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Abstract

The thorough analysis in this review examines current advancements in carbon-based nanomaterials
(CBNs) intended for wastewater treatment, with an emphasis on how they are used to alleviate the
world's problems with water scarcity and pollution. We highlight the fullerenes, carbon dots (CDs),
carbon nanotubes (CNTs), graphene, graphene oxide (GO), reduced graphene oxide (RGO), and their
composites, for OD, ID, 2D, and 3D materials. Because of their unique properties, CBNs are useful
tools for eliminating pollutants, toxins, and pathogens from wastewater. This review emphasizes the
most significant wastewater treatment techniques such as adsorption, membrane separation, and
photocatalytic degradation of the pollutants based on CBNs. Apart from this, we also highlight the
performance statistics and environmental impacts as well as future perspective. Sustainable practices
pay attention to concerns about CBNs targeted for wastewater treatment as well as systematic
thinking and precautionary principle are indispensable considerations.

Keywords: carbon-based nanomaterials; wastewater treatment; adsorption; membrane separation;
photocatalytic degradation; systematic thinking and precautionary principle

1. Introduction

The rise in human population, industrialization, domestic wastewater, agricultural practices,
and careless utilization of providing safe potable water have been daunting. This situation created
an alarming situation globally with immediate effect. Water covers more than 71% of the planet's
surface, meaning that just over one percent of it is fit for human use. Population growth is predicted
to increase water consumption by 55% by 2050, while the global water shortfall is predicted to rise to
40% by 2030 [1]. According to the World Water Development Report 2020, by the United Nations,
approximately four billion people experienced acute water dearth for at least one month of the year
[2]. World Health Organization statistics revealed that among four people, one does not have an
availability to safe potable water. The situation is worse in underdeveloped and low income
countries. The lack of this vital resource was a factor in 6% of fatalities in 2017 was recorded [3]. In
order to fulfill the growing demand, it is crucial to ensure the sustainable use of water, which might
be achieved by creating efficient wastewater treatment techniques. The increasing of wastewater
generation has been daunting to scientists, researchers, and engineers worldwide and the
remediation of water pollutants in a sustainable and economic manner to generate clean water is a
difficult issue [4].

Generally, wastewater can be defined as used water, and there are several types of it, such as
domestic sewage waste, industrial wastewater, and agricultural wastewater. Which contain the most
prominent pollutants, like organic (dyes, pesticides,) , inorganic (heavy metals), and biological
pollutants (bacteria, and viruses). The most important treatment methods to treat the wastewater are
physical (sedimentation and aeration), chemical (neutralization, adsorption, precipitation,
disinfection, and ion-exchange), biological (aerobic, anaerobic and composting), and advanced

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.0466.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 October 2025 d0i:10.20944/preprints202510.0466.v1

2 of 62

wastewater treatment technologies (desalination, membrane filtration, and ultraviolet irradiation).
Though we have several methods, it is very imperative to design the best treatment method or
improve the existing methodologies [5-7].

Nanotechnology shows great promise in various disciplines, including wastewater purification
technologies. Nanomaterials (NMs) with their tunable small sizes, high surface area, tailored
physiochemical properties, and ease of surface functionalization, present unique prospects to create
more efficient adsorbents, catalysts, membranes, and redox active media for wastewater purification
and eradication. Various pollutants such as organic and inorganic toxins (heavy metals, dyes,
pesticides, and solvents), biological hazards (bacteria, fungus, virus, and algae) which make diseases
like cancer, typhoid, cholera, and dengue could be efficiently removed from wastewater by using
NMs [8,9].

