/10.1080/09593330.2014.959066
https://doi.org/10.1007/s10570-015-0649-4
https://doi.org/10.1007/s10570-015-0649-4
https://doi.org/10.1016/j.carbpol.2016.03.030
https://doi.org/10.1016/j.carbpol.2016.03.030
https://doi.org/10.1016/j.carbpol.2016.03.030
https://doi.org/10.1021/acs.langmuir.5b03228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.5b03228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.5b03228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.polymer.2013.12.007
https://doi.org/10.1016/j.polymer.2013.12.007
https://doi.org/10.1016/j.polymer.2013.12.007
https://doi.org/10.1021/cm5004164?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm5004164?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs-acs-org.inc.bib.cnrs.fr/doi/10.1021/acssuschemeng.1c02389
https://pubs-acs-org.inc.bib.cnrs.fr/doi/10.1021/acssuschemeng.1c02389
https://doi.org/10.1016/j.carbpol.2017.04.031
https://doi.org/10.1016/j.carbpol.2017.04.031
https://doi.org/10.1016/j.carbpol.2017.04.031
https://doi.org/10.1016/j.carbpol.2017.04.031
https://doi.org/10.1016/j.indcrop.2013.08.049
https://doi.org/10.1016/j.indcrop.2013.08.049
https://doi.org/10.1016/j.indcrop.2013.08.049
https://doi.org/10.1007/s10570-015-0582-6
https://doi.org/10.1007/s10570-015-0582-6
https://doi.org/10.12691/jmpc-2-1-1
https://doi.org/10.12691/jmpc-2-1-1
https://doi.org/10.4028/www.scientific.net/KEM.718.77
https://doi.org/10.1002/jctb.2567
https://doi.org/10.1002/jctb.2567
https://doi.org/10.1002/jctb.2567
https://doi.org/10.1016/j.carbpol.2015.12.004
https://doi.org/10.1016/j.carbpol.2015.12.004
https://doi.org/10.1016/j.carbpol.2015.12.004
https://doi.org/10.1016/j.carbpol.2018.04.008
https://doi.org/10.1016/j.carbpol.2018.04.008
https://doi.org/10.1016/j.biombioe.2013.02.004
https://doi.org/10.1016/j.biombioe.2013.02.004
https://doi.org/10.1016/j.carbpol.2019.01.093
https://doi.org/10.1016/j.carbpol.2019.01.093
https://doi.org/10.1016/j.carbpol.2019.01.093
https://doi.org/10.1016/j.carbpol.2014.11.041
https://doi.org/10.1016/j.carbpol.2014.11.041
https://doi.org/10.1016/j.carbpol.2014.11.041
https://doi.org/10.3390/app12189279
https://doi.org/10.3390/app12189279
https://doi.org/10.3390/app12189279
https://doi.org/10.1016/j.saa.2014.12.083
https://doi.org/10.1016/j.saa.2014.12.083
https://doi.org/10.1007/s41204-021-00124-1
https://doi.org/10.1007/s41204-021-00124-1
https://doi.org/10.1016/j.enmm.2021.100467
https://doi.org/10.1016/j.enmm.2021.100467
https://doi.org/10.1016/j.enmm.2021.100467
https://doi.org/10.1016/j.jtice.2021.06.010
https://doi.org/10.1016/j.jtice.2021.06.010
https://doi.org/10.1016/j.jtice.2021.06.010
https://doi.org/10.1016/j.jtice.2021.06.010
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

(166) Pugazhenthiran, N.; Anandan, S.; Kathiravan, G.; Udaya
Prakash, N. K,; Crawford, S.; Ashokkumar, M. Microbial Synthesis of
Silver Nanoparticles by Bacillus Sp. J. Nanoparticle Res. 2009, 11 (7),
1811-1818S.

(167) Vetchinkina, E.; Loshchinina, E.; Kupryashina, M.; Burov, A.;
Nikitina, V. Shape and Size Diversity of Gold, Silver, Selenium, and
Silica Nanoparticles Prepared by Green Synthesis Using Fungi and
Bacteria. Ind. Eng. Chem. Res. 2019, S8 (37), 17207—17218.

(168) Singh, S.; Bhatta, U. M.; Satyam, P. V.; Dhawan, A.; Sastry,
M.; Prasad, B. L. V. Bacterial Synthesis of Silicon/Silica Nano-
composites. ]. Mater. Chem. 2008, 18 (22), 2601—2606.

(169) Zamani, H.; Jafari, A; Mousavi, S. M.; Darezereshki, E.
Biosynthesis of Silica Nanoparticle Using Saccharomyces Cervisiae
and Its Application on Enhanced Oil Recovery. J. Pet. Sci. Eng. 2020,
190, No. 107002.

(170) Piela, A.; Zymanhczyk-Duda, E.; Brzezifiska-Rodak, M.; Duda,
M.; Grzesiak, J.; Saeid, A.; Mironiuk, M.; Klimek-Ochab, M. Biogenic
Synthesis of Silica Nanoparticles from Corn Cobs Husks. Dependence
of the Productivity on the Method of Raw Material Processing.
Bioorganic Chem. 2020, 99, No. 103773.

(171) Bansal, V.; Ahmad, A.; Sastry, M. Fungus-Mediated
Biotransformation of Amorphous Silica in Rice Husk to Nanocrystal-
line Silica. J. Am. Chem. Soc. 2006, 128 (43), 14059—14066.

(172) Estevez, M.; Vargas, S.; Castano, V. M.; Rodriguez, R. Silica
Nano-Particles Produced by Worms through a Bio-Digestion Process
of Rice Husk. J. Non-Cryst. Solids 2009, 355 (14), 844—850.

(173) Kumari, D.; Goswami, R.; Kumar, M.; mazumder, P.; Kataki,
R; Shim, J. Removal of Cr(VI) Ions from the Aqueous Solution
through Nanoscale Zero-Valent Iron (NZVI) Magnetite Corn Cob
Silica (MCCS): A Bio-Waste Based Water Purification Perspective.
Groundw. Sustain. Dev. 2018, 7, 470—476.

(174) Yugandhar, P.; Haribabu, R; Savithramma, N. Synthesis,
Characterization and Antimicrobial Properties of Green-Synthesised
Silver Nanoparticles from Stem Bark Extract of Syzygium Alter-
nifolium (Wt.) Walp. 3 Biotech 2015, S (6), 1031—1039.

(175) San, N. O,; Kurgungéz, C.; Tiimtas, Y.; Yasa, O, Ortag, B,;
Tekinay, T. Novel One-Step Synthesis of Silica Nanoparticles from
Sugarbeet Bagasse by Laser Ablation and Their Effects on the Growth
of Freshwater Algae Culture. Particuology 2014, 17, 29-35.

(176) Lu, P.; Hsieh, Y.-L. Highly Pure Amorphous Silica Nano-Disks
from Rice Straw. Powder Technol. 2012, 225, 149—1S5S.

(177) Mohd, N. K.;; Wee, N. N. A. N.; Azmi, A. A. Green Synthesis
of Silica Nanoparticles Using Sugarcane Bagasse. AIP Conf. Proc.
2017, 1885 (1), No. 020123.

(178) Bansal, V.; Sanyal, A.; Rautaray, D.; Ahmad, A.; Sastry, M.
Bioleaching of Sand by the Fungus Fusarium Oxysporum as a Means
of Producing Extracellular Silica Nanoparticles. Adv. Mater. 2005, 17
(7), 889—892.

(179) Durairaj, K; Senthilkumar, P.; Velmurugan, P.; Dhamodaran,
K,; Kadirvelu, K.; Kumaran, S. Sol-Gel Mediated Synthesis of Silica
Nanoparticle from Bambusa Vulgaris Leaves and Its Environmental
Applications: Kinetics and Isotherms Studies. J. Sol-Gel Sci. Technol.
2019, 90 (3), 653—664.

(180) Espindola-Gonzalez, A.; Martinez-Hernandez, A.; Angeles-
Chévez, C.; Castano, V.; Velasco-Santos, C. Novel Crystalline SiO2
Nanoparticles via Annelids Bioprocessing of Agro-Industrial Wastes.
Nanoscale Res. Lett. 2010, 5 (9), 1408.

(181) Zulfigar, U.; Subhani, T.; Husain, S. W. Synthesis and
Characterization of Silica Nanoparticles from Clay. J. Asian Ceram.
Soc. 2016, 4 (1), 91—96.

(182) Ghorbani, F.; Habibollah Younesi; Mehraban, Z.; Celik, M. S.;
Ghoreyshi, A. A,; Anbia, M. Preparation and Characterization of
Highly Pure Silica from Sedge as Agricultural Waste and Its
Utilization in the Synthesis of Mesoporous Silica MCM-41. . Taiwan
Inst. Chem. Eng. 2013, 44 (S), 821—828.

(183) One-Pot Facile Synthesis of Graphene Quantum Dots from
Rice Husks for Fe3+ Sensinglndustrial & Engineering Chemistry
Research. https://pubs-acs-org.inc.bib.cnrs.fr/doi/10.1021/acs.iecr.
8b00913 (accessed 2023-04-15).

(184) Versatile Nanostructures from Rice Husk Biomass for Energy
ApplicationsAngewandte Chemie International Edition. https://
onlinelibrary-wiley-com.inc.bib.cnrs.fr/doi/10.1002/anie.201802050
(accessed 2023-04-15).

(185) Liu, T.; Yu, K; Gao, L.; Chen, H,; Wang, N.; Hao, L; Li, T ;
He, H.; Guo, Z. A Graphene Quantum Dot Decorated StRuO3Me-
soporous Film as an Efficient Counter Electrode for High-Perform-
ance Dye-Sensitized Solar Cells. J. Mater. Chem. A 2017, S (34),
17848—178SS.

(186) Shen, J.; Zhu, Y.; Yang, X; Li, C. Graphene Quantum Dots:
Emergent Nanolights for Bioimaging, Sensors, Catalysis and Photo-
voltaic Devices. Chem. Commun. 2012, 48 (31), 3686—3699.

(187) Wang, Z.; Zeng, H; Sun, L. Graphene Quantum Dots:
Versatile Photoluminescence for Energy, Biomedical, and Environ-
mental Applications. J. Mater. Chem. C 2015, 3 (6), 1157—1168.

(188) Graphene Quantum Dots - Bacon - 2014 - Particle & Particle
Systems Characterization - Wiley Online Library. https://onlinelibrary-
wiley-com.inc.bib.cnrs.fr/doi/10.1002/ppsc.201300252 (accessed
2023-04-15).