CNTs have been considered as some of the best among the plethora of NMs available today due
to their astonishing capabilities in variety of applications, such as water treatment, environment,
electronics, optical, catalysis, and biomedical use. Their versatility lie in preparation, economic
availability, and interesting properties like high surface area and tunable functionality, distinguished
surface morphology and porosity. In this review, we highlighted various NMs, from 0D fullerenes,
CDs, 1D CNTs, 2D graphene, and GO materials for wastewater treatment, along with their
advantages and future challenges [10-16]. We also made an excellent discussion on the performance
of every material discussed above for the most prominent treatment methods such as adsorption,
membrane separation, and catalytic catalytic degradation of the pollutants. The systematic discussion
of the review can be seen in Scheme 1.

Carbon
nanomaterials

‘/

Wastewater
Treatment

Scheme 1. Wastewater treatment by carbon nanomaterials.

2. Types of Wastewater and Pollutants

The wastewater can be defined as water which can be produced from various sources, like
domestic waste, industrial and agricultural used water. Based on the origin, it could be called a point
source or a scattered source of contamination. Examples for point source pollutants are sewage
discharge, which originated from a single point of discharge. Whereas the scattered or dispersed
pollutants enter the wastewater body from a vast range of origins. Examples are agricultural sources
of waste like pesticides, animal feces, fertilizers, and pathogens. Industrial sources such as
microplastics, radioactive hazards, oils, heavy metals, and organic dyes, heat from power plant
cooling water are some other examples to dispersed sources of pollutants. In general, the wastewater
are classified as domestic, industrial, and agricultural sources containing pollutants of heavy metals,
organics and pathogens as in Figure 1 [17].
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Figure 1. Wastewater sources and their pollutants.

Wastewater consists of a number of microorganisms like bacteria, viruses, and protozoa as well
as toxic materials like radionuclides, heavy metals, and trace elements. Moreover, wastewater is the
main root of water-borne illnesses, including cholera and typhoid, which can be fatal. Many children
have died as a result of drinking contaminated water. Figure 2A depicts the types of contaminants in
wastewater and, the principles of primary, secondary, and tertiary wastewater treatment in Figure
2B [18].
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Figure 2. A Types of inorganic, organic, and biological pollutants in wastewater and B. principles for primary,

secondary, and tertiary treatment of wastewater.

Wastewater treatment in the current days is crucial due to the adverse effects of pathogens and
the risks of wastewater pollution on people, animals, and crops. To avoid the pollution of the
environment, wastewater treatment on a personal and governmental level needs to be considered.
Physical, chemical, and biological methods can be used to treat wastewater to purify it by eradicating
the impurities. The impurities are classified as inorganic, organic, and biological. These impurities in
the wastewater can be treated in three steps: 1. Primary treatment, where materials that float (scum)
are removed by skimming, while settleable organic and inorganic solids are removed by
sedimentation. In primary clarifiers, primary treatment eliminates the biochemical oxygen demand
(BODs) about 25-50%, the total suspended solids (SS) of 50-70%, and the oil and grease about 65-70%.
2. Secondary treatment or subsequent treatment, which makes use of aerobic biological treatment to
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remove biodegradable pollutants in it. Aerobic microorganisms (mostly bacteria) carry out biological
treatment in the presence of oxygen by breaking down the organic materials in the wastewater and
creating additional microorganisms as well as inorganic end products (mainly carbon dioxide,
ammonia and water).

When some wastewater components are unable to be eliminated by secondary treatment,
tertiary and/or advanced wastewater treatment is utilized. Disinfection is frequently a part of tertiary
treatment, and it usually entails injecting a chlorine solution. Other methods of disinfection include
ozone and ultraviolet (UV) radiation. Chlorine and other disinfectants have varying bactericidal
effects based on pH, interaction time, organic content, and temperature of effluent. The treated sludge
can be buried in the land or used as fertilizer in agricultural sectors [1-3,19,20].