(189) Mahat, N. A.; Shamsudin, S. A.; Jullok, N.; Ma'Radzi, A. H.
Carbon Quantum Dots Embedded Polysulfone Membranes for
Antibacterial Performance in the Process of Forward Osmosis.
Desalination 2020, 493, No. 114618.

(190) Lecaros, R. L. G.; Valbuena, R. E; Tayo, L. L.; Hung, W.-S,;
Hu, C.-C,; Tsai, H.-A.; Huang, S.-H.; Lee, K.-R.; Lai, J.-Y. Tannin-
Based Thin-Film Composite Membranes Integrated with Nitrogen-
Doped Graphene Quantum Dots for Butanol Dehydration through
Pervaporation. J. Membr. Sci. 2021, 623, No. 119077.

(191) Amari, A; Elboughdiri, N.; Ghernaout, D.; Lajimi, R. H,;
Alshahrani, A. M.; Tahoon, M. A.; Rebah, F. B. Multifunctional
Crosslinked Chitosan/Nitrogen-Doped Graphene Quantum Dot for
Wastewater Treatment. Ain Shams Eng. J. 2021, 12 (4), 4007—4014.

(192) Roy, P.; Periasamy, A. P.; Chuang, C.; Liou, Y.-R.; Chen, Y.-
F.; Joly, J; Liang, C.-T.; Chang, H.-T. Plant Leaf-Derived Graphene
Quantum Dots and Applications for White LEDs. New J. Chem. 2014,
38 (10), 4946—4951.

(193) Yan, Z.; Yang, X.; Lynch, L; Cui, F. Comparative Evaluation of
the Mechanisms of Toxicity of Graphene Oxide and Graphene Oxide
Quantum Dots to Blue-Green Algae Microcystis Aeruginosa in the
Aquatic Environment. J. Hazard. Mater. 2022, 425, No. 127898.

(194) Alone and combined toxicity of ZnO nanoparticles and graphene
quantum dots on microalgae Gymnodinium | SpringerLink. https://link.
springer.com/article/10.1007/s11356-022-19267-y (accessed 2023-
04-15).

(195) Kumawat, M. K.; Thakur, M,; Gurung, R. B,; Srivastava, R.
Graphene Quantum Dots from Mangifera Indica: Application in
Near-Infrared Bioimaging and Intracellular Nanothermometry. ACS
Sustain. Chem. Eng. 2017, § (2), 1382—1391.

(196) Xiao, A,; Wang, C.; Chen, J; Guo, R; Yan, Z; Chen, J.
Carbon and Metal Quantum Dots Toxicity on the Microalgae
Chlorella Pyrenoidosa. Ecotoxicol. Environ. Saf. 2016, 133, 211-217.

(197) Saedi, A.; Moradi, A. M.; Kimiagar, S.; Panahi, H. A. Efficiency
Enhancement of Dye-Sensitized Solar Cells Based on Gracilaria/Ulva
Using Graphene Quantum Dot. Int. J. Environ. Res. 2020, 14 (4),
393—402.

(198) Olmos-Moya, P. M.; Velazquez-Martinez, S.; Pineda-Arellano,
C.; Rangel-Mendez, J. R; Chazaro-Ruiz, L. F. High Added Value
Functionalized Carbon Quantum Dots Synthetized from Orange
Peels by Assisted Microwave Solvothermal Method and Their
Performance as Photosensitizer of Mesoporous TiO2 Photoelectr-
odes. Carbon 2022, 187, 216—229.

(199) Arumugham, T.; Alagumuthu, M.; Amimodu, R. G;
Munusamy, S.; Iyer, S. K. A Sustainable Synthesis of Green Carbon
Quantum Dot (CQD) from Catharanthus Roseus (White Flowering
Plant) Leaves and Investigation of Its Dual Fluorescence Responsive
Behavior in Multi-Ion Detection and Biological Applications. Sustain.
Mater. Technol. 2020, 23, No. e00138.

(200) Varun, T. K; Senani, S.; Jayapal, N.; Chikkerur, J.; Roy, S.;
Tekulapally, V. B.; Gautam, M.; Kumar, N. Extraction of Chitosan

https://doi.org/10.1021/acsomega.3c08883
ACS Omega 2024, 9, 29088—29113


https://doi.org/10.1007/s11051-009-9621-2
https://doi.org/10.1007/s11051-009-9621-2
https://doi.org/10.1021/acs.iecr.9b03345?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b03345?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b03345?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b719528a
https://doi.org/10.1039/b719528a
https://doi.org/10.1016/j.petrol.2020.107002
https://doi.org/10.1016/j.petrol.2020.107002
https://doi.org/10.1016/j.bioorg.2020.103773
https://doi.org/10.1016/j.bioorg.2020.103773
https://doi.org/10.1016/j.bioorg.2020.103773
https://doi.org/10.1021/ja062113+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja062113+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja062113+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jnoncrysol.2009.04.011
https://doi.org/10.1016/j.jnoncrysol.2009.04.011
https://doi.org/10.1016/j.jnoncrysol.2009.04.011
https://doi.org/10.1016/j.gsd.2017.12.007
https://doi.org/10.1016/j.gsd.2017.12.007
https://doi.org/10.1016/j.gsd.2017.12.007
https://doi.org/10.1007/s13205-015-0307-4
https://doi.org/10.1007/s13205-015-0307-4
https://doi.org/10.1007/s13205-015-0307-4
https://doi.org/10.1007/s13205-015-0307-4
https://doi.org/10.1016/j.partic.2013.11.003
https://doi.org/10.1016/j.partic.2013.11.003
https://doi.org/10.1016/j.partic.2013.11.003
https://doi.org/10.1016/j.powtec.2012.04.002
https://doi.org/10.1016/j.powtec.2012.04.002
https://doi.org/10.1063/1.5002317
https://doi.org/10.1063/1.5002317
https://doi.org/10.1002/adma.200401176
https://doi.org/10.1002/adma.200401176
https://doi.org/10.1007/s10971-019-04922-7
https://doi.org/10.1007/s10971-019-04922-7
https://doi.org/10.1007/s10971-019-04922-7
https://doi.org/10.1007/s11671-010-9654-6
https://doi.org/10.1007/s11671-010-9654-6
https://doi.org/10.1016/j.jascer.2015.12.001
https://doi.org/10.1016/j.jascer.2015.12.001
https://doi.org/10.1016/j.jtice.2013.01.019
https://doi.org/10.1016/j.jtice.2013.01.019
https://doi.org/10.1016/j.jtice.2013.01.019
https://pubs-acs-org.inc.bib.cnrs.fr/doi/10.1021/acs.iecr.8b00913
https://pubs-acs-org.inc.bib.cnrs.fr/doi/10.1021/acs.iecr.8b00913
https://onlinelibrary-wiley-com.inc.bib.cnrs.fr/doi/10.1002/anie.201802050
https://onlinelibrary-wiley-com.inc.bib.cnrs.fr/doi/10.1002/anie.201802050
https://doi.org/10.1039/C7TA05123A
https://doi.org/10.1039/C7TA05123A
https://doi.org/10.1039/C7TA05123A
https://doi.org/10.1039/c2cc00110a
https://doi.org/10.1039/c2cc00110a
https://doi.org/10.1039/c2cc00110a
https://doi.org/10.1039/C4TC02536A
https://doi.org/10.1039/C4TC02536A
https://doi.org/10.1039/C4TC02536A
https://onlinelibrary-wiley-com.inc.bib.cnrs.fr/doi/10.1002/ppsc.201300252
https://onlinelibrary-wiley-com.inc.bib.cnrs.fr/doi/10.1002/ppsc.201300252
https://doi.org/10.1016/j.desal.2020.114618
https://doi.org/10.1016/j.desal.2020.114618
https://doi.org/10.1016/j.memsci.2021.119077
https://doi.org/10.1016/j.memsci.2021.119077
https://doi.org/10.1016/j.memsci.2021.119077
https://doi.org/10.1016/j.memsci.2021.119077
https://doi.org/10.1016/j.asej.2021.02.024
https://doi.org/10.1016/j.asej.2021.02.024
https://doi.org/10.1016/j.asej.2021.02.024
https://doi.org/10.1039/C4NJ01185F
https://doi.org/10.1039/C4NJ01185F
https://doi.org/10.1016/j.jhazmat.2021.127898
https://doi.org/10.1016/j.jhazmat.2021.127898
https://doi.org/10.1016/j.jhazmat.2021.127898
https://doi.org/10.1016/j.jhazmat.2021.127898
https://link.springer.com/article/10.1007/s11356-022-19267-y
https://link.springer.com/article/10.1007/s11356-022-19267-y
https://doi.org/10.1021/acssuschemeng.6b01893?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.6b01893?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ecoenv.2016.07.026
https://doi.org/10.1016/j.ecoenv.2016.07.026
https://doi.org/10.1007/s41742-020-00265-2
https://doi.org/10.1007/s41742-020-00265-2
https://doi.org/10.1007/s41742-020-00265-2
https://doi.org/10.1016/j.carbon.2021.11.003
https://doi.org/10.1016/j.carbon.2021.11.003
https://doi.org/10.1016/j.carbon.2021.11.003
https://doi.org/10.1016/j.carbon.2021.11.003
https://doi.org/10.1016/j.carbon.2021.11.003
https://doi.org/10.1016/j.susmat.2019.e00138
https://doi.org/10.1016/j.susmat.2019.e00138
https://doi.org/10.1016/j.susmat.2019.e00138
https://doi.org/10.1016/j.susmat.2019.e00138
https://doi.org/10.14202/vetworld.2017.170-175
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

and Its Oligomers from Shrimp Shell Waste, Their Characterization
and Antimicrobial Effect. Vet. World 2017, 10 (2), 170—178.

(201) Pakizeh, M.; Moradi, A.; Ghassemi, T. Chemical Extraction
and Modification of Chitin and Chitosan from Shrimp Shells. Eur.
Polym. J. 2021, 159, No. 110709.

(202) Islam, A; Islam, M. S; Zakaria, M. U. M. A,; Paul, S. C;
Mamun, A. A. Extraction and Worth Evaluation of Chitosan from
Shrimp and Prawn Co-Products. Am. J. Food Technol. 2019, 15 (1),
43—48.

(203) t]niigiil, T.; Nigiz, F. U. Evaluation of Halloysite Nanotube—
Loaded Chitosan-Based Nanocomposite Membranes for Water
Desalination by Pervaporation. Water. Air. Soil Pollut. 2022, 233
(2), 34.

(204) Omer, A. M,; Dey, R; Eltaweil, A. S.; Abd El-Monaem, E. M.;
Ziora, Z. M. Insights into Recent Advances of Chitosan-Based
Adsorbents for Sustainable Removal of Heavy Metals and Anions.
Arab. ]. Chem. 2022, 15 (2), 103543.