3. Carbon-Based Nanomaterials for Wastewater Treatment: Mechanism Insights

Carbon created uniqueness in the periodic table and has gained a good respect from the scientific
world due to its versatility in bonding with hydrogen and other atoms to form a variety of chemical
compounds, which have a great significance in various fields. Carbon is the 4th most available
element in the universe and 15th on Earth’s crust. Carbon belongs to the 4th group in the periodic
table, electronegativity 2.55 (Pauling scale), atomic radius 0.09 14 nm, mass is 12 amu, and could exist
in many isotopes, importantly 'C, 12C, 3C, and *C. The melting and boiling points are 3652 °C and
4827 °C. Owing to these characteristics, the carbon reacts within itself by catenation and forms a
variety of allotropes with unique features that amaze scientists. The outstanding characteristics of
carbon have won many Nobel Prizes in various fields such as chemistry, physics, and medicine.
Hence, the CBNs have been adopted in various disciplines of science, engineering, and technology
[21,22].

A plethora of CBNs have been reported to date for water purification. Wood charcoal has been
identified as the ancient carbon material used for early water purification since 3750 BC by the
Egyptians and Sumerians. Sand and charcoal combinations are documented by the Hindu texts from
450 BC to serve the same purpose. After many systematic studies carried out by many pioneers,
carbon black was commercialized for the purification of potable water in 1862. To date, activated
carbon is the best ever-trusted carbon material in the water industry [23]. However, with the
advancement in material science and nanotechnology, several nanocarbon materials have been
reported for water treatment. Figure 3 illustrates that OD fullerenes, OD CDs, 1D CNTs, and 2D G
(graphene), GO, and RGO are the most studied CBNs to provide better wastewater treatment
solutions based on adsorption, membrane filtration, and photocatalysis mechanisms [11,24].

The significant properties of carbon nanomaterials for water treatment are: 1. High surface area,
2. High adsorption capacity, 3. Mechanical strength, 4. Light in weight, 5. Chemical stability in acid,
6. Easy and tunable chemical functionality by covalent and non-covalent interactions, 7. High pore
volume in the case of activated carbon and carbon nanosponges, 8. Hydrophobicity (graphene) and
hydrophilicity (GO and CDs ), 9. Catalysis, 10. Simple and easy recovery of expensive metals by
burning away the support, 11. Availability in different structures, 12. Economically available, 13. Low
eco toxicity, 14. Industrial scale production, 15. High thermal stability, 16. Less density. These most
important properties make the CNTs indispensable in water purification industries.
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Figure 3. 0D Fullerenes, 0D CDs, 1D CNTs, 2D G/GO/RGO and corresponding wastewater treatment
mechanism.

Nowadays, coagulation/flocculation, membrane filtration, photocatalytic degradation,
biodegradation, advanced oxidation, ozonation, and adsorption are the methods used to detoxify
wastewater containing organic /inorganic pollutants. Adsorption-based procedures are seen to be the
most appropriate of these because of their high removal efficiency, ability to employ inexpensive
adsorbents, and simplicity of usage. On the other hand, other methods, such photocatalytic

degradation, release hydrocarbons, phenol, CO:, and other organic molecules as secondary
pollutants.
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3.1. Fullerenes for Water Treatment

3.1.1. Adsorption

The adsorption is a physicochemical method which takes place on surface of adsorbents, and is
a common method to eradicate inorganic and organic pollutants from wastewater. The adsorption
could be a physisorption or chemisorption. Where the physisorption is involved with m-m
Interactions, weak, non-covalent interactions known as Van der Waals Forces, London dispersive
forces, hydrogen bonding, and hydrophobic interactions. These interactions between adsorbent and
adsorbate are very weak and happen in multilayers at low temperatures. The physorption is less
specific and occurs with many types of pollutants. It is a reversible process in the presence of different
temperatures, pressures, and p" changes. In contrast, the chemisorption is a single-layered
phenomenon where the adsorbent and adsorbate have strong interactions by forming a chemical
bonds, like covalent, ionic, or metallic bonds. The interactions in chemisorptions are extremely
specific towards adsorbates. Hence, limited to particular pollutants, and the surface functional
groups and interaction sites play a pivotal role in this phenomenon. The adsorption energy is
remarkably high compared with physorption, and the reversibility of adsorption is very low as there
is a strong bonds between the adsorbent and adsorbate. This cause the limited reusability and
recycling of the adsorbent. The quantity of adsorbent adsorbed on adsorbate can be expressed with
the help of adsorption isotherms at constant temperature. Namely 1) Langmuir. 2) Freundlich. 3)
Temkin. 4) Dubinin-Radushkevich (D-R), and 5) Brunauer-Emmett-Teller Isotherm which are
expressed below in an order discussed.