(205) Liang, X. X.; Omer, A. M,; Hu, Z.; Wang, Y.; Yu, D.; Ouyang,
X. Efficient Adsorption of Diclofenac Sodium from Aqueous Solutions
Using Magnetic Amine-Functionalized Chitosan. Chemosphere 2019,
217, 270-278. 3

(206) Solano, R. A;; De Leén, L. D.; De Avila, G.; Herrera, A. P.
Polycyclic Aromatic Hydrocarbons (PAHs) Adsorption from
Aqueous Solution Using Chitosan Beads Modified with Thiourea,
TiO2 and Fe304 Nanoparticles. Environ. Technol. Innov. 2021, 21,
No. 101378.

(207) Liakos, E. V.; Lazaridou, M.; Michailidou, G.; Koumentakou,
L; Lambropoulou, D. A; Bikiaris, D. N.; Kyzas, G. Z. Chitosan
Adsorbent Derivatives for Pharmaceuticals Removal from Effluents: A
Review. Macromol. 2021, 1 (2), 130—154.

(208) Mu, B.; Wu, Q.; Xu, L.; Yang, Y. A Sustainable Approach to
Synchronous Improvement of Wet-Stability and Toughness of
Chitosan Films. Food Hydrocoll. 2022, 123, No. 107138.

(209) Karimi-Maleh, H.; Ranjbari, S.; Tanhaei, B.; Ayati, A.; Orooji,
Y.; Alizadeh, M.; Karimi, F.; Salmanpour, S.; Rouhi, J.; Sillanpii, M.;
Sen, F. Novel 1-Butyl-3-Methylimidazolium Bromide Impregnated
Chitosan Hydrogel Beads Nanostructure as an Efficient Nanobio-
Adsorbent for Cationic Dye Removal: Kinetic Study. Environ. Res.
2021, 195, No. 110809.

(210) Mousavi, S. R; Asghari, M.; Mahmoodi, N. M. Chitosan-
Wrapped Multiwalled Carbon Nanotube as Filler within PEBA Thin
Film Nanocomposite (TFN) Membrane to Improve Dye Removal.
Carbohydr. Polym. 2020, 237, No. 116128.

(211) El-saied, H. A; Motawea, E. A.-T. Optimization and
Adsorption Behavior of Nanostructured NiFe204/Poly AMPS
Grafted Biopolymer. J. Polym. Environ. 2020, 28 (9), 2335—2351.

(212) Liy, J; Zhou, B.; Zhang, H; Ma, J.; Mu, B.; Zhang, W. A
Novel Biochar Modified by Chitosan-Fe/S for Tetracycline
Adsorption and Studies on Site Energy Distribution. Bioresour.
Technol. 2019, 294, No. 122152.

(213) Zou, P; Yang, X.; Wang, J.; Li, Y,; Yu, H.; Zhang, Y; Liu, G.
Advances in Characterisation and Biological Activities of Chitosan
and Chitosan Oligosaccharides. Food Chem. 2016, 190, 1174—1181.

(214) Kaushal, J.; Seema; Singh, G.; Arya, S. K. Immobilization of
Catalase onto Chitosan and Chitosan—Bentonite Complex: A
Comparative Study. Biotechnol. Rep. 2018, 18, No. e00258.

(215) Zhang, W.; Wang, H.; Hu, X,; Feng, H.; Xiong, W.; Guo, W,;
Zhou, J; Mosa, A; Peng, Y. Multicavity Triethylenetetramine-
Chitosan/Alginate Composite Beads for Enhanced Cr(VI) Removal.
J. Clean. Prod. 2019, 231, 733—745.

(216) Upadhyay, U.; Sreedhar, L; Singh, S. A.; Patel, C. M.; Anitha,
K. L. Recent Advances in Heavy Metal Removal by Chitosan Based
Adsorbents. Carbohydr. Polym. 2021, 251, No. 117000.

(217) Liu, L; Yang, W; Gu, D.; Zhao, X; Pan, Q. In Situ
Preparation of Chitosan/ZIF-8 Composite Beads for Highly Efficient
Removal of U(VI). Front. Chem. 2019, 7, 1.

(218) Gokila, S.; Gomathi, T.; Sudha, P. N.; Anil, S. Removal of the
Heavy Metal Ion Chromiuim(VI) Using Chitosan and Alginate
Nanocomposites. Int. J. Biol. Macromol. 2017, 104, 1459—1468.

(219) Spoiala, A; Ilie, C.-I; Ficai, D.; Ficai, A;; Andronescu, E.
Chitosan-Based Nanocomposite Polymeric Membranes for Water
Purification—A Review. Materials 2021, 14 (9), 2091.

(220) Shafi, Q. L; Ihsan, H.; Hao, Y.; Wu, X.; Ullah, N.; Younas, M.;
He, B.; Rezakazemi, M. Multi-Ionic Electrolytes and E.Coli Removal
from Wastewater Using Chitosan-Based in-Situ Mediated Thin Film
Composite Nanofiltration Membrane. J. Environ. Manage. 2021, 294,
No. 112996.

(221) Kayani, A;; Raza, M. A; Raza, A,; Hussain, T.; Akram, M. S.;
Sabir, A.; Islam, A.; Haider, B.; Khan, R. U.; Park, S. H. Effect of
Varying Amount of Polyethylene Glycol (PEG-600) and 3-Amino-
propyltriethoxysilane on the Properties of Chitosan Based Reverse
Osmosis Membranes. Int. J. Mol. Sci. 2021, 22 (5), 2290.

(222) Kumar, A. S. K; Jiang, S.-J. Chitosan-Functionalized
Graphene Oxide: A Novel Adsorbent an Efficient Adsorption of
Arsenic from Aqueous Solution. J. Environ. Chem. Eng. 2016, 4 (2),
1698—1713.

(223) Ihsanullah. Carbon Nanotube Membranes for Water
Purification: Developments, Challenges, and Prospects for the Future.
Sep. Purif. Technol. 2019, 209, 307—337.

(224) da Silva Alves, D. C.; Healy, B;; Pinto, L. A. d. A;; Cadaval, T.
R. S. A; Breslin, C. B. Recent Developments in Chitosan-Based
Adsorbents for the Removal of Pollutants from Aqueous Environ-
ments. Molecules 2021, 26 (3), 594.

(225) Saha, S.; Zubair, M.; Khosa, M. A.; Song, S.; Ullah, A. Keratin
and Chitosan Biosorbents for Wastewater Treatment: A Review. J.
Polym. Environ. 2019, 27 (7), 1389—1403.

(226) Ma, B.; Qiao, X.; Hou, X; Yang, Y. Pure Keratin Membrane
and Fibers from Chicken Feather. Int. J. Biol. Macromol. 2016, 89,
614—621.

(227) Mekonnen, T.; Mussone, P.; Khalil, H.; Bressler, D. Progress
in Bio-Based Plastics and Plasticizing Modifications. J. Mater. Chem. A
2013, 1 (43), 13379—13398.

(228) Khosa, M. A; Ullah, A. In-Situ Modification, Regeneration,
and Application of Keratin Biopolymer for Arsenic Removal. J.
Hazard. Mater. 2014, 278, 360—371.

(229) Kar, P.; Misra, M. Use of Keratin Fiber for Separation of
Heavy Metals from Water. J. Chem. Technol. Biotechnol. 2004, 79 (11),
1313—13109.

(230) Sun, P; Liu, Z.-T.; Liu, Z.-W. Chemically Modified Chicken
Feather as Sorbent for Removing Toxic Chromium(VI) Ions. Ind.
Eng. Chem. Res. 2009, 48 (14), 6882—6889.

(231) Khosa, M. A; Wu, J; Ullah, A. Chemical Modification,
Characterization, and Application of Chicken Feathers as Novel
Biosorbents. RSC Adv. 2013, 3 (43), 20800—20810.

(232) Ganesan, S; Sivam, S.; Elancheziyan, M.; Senthilkumar, S.;
Ramakrishan, S. G.; Soundappan, T.; Ponnusamy, V. K. Novel
Delipidated Chicken Feather Waste-Derived Carbon-Based Molybde-
num Ozxide Nanocomposite as Efficient Electrocatalyst for Rapid
Detection of Hydroquinone and Catechol in Environmental Waters.
Environ. Pollut. 2022, 293, No. 118556.

(233) Zeghoud, S.; Hemmami, H.; Ben Seghir, B.; Ben Amor, 1;
Kouadri, L; Rebiai, A.; Messaoudi, M.; Ahmed, S.; Pohl, P.; Simal-
Gandara, J. A Review on Biogenic Green Synthesis of ZnO
Nanoparticles by Plant Biomass and Their Applications. Mater.
Today Commun. 2022, 33, No. 104747.

(234) Jain, P.; Pradeep, T. Potential of Silver Nanoparticle-Coated
Polyurethane Foam as an Antibacterial Water Filter. Biotechnol.
Bioeng. 2005, 90 (1), S9—63.

(235) Das, C. G. A;; Kumar, V. G.; Dhas, T. S.; Karthick, V.;
Govindaraju, K; Joselin, J. M.; Baalamurugan, J. Antibacterial Activity
of Silver Nanoparticles (Biosynthesis): A Short Review on Recent
Advances. Biocatal. Agric. Biotechnol. 2020, 27, No. 101593.

(236) Minhas, F. T.; Arslan, G.; Gubbuk, I. H.; Akkoz, C.; Ozturk, B.
Y.; Asikkutlu, B.; Arslan, U.; Ersoz, M. Evaluation of Antibacterial
Properties on Polysulfone Composite Membranes Using Synthesized
Biogenic Silver Nanoparticles with Ulva Compressa (L.) Kiitz. and
Cladophora Glomerata (L.) Kiitz. Extracts. Int. ]. Biol. Macromol.
2018, 107, 157—165.

https://doi.org/10.1021/acsomega.3c08883
ACS Omega 2024, 9, 29088—29113


https://doi.org/10.14202/vetworld.2017.170-175
https://doi.org/10.14202/vetworld.2017.170-175
https://doi.org/10.1016/j.eurpolymj.2021.110709
https://doi.org/10.1016/j.eurpolymj.2021.110709
https://doi.org/10.3923/ajft.2020.43.48
https://doi.org/10.3923/ajft.2020.43.48
https://doi.org/10.1007/s11270-022-05505-z
https://doi.org/10.1007/s11270-022-05505-z
https://doi.org/10.1007/s11270-022-05505-z
https://doi.org/10.1016/j.arabjc.2021.103543
https://doi.org/10.1016/j.arabjc.2021.103543
https://doi.org/10.1016/j.chemosphere.2018.11.023
https://doi.org/10.1016/j.chemosphere.2018.11.023
https://doi.org/10.1016/j.eti.2021.101378
https://doi.org/10.1016/j.eti.2021.101378
https://doi.org/10.1016/j.eti.2021.101378
https://doi.org/10.3390/macromol1020011
https://doi.org/10.3390/macromol1020011
https://doi.org/10.3390/macromol1020011
https://doi.org/10.1016/j.foodhyd.2021.107138
https://doi.org/10.1016/j.foodhyd.2021.107138
https://doi.org/10.1016/j.foodhyd.2021.107138
https://doi.org/10.1016/j.envres.2021.110809
https://doi.org/10.1016/j.envres.2021.110809
https://doi.org/10.1016/j.envres.2021.110809
https://doi.org/10.1016/j.carbpol.2020.116128
https://doi.org/10.1016/j.carbpol.2020.116128
https://doi.org/10.1016/j.carbpol.2020.116128
https://doi.org/10.1007/s10924-020-01774-z
https://doi.org/10.1007/s10924-020-01774-z
https://doi.org/10.1007/s10924-020-01774-z
https://doi.org/10.1016/j.biortech.2019.122152
https://doi.org/10.1016/j.biortech.2019.122152
https://doi.org/10.1016/j.biortech.2019.122152
https://doi.org/10.1016/j.foodchem.2015.06.076
https://doi.org/10.1016/j.foodchem.2015.06.076
https://doi.org/10.1016/j.btre.2018.e00258
https://doi.org/10.1016/j.btre.2018.e00258
https://doi.org/10.1016/j.btre.2018.e00258
https://doi.org/10.1016/j.jclepro.2019.05.219
https://doi.org/10.1016/j.jclepro.2019.05.219
https://doi.org/10.1016/j.carbpol.2020.117000
https://doi.org/10.1016/j.carbpol.2020.117000
https://doi.org/10.3389/fchem.2019.00607
https://doi.org/10.3389/fchem.2019.00607
https://doi.org/10.3389/fchem.2019.00607
https://doi.org/10.1016/j.ijbiomac.2017.05.117
https://doi.org/10.1016/j.ijbiomac.2017.05.117
https://doi.org/10.1016/j.ijbiomac.2017.05.117
https://doi.org/10.3390/ma14092091
https://doi.org/10.3390/ma14092091
https://doi.org/10.1016/j.jenvman.2021.112996
https://doi.org/10.1016/j.jenvman.2021.112996
https://doi.org/10.1016/j.jenvman.2021.112996
https://doi.org/10.3390/ijms22052290
https://doi.org/10.3390/ijms22052290
https://doi.org/10.3390/ijms22052290
https://doi.org/10.3390/ijms22052290
https://doi.org/10.1016/j.jece.2016.02.035
https://doi.org/10.1016/j.jece.2016.02.035
https://doi.org/10.1016/j.jece.2016.02.035
https://doi.org/10.1016/j.seppur.2018.07.043
https://doi.org/10.1016/j.seppur.2018.07.043
https://doi.org/10.3390/molecules26030594
https://doi.org/10.3390/molecules26030594
https://doi.org/10.3390/molecules26030594
https://doi.org/10.1007/s10924-019-01439-6
https://doi.org/10.1007/s10924-019-01439-6
https://doi.org/10.1016/j.ijbiomac.2016.04.039
https://doi.org/10.1016/j.ijbiomac.2016.04.039
https://doi.org/10.1039/c3ta12555f
https://doi.org/10.1039/c3ta12555f
https://doi.org/10.1016/j.jhazmat.2014.06.023
https://doi.org/10.1016/j.jhazmat.2014.06.023
https://doi.org/10.1002/jctb.1132
https://doi.org/10.1002/jctb.1132
https://doi.org/10.1021/ie900106h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie900106h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C3RA43787F
https://doi.org/10.1039/C3RA43787F
https://doi.org/10.1039/C3RA43787F
https://doi.org/10.1016/j.envpol.2021.118556
https://doi.org/10.1016/j.envpol.2021.118556
https://doi.org/10.1016/j.envpol.2021.118556
https://doi.org/10.1016/j.envpol.2021.118556
https://doi.org/10.1016/j.mtcomm.2022.104747
https://doi.org/10.1016/j.mtcomm.2022.104747
https://doi.org/10.1002/bit.20368
https://doi.org/10.1002/bit.20368
https://doi.org/10.1016/j.bcab.2020.101593
https://doi.org/10.1016/j.bcab.2020.101593
https://doi.org/10.1016/j.bcab.2020.101593
https://doi.org/10.1016/j.ijbiomac.2017.08.149
https://doi.org/10.1016/j.ijbiomac.2017.08.149
https://doi.org/10.1016/j.ijbiomac.2017.08.149
https://doi.org/10.1016/j.ijbiomac.2017.08.149
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

(237) Moodley, J. S; Krishna, S. B. N; Pillay, K; Sershen;
Govender, P. Green Synthesis of Silver Nanoparticles from Moringa
Oleifera Leaf Extracts and Its Antimicrobial Potential. Adv. Nat. Sci.
Nanosci. Nanotechnol. 2018, 9 (1), No. 015011.

(238) Zhu, X.; Pathakoti, K;; Hwang, H.-M. Green Synthesis of
Titanium Dioxide and Zinc Oxide Nanoparticles and Their Usage for
Antimicrobial Applications and Environmental Remediation. In Green
Synthesis, Characterization and Applications of Nanoparticles; Elsevier:
2019; pp 223—263. DOI: 10.1016/B978-0-08-102579-6.00010-1.

(239) Prakash, J.; Cho, J.; Mishra, Y. K. Photocatalytic TiO,
Nanomaterials as Potential Antimicrobial and Antiviral Agents:
Scope against Blocking the SARS-COV-2 Spread. Micro Nano Eng.
2022, 14, No. 100100.

(240) Rani, M.; Shanker, U. 2 - Green Synthesis of TiO2 and Its
Photocatalytic Activity. In Handbook of Smart Photocatalytic Materials;
Mustansar Hussain, C., Mishra, A. K., Eds.; Elsevier: 2020; pp 11—-61.
DOI: 10.1016/B978-0-12-819051-7.00002-6.

(241) Muniandy, S. S.; Kaus, N. H. M; Jiang, Z.-T.; Altarawneh, M.;
Lee, H. L. Green Synthesis of Mesoporous Anatase TiO, Nano-
particles and Their Photocatalytic Activities. RSC Adv. 2017, 7 (76),
48083—48094.

(242) Shen, C.; Pang, K; Du, L; Luo, G. Green Synthesis and
Enhanced Photocatalytic Activity of Ce-Doped TiO2 Nanoparticles
Supported on Porous Glass. Particuology 2017, 34, 103—109.

(243) Zheng, Y.; Fu, L.; Han, F.; Wang, A.; Cai, W.; Yy, J; Yang, J;
Peng, F. Green Biosynthesis and Characterization of Zinc Oxide
Nanoparticles Using Corymbia Citriodora Leaf Extract and Their
Photocatalytic Activity. Green Chem. Lett. Rev. 2015, 8 (2), 59—63.

(244) Kumar, B.; Smita, K.; Cumbal, L.; Debut, A. Green Approach
for Fabrication and Applications of Zinc Oxide Nanoparticles.
Bioinorg. Chem. Appl. 2014, 2014, No. e523869.

(245) Darroudi, M.; Sabouri, Z.; Kazemi Oskuee, R.; Khorsand Zak,
A.; Kargar, H.,; Hamid, M. H. N. A. Sol—Gel Synthesis, Character-
ization, and Neurotoxicity Effect of Zinc Oxide Nanoparticles Using
Gum Tragacanth. Ceram. Int. 2013, 39 (8), 9195-9199.

(246) Ling, L.-L.; Liu, W.-J.; Zhang, S.; Jiang, H. Magnesium Oxide
Embedded Nitrogen Self-Doped Biochar Composites: Fast and High-
Efficiency Adsorption of Heavy Metals in an Aqueous Solution.
Environ. Sci. Technol. 2017, 51 (17), 10081—10089.

(247) Plachtové, P.; Mediikova, Z.; Zboril, R.; Tucek, J.; Varma, R.
S.; Marsélek, B. Iron and Iron Oxide Nanoparticles Synthesized with
Green Tea Extract: Differences in Ecotoxicological Profile and Ability
to Degrade Malachite Green. ACS Sustain. Chem. Eng. 2018, 6 (7),
8679—8687.

(248) Darwish, M. S. A; Kim, H.; Lee, H,; Ryu, C.; Young Lee, J.;
Yoon, ]. Engineering Core-Shell Structures of Magnetic Ferrite
Nanoparticles for High Hyperthermia Performance. Nanomaterials
2020, 10 (S), 991.

(249) Khurshid, H.; Hadjipanayis, C. G.; Chen, H; Li, W.; Mao, H,;
Machaidze, R.; Tzitzios, V.; Hadjipanayis, G. C. Core/Shell
Structured Iron/Iron-Oxide Nanoparticles as Excellent MRI Contrast
Enhancement Agents. J. Magn. Magn. Mater. 2013, 331, 17—20.

(250) Zhou, Y,; Gao, B.; Zimmerman, A. R;; Chen, H.; Zhang, M;
Cao, X. Biochar-Supported Zerovalent Iron for Removal of Various
Contaminants from Aqueous Solutions. Bioresour. Technol. 2014, 152,
538—542.

(251) Cai, Y.; Du, Y.; Wang, Y.; Song, J.; Liu, B.; Zhang, C.; Qiu, M.
Adsorption of Copper Ions in Aqueous Solution by Montmorillonite-
Biochar Composite. Nat. Environ. Pollut. Technol. 2019, 18 (4).1

(252) Wang, B,; Zhu, C.; Ai, D.; Fan, Z. Activation of Persulfate by
Green Nano-Zero-Valent Iron-Loaded Biochar for the Removal of p-
Nitrophenol: Performance, Mechanism and Variables Effects. J.
Hazard. Mater. 2021, 417, No. 126106.

(253) Nasrollahzadeh, M.; Sajjadi, M.; Dasmeh, H. R; Sajadi, S. M.
Green Synthesis of the Cu/Sodium Borosilicate Nanocomposite and
Investigation of Its Catalytic Activity. J. Alloys Compd. 2018, 763,
1024—1034.

(254) Parial, D.; Pal, R. Green Synthesis of Gold Nanoparticles
Using Cyanobacteria and Their Characterization. Indian J. Appl. Res.
2011, 4 (1), 69-72.