1) qe/ qm =KL Ce/ 1+ KL Ce
2) qe =KF Celin
3) ge=BT In (AT Ce)
4) Qe= qm exp (beta (Ce) 1/n)
5)Ce/qe (1-Ce)=C/gm
The meaning of the terms are expressed as below.

de = Amount of adsorbate adsorbed per unit mass of adsorbent at equilibrium
gm = Maximum adsorption capacity

KL = Langmuir constant

C. = Adsorbate concentration at equilibrium

KF = Freundlich constant

n = Adsorption intensity related Freundlich expression

AT and BT = Temkin constant

C=BET constant

The amount and rate of adsorption of adsorbate rely on factors such as nature of adsorbate,
adsorbent, surface area, porosity, time, temperature, pressure, and p™ of the solution.

Fullerenes are 0D carbon NMs discovered by the Richard Smalley, Robert Curl, and Harold
Kroto in 1985, and won the noble prize in chemistry in 1996 [25,26]. The material also called as
Buckminsterfullerene or Buckyball as its morphology looks like a soccer ball. The well-known form
of fullerene existed in C60 with truncated icosahedron and other polygon structures in case of C70 it
was in ellipsoidal shape. The carbon in fullerenes undergoes sp2 hybridization where every carbon
form three sigma bonds and one 7 bond with the adjacent carbon atoms and made a stable
networking structure [27]. Despite its stability, fullerenes undergoes various chemical reactions in a
specific reaction condition and form desired compounds, composites and metal complexes. The
Buckyballs are soluble in non-polar solvents like benzene, toluene etc. and are semiconductor in
nature. Shows good electrical, optical, mechanical, and thermal properties. Hence, the fullerenes are
used in nanotechnology, materials science, electronics, medicine, and environmental remediation
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[28,29]. In general, the adsorption phenomenon depends on surface area, but the fullerenes
theoretical and reported surface area (~ 30 m?/g) is less than compared with other CNTs such as
graphene (~ 500-2000 m?/g), CNTs (~ 1300-2000 m?/g), GO (~ 500-1500 m?/g) and CDs (~ 100-800 m?/g)
[30-34]. Based on this, and low solubility in water, fullerenes may not be a viable choice for water
treatment, and not much literature was reported in the last five years. However, C60 was used to
remove the organic pollutants due to the r-7t and non-polar interactions between them. To assess the
environmental impact of C60s, research has been done on the interactions of typical environmental
pollutants with C60. Naphthalene and 1,2-dichlorobenzene, two hydrophobic pollutants were
studied by their adsorption and desorption interactions with C60. The extent to which organic
contaminants sorb into C60 aggregates is also significantly impacted by the same processes that
induce the wetting and disaggregation of C60 particles. After being vigorously mixed in water, C60
dissolved in organic solvents like toluene can form stable nanoscale aggregates. They are called
"nano-C60" because these C60 nanoscale particles create stable suspensions in water. Hysteresis is
seen in the desorption of pollutants from stable nano-C60 solutions. A two compartment desorption
model explains experimentally observed adsorption/desorption hysteresis: adsorption to external
surfaces in contact with water comes first, followed by adsorption to internal surfaces within the
aggregates [34]. Many diverse kinds of chemical compounds, such as N-methyl carbamates, phenols,
polycyclic aromatic hydrocarbons, and amines can be adsorbed by fullerene with efficiencies that
vary depending on the specific component and never go above 60%. For this reason, conventional
sorbents such polyurethane foam or XAD-2 are more effective than C60. However, it can efficiently
remove the organometallic compounds effectively than RP-C18 and silica gel 100 through the creation
of neutral complexes or chelates [35]. In addition to m-m interactions in C60, the surface defects and
inter lattice spacing will also help to hold the inorganic and organic pollutants are possible. Fullerenes
were used by Alekseeva et al. either by itselves or in a composite film material based on polystyrene.
They observe Cu? removal efficicacy is higher in the first scenario. It was discovered that a
monomolecular layer has an adsorption capability of 14.6 mmol/g for Cu? [36]. Using fullerene alone
may not be very efficient, but it can enhance the efficiency of adsorption by used as a composite.
Upon adding 0.001-0.004% of fullerenes to activated carbons, the ability to absorb Pb?*and Cu? rose
by 1.5-2.5 times [37,38].