(255) Kumar, P.; Selvi, S. S.; Prabha, A. L; Kumar, K. P,
Ganeshkumar, R. S,; Govindaraju, M. Synthesis of Silver Nano-
particles from Sargassum Tenerrimum and Screening Phytochemicals
for Its Antibacterial Activity. Nano Biomed. Eng. 2012, 4 (1), 12—16.

(256) Singh, P.; Singh, K. R;; Verma, R.; Singh, J.; Singh, R. P.
Efficient Electro-Optical Characteristics of Bioinspired Iron Oxide
Nanoparticles Synthesized by Terminalia Chebula Dried Seed Extract.
Mater. Lett. 2022, 307, No. 131053.

(257) Singaravelu, G.; Arockiamary, J. S.; Kumar, V. G
Govindaraju, K. A Novel Extracellular Synthesis of Monodisperse
Gold Nanoparticles Using Marine Alga, Sargassum Wightii Greville.
Colloids Surf. B Biointerfaces 2007, 57 (1), 97—101.

(258) Samuel, M. S.; Selvarajan, E.; Mathimani, T.; Santhanam, N;
Phuong, T. N.; Brindhadevi, K.; Pugazhendhi, A. Green Synthesis of
Cobalt-Oxide Nanoparticle Using Jumbo Muscadine (Vitis Rotundi-
folia): Characterization and Photo-Catalytic Activity of Acid Blue-74.
J. Photochem. Photobiol, B 2020, 211, No. 112011.

(259) Ali, T.; Warsi, M. F; Zulfigar, S.; Sami, A.; Ullah, S.; Rasheed,
A,; Alsafari, I. A,; Agboola, P. O.; Shakir, I; Baig, M. M. Green
Nickel/Nickel Oxide Nanoparticles for Prospective Antibacterial and
Environmental Remediation Applications. Ceram. Int. 2022, 48 (6),
8331—8340.

(260) Ahmad, A.; Senapati, S.; Khan, M. L; Kumar, R.; Ramani, R;;
Srinivas, V.; Sastry, M. Intracellular Synthesis of Gold Nanoparticles
by a Novel Alkalotolerant Actinomycete, Rhodococcus Species.
Nanotechnology 2003, 14 (7), 824—828.

(261) Fernandez-Llamosas, H.; Castro, L.; Blizquez, M. L.; Diaz, E.;
Carmona, M. Biosynthesis of Selenium Nanoparticles by Azoarcus Sp.
CIB. Microb. Cell Factories 2016, 15 (1), 109.

(262) Lengke, M. F.; Fleet, M. E.; Southam, G. Synthesis of
Platinum Nanoparticles by Reaction of Filamentous Cyanobacteria
with Platinum(IV)—Chloride Complex. Langmuir 2006, 22 (17),
7318—7323.

(263) Ahmad, A.; Mukherjee, P.; Mandal, D.; Senapati, S.; Khan, M.
I; Kumar, R.; Sastry, M. Enzyme Mediated Extracellular Synthesis of
CdS Nanoparticles by the Fungus, Fusarium Oxysporum. J. Am.
Chem. Soc. 2002, 124 (41), 12108—12109.

(264) Li, D.; Lyon, D. Y;; Li, Q; Alvarez, P. J. J. Effect of Soil
Sorption and Aquatic Natural Organic Matter on the Antibacterial
Activity of a Fullerene Water Suspension. Environ. Toxicol. Chem.
2008, 27 (9), 1888—1894.

(265) Elmi, F.; Alinezhad, H.; Moulana, Z.; Salehian, F.; Mohseni
Tavakkoli, S.; Asgharpour, F.; Fallah, H.; Elmi, M. M. The Use of
Antibacterial Activity of ZnO Nanoparticles in the Treatment of
Municipal Wastewater. Water Sci. Technol. J. Int. Assoc. Water Pollut.
Res. 2014, 70 (5), 763—770.

(266) Wu, Z.-C.; Zhang, Y.; Tao, T.-X.; Zhang, L.; Fong, H. Silver
Nanoparticles on Amidoxime Fibers for Photo-Catalytic Degradation
of Organic Dyes in Waste Water. Appl. Surf. Sci. 2010, 257 (3),
1092—-1097.

(267) Zhang, K; Kemp, K. C; Chandra, V. Homogeneous
Anchoring of TiO2 Nanoparticles on Graphene Sheets for Waste
‘Water Treatment. Mater. Lett. 2012, 81, 127—130.

(268) Zhang, C.; Sui, J.; Li, J.; Tang, Y.; Cai, W. Efficient Removal of
Heavy Metal Ions by Thiol-Functionalized Superparamagnetic
Carbon Nanotubes. Chem. Eng. J. 2012, 210, 45—52.

(269) Theron, J.; Walker, J. A.; Cloete, T. E. Nanotechnology and
Water Treatment: Applications and Emerging Opportunities. Crit.
Rev. Microbiol. 2008, 34 (1), 43—69.

(270) Srivastava, A.; Srivastava, O. N; Talapatra, S.; Vajtai, R;
Ajayan, P. M. Carbon Nanotube Filters. Nat. Mater. 2004, 3 (9),
610—614.

(271) Catalytic Membranes Prepared Using Layer-by-Layer Adsorption
of Polyelectrolyte/Metal Nanoparticle Films in Porous Supports | Nano
Letters. https://pubs-acs-org.inc.bib.cnrs.fr/doi/10.1021/nl061700q
(accessed 2023-04-15).

https://doi.org/10.1021/acsomega.3c08883
ACS Omega 2024, 9, 29088—29113


https://doi.org/10.1088/2043-6254/aaabb2
https://doi.org/10.1088/2043-6254/aaabb2
https://doi.org/10.1016/B978-0-08-102579-6.00010-1
https://doi.org/10.1016/B978-0-08-102579-6.00010-1
https://doi.org/10.1016/B978-0-08-102579-6.00010-1
https://doi.org/10.1016/B978-0-08-102579-6.00010-1?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.mne.2021.100100
https://doi.org/10.1016/j.mne.2021.100100
https://doi.org/10.1016/j.mne.2021.100100
https://doi.org/10.1016/B978-0-12-819051-7.00002-6
https://doi.org/10.1016/B978-0-12-819051-7.00002-6
https://doi.org/10.1016/B978-0-12-819051-7.00002-6?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7RA08187A
https://doi.org/10.1039/C7RA08187A
https://doi.org/10.1016/j.partic.2017.01.007
https://doi.org/10.1016/j.partic.2017.01.007
https://doi.org/10.1016/j.partic.2017.01.007
https://doi.org/10.1080/17518253.2015.1075069
https://doi.org/10.1080/17518253.2015.1075069
https://doi.org/10.1080/17518253.2015.1075069
https://doi.org/10.1155/2014/523869
https://doi.org/10.1155/2014/523869
https://doi.org/10.1016/j.ceramint.2013.05.021
https://doi.org/10.1016/j.ceramint.2013.05.021
https://doi.org/10.1016/j.ceramint.2013.05.021
https://doi.org/10.1021/acs.est.7b02382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b02382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b02382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b00986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b00986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b00986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/nano10050991
https://doi.org/10.3390/nano10050991
https://doi.org/10.1016/j.jmmm.2012.10.049
https://doi.org/10.1016/j.jmmm.2012.10.049
https://doi.org/10.1016/j.jmmm.2012.10.049
https://doi.org/10.1016/j.biortech.2013.11.021
https://doi.org/10.1016/j.biortech.2013.11.021
https://doi.org/10.1016/j.jhazmat.2021.126106
https://doi.org/10.1016/j.jhazmat.2021.126106
https://doi.org/10.1016/j.jhazmat.2021.126106
https://doi.org/10.1016/j.jallcom.2018.05.012
https://doi.org/10.1016/j.jallcom.2018.05.012
https://doi.org/10.15373/2249555X/JAN2014/22
https://doi.org/10.15373/2249555X/JAN2014/22
https://doi.org/10.5101/nbe.v4i1.p12-16
https://doi.org/10.5101/nbe.v4i1.p12-16
https://doi.org/10.5101/nbe.v4i1.p12-16
https://doi.org/10.1016/j.matlet.2021.131053
https://doi.org/10.1016/j.matlet.2021.131053
https://doi.org/10.1016/j.colsurfb.2007.01.010
https://doi.org/10.1016/j.colsurfb.2007.01.010
https://doi.org/10.1016/j.jphotobiol.2020.112011
https://doi.org/10.1016/j.jphotobiol.2020.112011
https://doi.org/10.1016/j.jphotobiol.2020.112011
https://doi.org/10.1016/j.ceramint.2021.12.039
https://doi.org/10.1016/j.ceramint.2021.12.039
https://doi.org/10.1016/j.ceramint.2021.12.039
https://doi.org/10.1088/0957-4484/14/7/323
https://doi.org/10.1088/0957-4484/14/7/323
https://doi.org/10.1186/s12934-016-0510-y
https://doi.org/10.1186/s12934-016-0510-y
https://doi.org/10.1021/la060873s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la060873s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la060873s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja027296o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja027296o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1897/07-548.1
https://doi.org/10.1897/07-548.1
https://doi.org/10.1897/07-548.1
https://doi.org/10.2166/wst.2014.232
https://doi.org/10.2166/wst.2014.232
https://doi.org/10.2166/wst.2014.232
https://doi.org/10.1016/j.apsusc.2010.08.022
https://doi.org/10.1016/j.apsusc.2010.08.022
https://doi.org/10.1016/j.apsusc.2010.08.022
https://doi.org/10.1016/j.matlet.2012.05.002
https://doi.org/10.1016/j.matlet.2012.05.002
https://doi.org/10.1016/j.matlet.2012.05.002
https://doi.org/10.1016/j.cej.2012.08.062
https://doi.org/10.1016/j.cej.2012.08.062
https://doi.org/10.1016/j.cej.2012.08.062
https://doi.org/10.1080/10408410701710442
https://doi.org/10.1080/10408410701710442
https://doi.org/10.1038/nmat1192
https://pubs-acs-org.inc.bib.cnrs.fr/doi/10.1021/nl061700q
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

(272) Zhang, X; Du, A. J.; Lee, P.; Sun, D. D.; Leckie, J. O. TiO2
Nanowire Membrane for Concurrent Filtration and Photocatalytic
Oxidation of Humic Acid in Water. J. Membr. Sci. 2008, 313 (1), 44—
S1.

(273) Gubin, S. P.; Koksharov, Y. A.; Khomutov, G. B.; Yurkov, G.
Y. Magnetic Nanoparticles: Preparation, Structure and Properties.
Russ. Chem. Rev. 2005, 74 (6), 489.

(274) Tyagi, I; Gupta, V. K; Sadegh, H.; Ghoshekandi, R. S.;
Makhlouf, A. S. H. Nanoparticles as Adsorbent; a Positive Approach
for Removal of Noxious Metal Ions: A Review. Sci. Technol. Dev.
2017, 34 (3), 195—214.

(275) Dutta, A. K.; Maji, S. K.; Adhikary, B. y-Fe203 Nanoparticles:
An Easily Recoverable Effective Photo-Catalyst for the Degradation of
Rose Bengal and Methylene Blue Dyes in the Waste-Water Treatment
Plant. Mater. Res. Bull. 2014, 49, 28—34.

(276) Ma, H,; Wang, H.,; Na, C. Microwave-Assisted Optimization
of Platinum-Nickel Nanoalloys for Catalytic Water Treatment. Appl.
Catal. B Environ. 2015, 163, 198—204.

(277) Altmann, J.; Zietzschmann, F.; Geiling, E.-L.; Ruhl, A. S,;
Sperlich, A.; Jekel, M. Impacts of Coagulation on the Adsorption of
Organic Micropollutants onto Powdered Activated Carbon in Treated
Domestic Wastewater. Chemosphere 2015, 125, 198—204.

(278) Katrivesis, F. K; Karela, A. D.; Papadakis, V. G.; Paraskeva, C.
A. Revisiting of Coagulation-Flocculation Processes in the Production
of Potable Water. . Water Process Eng. 2019, 27, 193—204.

(279) Liu, F.; Zhang, C.; Zhao, T; Zu, Y.; Wu, X; Li, B,; Xing, X;
Niu, J.; Chen, X,; Qin, C. Effects of Phosphate on the Dispersion
Stability and Coagulation/Flocculation/Sedimentation Removal
Efficiency of Anatase Nanoparticles. Chemosphere 2019, 224, 580—
587.

(280) Guo, D,; Wang, H.; Fu, P.,; Huang, Y.; Liu, Y.; Lv, W.; Wang,
F. Diatomite Precoat Filtration for Wastewater Treatment: Filtration
Performance and Pollution Mechanisms. Chem. Eng. Res. Des. 2018,
137, 403—411.

(281) A review of nano-based materials used as flocculants for water
treatment | SpringerLink. https://link.springer.com/article/10.1007/
§13762-020-02723-y (accessed 2023-04-15).

(282) Sun, B.; Zhang, M.; Hou, Q; Liu, R;; Wu, T.; Si, C. Further
Characterization of Cellulose Nanocrystal (CNC) Preparation from
Sulfuric Acid Hydrolysis of Cotton Fibers. Cellulose 2016, 23 (1),
439—450.

(283) Suopajirvi, T.; Liimatainen, H.; Karjalainen, M.; Upola, H,;
Niiniméki, J. Lead Adsorption with Sulfonated Wheat Pulp Nano-
celluloses. J. Water Process Eng. 20185, S, 136—142.

(284) Liu, J.; Li, P.; Xiao, H.,; Zhang, Y.; Shi, X;; Lii, X; Chen, X.
Understanding Flocculation Mechanism of Graphene Oxide for
Organic Dyes from Water: Experimental and Molecular Dynamics
Simulation. AIP Adv. 2015, S (11), No. 117151.

(285) Biswas, M. C.; Rangari, V. K. 16 - Highly Porous Carbon
Nanoparticles from Biowaste for Wastewater Treatment. In Nano-
Bioremediation: Fundamentals and Applications; Igbal, H. M. N., Bilal,
M., Nguyen, T. A, Eds; Elsevier: 2022; Micro and Nano
Technologies, pp 339-361. DOI: 10.1016/B978-0-12-823962-
9.00009-X.

(286) Wu, S; Shi, W.; Li, K; Cai, J.; Chen, L. Recent Advances on
Sustainable Bio-Based Materials for Water Treatment: Fabrication,
Modification and Application. J. Environ. Chem. Eng. 2022, 10 (6),
No. 108921.

(287) Sustainability | Free Full-Text | Bio-Based Polymeric Flocculants
and Adsorbents for Wastewater Treatment. https://www.mdpi.com/
2071-1050/15/12/9844 (accessed 2024-03-14).

(288) Hussain, A.; Kumari, R.; Sachan, S. G.; Sachan, A. Chapter 8 -
Biological Wastewater Treatment Technology: Advancement and
Drawbacks. In Microbial Ecology of Wastewater Treatment Plants; Shah,
M., Rodriguez-Couto, S., Eds.; Elsevier: 2021; pp 175—192.
DOI: 10.1016/B978-0-12-822503-5.00002-3.

(289) Zoomi, I; Kehri, H. K.; Akhtar, O.; Pandey, D.; Singh, U,;
Chaudhary, K. L.; Narayan, R. P. Chapter 13 - Biological Wastewater
Treatment Technology: Advancements and Drawbacks. In Microbial

Ecology of Wastewater Treatment Plants; Shah, M., Rodriguez-Couto,
S., Eds.; Elsevier: 2021; pp 269—278. DOI: 10.1016/B978-0-12-
822503-5.00004-7.

(290) Gupta, V. K; Alj, I. Chapter 7 - Wastewater Treatment by
Biological Methods. In Environmental Water; Gupta, V. K, Alj, I,
Eds.; Elsevier: 2013; pp 179—204. DOI: 10.1016/B978-0-444-59399-
3.00007-6.

(291) Pros & Cons of Biological Wastewater Treatments. Sciencing.
https://sciencing.com/pros-cons-biological-wastewater-treatments-
24030.html (accessed 2024-03-14).

(292) Gonzélez, D.; Amigo, J.; Sudrez, F. Membrane Distillation:
Perspectives for Sustainable and Improved Desalination. Renew.
Sustain. Energy Rev. 2017, 80, 238—259.

(293) Biniaz, P.; Torabi Ardekani, N.; Makarem, M. A.; Rahimpour,
M. R. Water and Wastewater Treatment Systems by Novel Integrated
Membrane Distillation (MD). ChemEngineering 2019, 3 (1), 8.

(294) Ma, Q; Ahmadi, A; Cabassud, C. Direct Integration of a
Vacuum Membrane Distillation Module within a Solar Collector for
Small-Scale Units Adapted to Seawater Desalination in Remote
Places: Design, Modeling & Evaluation of a Flat-Plate Equipment. J.
Membr. Sci. 2018, 564, 617—633.

(295) Ozbey-Unal, B.; Imer, D. Y.; Keskinler, B.; Koyuncu, L. Boron
Removal from Geothermal Water by Air Gap Membrane Distillation.
Desalination 2018, 433, 141—150.

(296) Ali, A.; Tufa, R. A.;; Macedonio, F.; Curcio, E.; Drioli, E.
Membrane Technology in Renewable-Energy-Driven Desalination.
Renew. Sustain. Energy Rev. 2018, 81, 1-21.

(297) Khayet, M. Membranes and Theoretical Modeling of
Membrane Distillation: A Review. Adv. Colloid Interface Sci. 2011,
164 (1), 56—88.

(298) Ali, A; Tsai, J.-H.; Tung, K-L.; Drioli, E.; Macedonio, F.
Designing and Optimization of Continuous Direct Contact
Membrane Distillation Process. Desalination 2018, 426, 97—107.

(299) Sanmartino, J. A.; Khayet, M.; Garcia-Payo, M. C. Chapter 4 -
Desalination by Membrane Distillation. In Emerging Membrane
Technology for Sustainable Water Treatment; Hankins, N. P., Singh,
R, Eds.; Elsevier: 2016; pp 77—109. DOI: 10.1016/B978-0-444-
63312-5.00004-8.

(300) Terki, L.; Kujawski, W.; Kujawa, J.; Kurzawa, M.; Filipiak-
Szok, A.; Chrzanowska, E.; Khaled, S.; Madani, K. Implementation of
Osmotic Membrane Distillation with Various Hydrophobic Porous
Membranes for Concentration of Sugars Solutions and Preservation
of the Quality of Cactus Pear Juice. J. Food Eng. 2018, 230, 28—38.

(301) Ding, Z.; Liu, L,; Yu, J,; Ma, R.; Yang, Z. Concentrating the
Extract of Traditional Chinese Medicine by Direct Contact
Membrane Distillation. J. Membr. Sci. 2008, 310 (1), 539—549.

(302) Khayet, M. Treatment of Radioactive Wastewater Solutions by
Direct Contact Membrane Distillation Using Surface Modified
Membranes. Desalination 2013, 321, 60—66.

(303) Nthunya, L. N.; Gutierrez, L.; Derese, S.; Nxumalo, E. N.;
Verliefde, A. R; Mamba, B. B; Mhlanga, S. D. A Review of
Nanoparticle-enhanced Membrane Distillation Membranes: Mem-
brane Synthesis and Applications in Water Treatment. J. Chem.
Technol. Biotechnol. 2019, 94 (9), 2757—2771.

(304) Yan, K-K; Jiao, L.; Lin, S; Ji, X; Lu, Y; Zhang, L.
Superhydrophobic Electrospun Nanofiber Membrane Coated by
Carbon Nanotubes Network for Membrane Distillation. Desalination
2018, 437, 26—33.

(305) Hubadillah, S. K.; Othman, M. H. D.; Matsuura, T.; Rahman,
M. A, Jaafar, J.; Ismail, A. F; Amin, S. Z. M. Green Silica-Based
Ceramic Hollow Fiber Membrane for Seawater Desalination via
Direct Contact Membrane Distillation. Sep. Purif. Technol. 2018, 208,
22-31.