3.1.2. Membrane Separation

Fullerenes has good chemical stability, mechanical strength, and tunable surface functionality.
Hence the Bucky balls can improve the strength, porosity, and affordability of nanocomposite
membranes [39-41]. It has been found that enhancing the stability, water permeability, and solute
selectivity of nanocomposite membranes requires careful consideration of the size, shape, and surface
properties of fullerenes. Fullerene nanofillers have been used to give required pore sizes, high surface
areas, and distinct surface functionalities in an effort to enhance the membrane's overall performance.
It has been proposed that improving the surface chemistry of fullerene in polymer/fullerene
nanocomposite membranes can lead to improved membrane stability [42].

Efficient salt removal from water, toxic ion separation, ion pair separation, recovering costly
metals, and pathogenic microbe separation or deterioration have all been studied in relation to
nanocomposite membranes of polymer/fullerenes [43]. Different metal ions including nickel, zinc,
copper, cobalt, mercury, lead, arsenic, and cadmium can be recovered using the sorption approach
[44,45]. The sorption capabilities of polymer/fullerene nanocomposite membranes towards metals
might be influenced by surface imperfections and their design [46]. Additionally, the retention time
of nanocomposite membranes showed excellent. In addition, functional hydroxy fullerene C60-based
membrane was prepared with high water flux and Li*/Mg?* salt rejection [47]. Fullerene/GO/epoxy-
based resins are prepared for water desalination. The membrane has shown the water flux of 10.9 L
m?2 h' bar!. Nafion/C60 membrane composites were prepared with different weight ratios. The
membrane composite has shown better water permeability than the nafion membrane alone. Here,
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the C60 in the nation matrix distrusts the polymer chain alignment and helps to allow the water
molecules in it [48].