(306) Nthunya, L. N.; Gutierrez, L.; Verliefde, A. R.; Mhlanga, S. D.
Enhanced Flux in Direct Contact Membrane Distillation Using
Superhydrophobic PVDF Nanofibre Membranes Embedded with
Organically Modified SiO2 Nanoparticles. J. Chem. Technol.
Biotechnol. 2019, 94 (9), 2826—2837.

https://doi.org/10.1021/acsomega.3c08883
ACS Omega 2024, 9, 29088—29113


https://doi.org/10.1016/j.memsci.2007.12.045
https://doi.org/10.1016/j.memsci.2007.12.045
https://doi.org/10.1016/j.memsci.2007.12.045
https://doi.org/10.1070/RC2005v074n06ABEH000897
https://doi.org/10.3923/std.2015.195.214
https://doi.org/10.3923/std.2015.195.214
https://doi.org/10.1016/j.materresbull.2013.08.024
https://doi.org/10.1016/j.materresbull.2013.08.024
https://doi.org/10.1016/j.materresbull.2013.08.024
https://doi.org/10.1016/j.materresbull.2013.08.024
https://doi.org/10.1016/j.apcatb.2014.07.062
https://doi.org/10.1016/j.apcatb.2014.07.062
https://doi.org/10.1016/j.chemosphere.2014.12.061
https://doi.org/10.1016/j.chemosphere.2014.12.061
https://doi.org/10.1016/j.chemosphere.2014.12.061
https://doi.org/10.1016/j.jwpe.2018.12.007
https://doi.org/10.1016/j.jwpe.2018.12.007
https://doi.org/10.1016/j.chemosphere.2019.02.162
https://doi.org/10.1016/j.chemosphere.2019.02.162
https://doi.org/10.1016/j.chemosphere.2019.02.162
https://doi.org/10.1016/j.cherd.2018.06.036
https://doi.org/10.1016/j.cherd.2018.06.036
https://link.springer.com/article/10.1007/s13762-020-02723-y
https://link.springer.com/article/10.1007/s13762-020-02723-y
https://doi.org/10.1007/s10570-015-0803-z
https://doi.org/10.1007/s10570-015-0803-z
https://doi.org/10.1007/s10570-015-0803-z
https://doi.org/10.1016/j.jwpe.2014.06.003
https://doi.org/10.1016/j.jwpe.2014.06.003
https://doi.org/10.1063/1.4936846
https://doi.org/10.1063/1.4936846
https://doi.org/10.1063/1.4936846
https://doi.org/10.1016/B978-0-12-823962-9.00009-X
https://doi.org/10.1016/B978-0-12-823962-9.00009-X
https://doi.org/10.1016/B978-0-12-823962-9.00009-X?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-12-823962-9.00009-X?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jece.2022.108921
https://doi.org/10.1016/j.jece.2022.108921
https://doi.org/10.1016/j.jece.2022.108921
https://www.mdpi.com/2071-1050/15/12/9844
https://www.mdpi.com/2071-1050/15/12/9844
https://doi.org/10.1016/B978-0-12-822503-5.00002-3
https://doi.org/10.1016/B978-0-12-822503-5.00002-3
https://doi.org/10.1016/B978-0-12-822503-5.00002-3
https://doi.org/10.1016/B978-0-12-822503-5.00002-3?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-12-822503-5.00004-7
https://doi.org/10.1016/B978-0-12-822503-5.00004-7
https://doi.org/10.1016/B978-0-12-822503-5.00004-7?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-12-822503-5.00004-7?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-444-59399-3.00007-6
https://doi.org/10.1016/B978-0-444-59399-3.00007-6
https://doi.org/10.1016/B978-0-444-59399-3.00007-6?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-444-59399-3.00007-6?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://sciencing.com/pros-cons-biological-wastewater-treatments-24030.html
https://sciencing.com/pros-cons-biological-wastewater-treatments-24030.html
https://doi.org/10.1016/j.rser.2017.05.078
https://doi.org/10.1016/j.rser.2017.05.078
https://doi.org/10.3390/chemengineering3010008
https://doi.org/10.3390/chemengineering3010008
https://doi.org/10.1016/j.memsci.2018.07.067
https://doi.org/10.1016/j.memsci.2018.07.067
https://doi.org/10.1016/j.memsci.2018.07.067
https://doi.org/10.1016/j.memsci.2018.07.067
https://doi.org/10.1016/j.desal.2018.01.033
https://doi.org/10.1016/j.desal.2018.01.033
https://doi.org/10.1016/j.rser.2017.07.047
https://doi.org/10.1016/j.cis.2010.09.005
https://doi.org/10.1016/j.cis.2010.09.005
https://doi.org/10.1016/j.desal.2017.10.041
https://doi.org/10.1016/j.desal.2017.10.041
https://doi.org/10.1016/B978-0-444-63312-5.00004-8
https://doi.org/10.1016/B978-0-444-63312-5.00004-8
https://doi.org/10.1016/B978-0-444-63312-5.00004-8?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-444-63312-5.00004-8?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jfoodeng.2018.02.023
https://doi.org/10.1016/j.jfoodeng.2018.02.023
https://doi.org/10.1016/j.jfoodeng.2018.02.023
https://doi.org/10.1016/j.jfoodeng.2018.02.023
https://doi.org/10.1016/j.memsci.2007.11.036
https://doi.org/10.1016/j.memsci.2007.11.036
https://doi.org/10.1016/j.memsci.2007.11.036
https://doi.org/10.1016/j.desal.2013.02.023
https://doi.org/10.1016/j.desal.2013.02.023
https://doi.org/10.1016/j.desal.2013.02.023
https://doi.org/10.1002/jctb.5977
https://doi.org/10.1002/jctb.5977
https://doi.org/10.1002/jctb.5977
https://doi.org/10.1016/j.desal.2018.02.020
https://doi.org/10.1016/j.desal.2018.02.020
https://doi.org/10.1016/j.seppur.2018.04.089
https://doi.org/10.1016/j.seppur.2018.04.089
https://doi.org/10.1016/j.seppur.2018.04.089
https://doi.org/10.1002/jctb.6104
https://doi.org/10.1002/jctb.6104
https://doi.org/10.1002/jctb.6104
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

(307) Korenak, J.; Basu, S.; Balakrishnan, M.; Hélix-Nielsen, C.;
Petrinic, I. Forward Osmosis in Wastewater Treatment Processes.
Acta Chim. Slov. 2017, 64 (1), 83—94.

(308) Wu, X; Fang, F.; Zhang, B.; Wy, J. J.; Zhang, K. Biogenic
Silver Nanoparticles-Modified Forward Osmosis Membranes with
Mitigated Internal Concentration Polarization and Enhanced
Antibacterial Properties. Npj Clean Water 2022, S (1), 41.

(309) Doshi, K;; Mungray, A. A. Bio-Route Synthesis of Carbon
Quantum Dots from Tulsi Leaves and Its Application as a Draw
Solution in Forward Osmosis. J. Environ. Chem. Eng. 2020, 8 (5),
No. 104174.

(310) Rezaei-DashtArzhandi, M.; Sarrafzadeh, M. H.; Goh, P. S.;
Lau, W. J.; Ismail, A. F.; Wong, K. C.; Mohamed, M. A. Enhancing the
Desalination Performance of Forward Osmosis Membrane through
the Incorporation of Green Nanocrystalline Cellulose and Halloysite
Dual Nanofillers. J. Chem. Technol. Biotechnol. 2020, 95 (9), 2359—
2370.

(311) Zufia-Rivas, J.; Morales, P.; Veintemillas-Verdaguer, S. Effect
of the Sodium Polyacrylate on the Magnetite Nanoparticles Produced
by Green Chemistry Routes: Applicability in Forward Osmosis.
Nanomaterials 2018, 8 (7), 470.

(312) Qasim, M.; Badrelzaman, M.; Darwish, N. N.; Darwish, N. A,;
Hilal, N. Reverse Osmosis Desalination: A State-of-the-Art Review.
Desalination 2019, 459, 59—104.

(313) Gu, J; Liu, H.; Wang, S.; Zhang, M.; Liu, Y. An Innovative
Anaerobic MBR-Reverse Osmosis-Ion Exchange Process for Energy-
Efficient Reclamation of Municipal Wastewater to NEWater-like
Product Water. J. Clean. Prod. 2019, 230, 1287—1293.

(314) Wawrzkiewicz, M.; Hubicki, Z.; Wawrzkiewicz, M.; Hubicki,
Z. Anion Exchange Resins as Effective Sorbents for Removal of Acid,
Reactive, and Direct Dyes from Textile Wastewaters; IntechOpen: 2015.
DOI: 10.5772/60952.

(315) Kim, S.; Chu, K. H.; Al-Hamadani, Y. A. J.; Park, C. M,; Jang,
M,; Kim, D.-H.; Yu, M.; Heo, J.; Yoon, Y. Removal of Contaminants
of Emerging Concern by Membranes in Water and Wastewater: A
Review. Chem. Eng. J. 2018, 335, 896—914.

(316) Jin, X.; Jawor, A,; Kim, S.; Hoek, E. M. V. Effects of Feed
Water Temperature on Separation Performance and Organic Fouling
of Brackish Water RO Membranes. Desalination 2009, 239 (1), 346—
359.

(317) Mansell, B.; Ackman, P.; Tang, C.-C.; Friess, P.; Fu, P. Pilot-
Scale Testing of a High Recovery NF/RO Integrated Treatment System
for Indirect Potable Reuse; Water Environment Federation: 2011; pp
3019-3034.

(318) Altaee, A.; Hilal, N. High Recovery Rate NF-FO—RO Hybrid
System for Inland Brackish Water Treatment. Desalination 2015, 363,
19-28.

(319) Nikbakht Fini, M.; Madsen, H. T.; Muff, J. The Effect of
Water Matrix, Feed Concentration and Recovery on the Rejection of
Pesticides Using NF/RO Membranes in Water Treatment. Sep. Purif.
Technol. 2019, 215, 521—527.

(320) Sioutopoulos, D. C.; Karabelas, A. J.; Yiantsios, S. G. Organic
Fouling of RO Membranes: Investigating the Correlation of RO and
UF Fouling Resistances for Predictive Purposes. Desalination 2010,
261 (3), 272—283.

(321) Yang, Z; Ma, X.-H.; Tang, C. Y. Recent Development of
Novel Membranes for Desalination. Desalination 2018, 434, 37—59.

(322) Shen, Y.; Saboe, P. O.; Sines, I. T.; Erbakan, M.; Kumar, M.
Biomimetic Membranes: A Review. J. Membr. Sci. 2014, 454, 359—
381.

(323) Kumar, M.; Grzelakowski, M.; Zilles, J.; Clark, M.; Meier, W.
Highly Permeable Polymeric Membranes Based on the Incorporation
of the Functional Water Channel Protein Aquaporin Z. Proc. Natl.
Acad. Sci. U. S. A. 2007, 104 (52), 20719—20724.

(324) Hinds, B. J.; Chopra, N.; Rantell, T.; Andrews, R.; Gavalas, V.;
Bachas, L. G. Aligned Multiwalled Carbon Nanotube Membranes.
Science 2004, 303 (5654), 62—65.

(325) Geim, A. K; Novoselov, K. S. The Rise of Graphene. Nat.
Mater. 2007, 6 (3), 183—191.

(326) Nair, R. R; Wu, H. A; Jayaram, P. N.; Grigorieva, I. V.; Geim,
A. K. Unimpeded Permeation of Water through Helium-Leak-Tight
Graphene-Based Membranes. Science 2012, 335 (6067), 442—444.

(327) Aquaporin Water Channels | SpringerLink. https://link.
springer.com/article/10.1007/s10540-005-2577-2 (accessed 2023-
04-15).

(328) Xue, S.-M.; Xu, Z.-L.; Tang, Y.-J; Ji, C.-H. Polypiperazine-
Amide Nanofiltration Membrane Modified by Different Function-
alized Multiwalled Carbon Nanotubes (MWCNTs). ACS Appl. Mater.
Interfaces 2016, 8 (29), 19135—19144.

(329) Song, X; Wang, L; Tang, C. Y,; Wang, Z; Gao, C.
Fabrication of Carbon Nanotubes Incorporated Double-Skinned Thin
Film Nanocomposite Membranes for Enhanced Separation Perform-
ance and Antifouling Capability in Forward Osmosis Process.
Desalination 2015, 369, 1-9.

(330) Khalid, A.; Al-Juhani, A. A.; Al-Hamouz, O. C.; Laoui, T.;
Khan, Z.; Atieh, M. A. Preparation and Properties of Nanocomposite
Polysulfone/Multi-Walled Carbon Nanotubes Membranes for De-
salination. Desalination 2015, 367, 134—144.

(331) Tian, M; Wang, R;; Goh, K;; Liao, Y.; Fane, A. G. Synthesis
and Characterization of High-Performance Novel Thin Film Nano-
composite PRO Membranes with Tiered Nanofiber Support
Reinforced by Functionalized Carbon Nanotubes. . Membr. Sci.
2015, 486, 151—160.

(332) Surwade, S. P.; Smirnov, S. N.; Vlassiouk, I. V.; Unocic, R. R;;
Veith, G. M,; Dai, S.; Mahurin, S. M. Water Desalination Using
Nanoporous Single-Layer Graphene. Nat. Nanotechnol. 2015, 10 (S),
459—464.

(333) Cohen-Tanugi, D.; Grossman, J. C. Nanoporous Graphene as
a Reverse Osmosis Membrane: Recent Insights from Theory and
Simulation. Desalination 2018, 366, 59—70.

(334) Hu, M;; Mi, B. Enabling Graphene Oxide Nanosheets as
Water Separation Membranes. Environ. Sci. Technol. 2013, 47 (8),
3715—-3723.

(335) Corry, B. Designing Carbon Nanotube Membranes for
Efficient Water Desalination. J. Phys. Chem. B 2008, 112 (S), 1427—
1434.

(336) Chu, Z.; Chen, K,; Xiao, C.; Ji, D.; Ling, H.; Li, M.; Liu, H.
Improving Pressure Durability and Fractionation Property via
Reinforced PES Loose Nanofiltration Hollow Fiber Membranes for
Textile Wastewater Treatment. J. Taiwan Inst. Chem. Eng. 2020, 108,
71-81.

(337) Abdel-Fatah, M. A. Nanofiltration Systems and Applications in
Wastewater Treatment: Review Article. Ain Shams Eng. J. 2018, 9 (4),
3077-3092.

(338) Homayoonfal, M.; Mehrnia, M. R.; Shariaty-Niassar, M,;
Akbari, A.; Ismail, A. F; Matsuura, T. A Comparison between
Blending and Surface Deposition Methods for the Preparation of Iron
Oxide/Polysulfone Nanocomposite Membranes. Desalination 2014,
354, 125—142.

(339) Jafarinejad, S.; Esfahani, M. R. A Review on the Nanofiltration
Process for Treating Wastewaters from the Petroleum Industry.
Separations 2021, 8 (11), 206.

(340) Deepa, K.; Arthanareeswaran, G. Influence of Various Shapes
of Alumina Nanoparticle in Integrated Polysulfone Membrane for
Separation of Lignin from Woody Biomass and Salt Rejection.
Environ. Res. 2022, 209, No. 112820.

(341) Liu, S; Fang, F; Wu, J; Zhang, K. The Anti-Biofouling
Properties of Thin-Film Composite Nanofiltration Membranes
Grafted with Biogenic Silver Nanoparticles. Desalination 2018, 375,
121-128.

(342) Liu, G.; Jin, W. Pervaporation Membrane Materials: Recent
Trends and Perspectives. ]. Membr. Sci. 2021, 636, No. 119557.

(343) Kamtsikakis, A.; Delepierre, G.; Weder, C. Cellulose
Nanocrystals as a Tunable Nanomaterial for Pervaporation Mem-
branes with Asymmetric Transport Properties. J. Membr. Sci. 2021,
635, No. 119473.

(344) Prihatiningtyas, 1; Volodin, A.; Van der Bruggen, B. Van der
Bruggen, B. 110th Anniversary: Cellulose Nanocrystals as Organic

https://doi.org/10.1021/acsomega.3c08883
ACS Omega 2024, 9, 29088—29113


https://doi.org/10.17344/acsi.2016.2852
https://doi.org/10.1038/s41545-022-00190-1
https://doi.org/10.1038/s41545-022-00190-1
https://doi.org/10.1038/s41545-022-00190-1
https://doi.org/10.1038/s41545-022-00190-1
https://doi.org/10.1016/j.jece.2020.104174
https://doi.org/10.1016/j.jece.2020.104174
https://doi.org/10.1016/j.jece.2020.104174
https://doi.org/10.1002/jctb.6455
https://doi.org/10.1002/jctb.6455
https://doi.org/10.1002/jctb.6455
https://doi.org/10.1002/jctb.6455
https://doi.org/10.3390/nano8070470
https://doi.org/10.3390/nano8070470
https://doi.org/10.3390/nano8070470
https://doi.org/10.1016/j.desal.2019.02.008
https://doi.org/10.1016/j.jclepro.2019.05.198
https://doi.org/10.1016/j.jclepro.2019.05.198
https://doi.org/10.1016/j.jclepro.2019.05.198
https://doi.org/10.1016/j.jclepro.2019.05.198
https://doi.org/10.5772/60952?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cej.2017.11.044
https://doi.org/10.1016/j.cej.2017.11.044
https://doi.org/10.1016/j.cej.2017.11.044
https://doi.org/10.1016/j.desal.2008.03.026
https://doi.org/10.1016/j.desal.2008.03.026
https://doi.org/10.1016/j.desal.2008.03.026
https://doi.org/10.1016/j.desal.2014.12.017
https://doi.org/10.1016/j.desal.2014.12.017
https://doi.org/10.1016/j.seppur.2019.01.047
https://doi.org/10.1016/j.seppur.2019.01.047
https://doi.org/10.1016/j.seppur.2019.01.047
https://doi.org/10.1016/j.desal.2010.06.071
https://doi.org/10.1016/j.desal.2010.06.071
https://doi.org/10.1016/j.desal.2010.06.071
https://doi.org/10.1016/j.desal.2017.11.046
https://doi.org/10.1016/j.desal.2017.11.046
https://doi.org/10.1016/j.memsci.2013.12.019
https://doi.org/10.1073/pnas.0708762104
https://doi.org/10.1073/pnas.0708762104
https://doi.org/10.1126/science.1092048
https://doi.org/10.1038/nmat1849
https://doi.org/10.1126/science.1211694
https://doi.org/10.1126/science.1211694
https://link.springer.com/article/10.1007/s10540-005-2577-2
https://link.springer.com/article/10.1007/s10540-005-2577-2
https://doi.org/10.1021/acsami.6b05545?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b05545?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b05545?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.desal.2015.04.020
https://doi.org/10.1016/j.desal.2015.04.020
https://doi.org/10.1016/j.desal.2015.04.020
https://doi.org/10.1016/j.desal.2015.04.001
https://doi.org/10.1016/j.desal.2015.04.001
https://doi.org/10.1016/j.desal.2015.04.001
https://doi.org/10.1016/j.memsci.2015.03.054
https://doi.org/10.1016/j.memsci.2015.03.054
https://doi.org/10.1016/j.memsci.2015.03.054
https://doi.org/10.1016/j.memsci.2015.03.054
https://doi.org/10.1038/nnano.2015.37
https://doi.org/10.1038/nnano.2015.37
https://doi.org/10.1016/j.desal.2014.12.046
https://doi.org/10.1016/j.desal.2014.12.046
https://doi.org/10.1016/j.desal.2014.12.046
https://doi.org/10.1021/es400571g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es400571g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp709845u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp709845u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jtice.2019.12.009
https://doi.org/10.1016/j.jtice.2019.12.009
https://doi.org/10.1016/j.jtice.2019.12.009
https://doi.org/10.1016/j.asej.2018.08.001
https://doi.org/10.1016/j.asej.2018.08.001
https://doi.org/10.1016/j.desal.2014.09.031
https://doi.org/10.1016/j.desal.2014.09.031
https://doi.org/10.1016/j.desal.2014.09.031
https://doi.org/10.3390/separations8110206
https://doi.org/10.3390/separations8110206
https://doi.org/10.1016/j.envres.2022.112820
https://doi.org/10.1016/j.envres.2022.112820
https://doi.org/10.1016/j.envres.2022.112820
https://doi.org/10.1016/j.desal.2015.08.007
https://doi.org/10.1016/j.desal.2015.08.007
https://doi.org/10.1016/j.desal.2015.08.007
https://doi.org/10.1016/j.memsci.2021.119557
https://doi.org/10.1016/j.memsci.2021.119557
https://doi.org/10.1016/j.memsci.2021.119473
https://doi.org/10.1016/j.memsci.2021.119473
https://doi.org/10.1016/j.memsci.2021.119473
https://doi.org/10.1021/acs.iecr.9b02106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b02106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

REVIEY

Nanofillers for Cellulose Triacetate Membranes Used for Desalination
by Pervaporation. Ind. Eng. Chem. Res. 2019, 58 (31), 14340—14349.

(34S) Gurreri, L; Tamburini, A.,; Cipollina, A.,; Micale, G.
Electrodialysis Applications in Wastewater Treatment for Environ-
mental Protection and Resources Recovery: A Systematic Review on
Progress and Perspectives. Membranes 2020, 10 (7), 146.

(346) Strathmann, H.; Krol, J. J; Rapp, H.-J,; Eigenberger, G.
Limiting Current Density and Water Dissociation in Bipolar
Membranes. J. Membr. Sci. 1997, 125 (1), 123—142.

29113

https://doi.org/10.1021/acsomega.3c08883
ACS Omega 2024, 9, 29088—29113


https://doi.org/10.1021/acs.iecr.9b02106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b02106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/membranes10070146
https://doi.org/10.3390/membranes10070146
https://doi.org/10.3390/membranes10070146
https://doi.org/10.1016/S0376-7388(96)00185-8
https://doi.org/10.1016/S0376-7388(96)00185-8
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