Polyamide membranes has gained exceptionally good success in the water industry [49]. A thin-
film nanocomposite membrane for water treatment based on polyamide and hydroxy functional
fullerene C60 was prepared by Plisko et al. [50]. They considered adding a 5 wt% nanofiller to the
membranes and improved their antifouling characteristics and ability to remove organic materials.
Prepared polyphenylene isophthalamide (PA) membranes modified with various fullerene
derivatives such as hydroxy fullerene (HF)/fullerenol, carboxyfullerene (CF), and fullerene derivative
with L-arginine (AF) with 5 wt% quantity. Characterized and assessed the composite features using
SEM, XRD, AFM, sorption experiments, and contact angles. To estimate the impact of residual solvent
on the membranes of PA and on their parameters, they designed pervaporation separation of
industrially important methanol/toluene mixtures in two regimes to study the transport properties.
The mixtures include different concentrations of azeotropic mixture and solely azeotropic mixture.
The results are indicative of the fullerene derivative containing PA membrane has enhanced
permeation flux than PA membrane alone. In the methanol and toluene mixture the permeate found
96% of methanol selectively in a PA containing 5 wt% fullerenes. See Figure 4A for fullerene
functionalization on PA, and PV process to separate methanol/toluene mixture. Figure 4B of
permeation flux and methanol feed in wt% reveal that the PA/HF has greater methanol flux than
other PA membranes [51,52]. Penkova et al. prepared polysulfone and fullerene C60 mixed-matrix
membranes. The membrane exhibited fine transport capabilities toward the pervaporation of an ethyl
acetate-water mixture [53]. A molecular dynamic simulation study on graphene membranes shows
that 100 % salt rejection, but the low intermolecular spacing hinders the water flux. More pressure is
applied to enhance the water flow. The fillers between the GO layers enhances the water flux along
with salt rejection in case of GO and fullerene membrane composites. Thus, there is a promise for
cost-effective saltwater desalination by RO process using cross-sectional GO/C60 membrane, which
has an elevated water flux and repels salt at low pressure [54]. A strategic GO interlayer with fixed
spacing of 1.25 nm was prepared by adding C60 to produce GO/C60 on an alumina membrane. Their
cross-sectional filtering capability was tested to dilate the desalination process effective area. The
GO/C60 was prepared with epoxy. The as-prepared GO/C60 membrane achieved up to 10.85 L h-' m-
2 bar! water flux. At the same time, NaCl rejection rate reach up to 90%, which is enough to turn
brackish water into potable water. Moreover, this GO/C60 membrane composite has a very good
prospective for energy-efficient water desalination because it operates at low pressure (< 5 bar) and
shows long-term stability [55]. Another simulation study based on non-equilibrium molecular
dynamics reveal the probability of desalination of novel 2D C60. 100% salt rejection was observed
towards various salts and at different operating pressures. The exceptional performance of 2D C60
was due to the presence of nano pores that form a network of hydrogen bonds among them. These
studies can pave a new way of using these novel structures of 2D C60 in water desalination [56]. In
addition to fullerene and GO composites, CDs another OD material and C60 polymer composites
membranes were successfully fabricated for wastewater eradication [57].

Overall, the Bucky balls, GO and CDs based polymer membranes have shown interesting results
in water purification.

3.1.3. Photocatalytic Degradation of Wastewater

It is well known that fullerenes and their blends are effective photocatalytic materials. Their
photocatalytic mechanisms and functions are investigated. It performs three distinct tasks under
various circumstances, namely that of electron donor, mediator of energy transfer, and receiver of
electrons. In a fullerene composite, photogenerated electrons are produced on the valence band of
the semiconductor material upon light excitation. The electrons are subsequently transferred to the
fullerenes, which function as electron acceptors and transporters. Due to its short band gap (1.86 eV
for C60 and 1.57 eV for C70) and visible light response, fullerene can operate as an energy transfer
medium and directly produce 'O: for a reaction. Nevertheless, there is also an instance in which
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fullerenes function as e- donors, transferring e to the semiconductor material when interacted with
light, hence elevating the carrier transport rate and augmenting photocatalytic activity [58—60].

Fullerenes alone may not be an effective photocatalytic material. Hence, the fullerenes are
functionalized with various photoactive semiconductive metal oxides such as TiOz, ZnO, WOs, CuO,
and SnO:. Here, the fullerene/metal oxide composite can show the synergistic photo effects to draw
the better degradation by enhanced surface area, pollutant adsorption, interaction, photoactive
catalytic sites, and tailored band gaps to the complete degradation without leaving the pollutants
[61-63]. See Figure 4C for the semiconductor/fullerene photocatalyst synthesis methods,
photocatalytic mechanism, and applications. TiO:is widely used photocatalyst due to its excellent
photoelectronic qualities, potent oxidizing ability, and easy availability. TiOz large band gap (~3.2 eV)
means only UV light can stimulate, which restricts its ability to use solar light efficiently. The quick
recombination of photoinduced excitons can also limit TiO2 photocatalytic effectiveness. Making the
composite with fullerenes can enhance the charge separation of TiO2 and redshift to enhance the
visible light from UV region. Hence, visible light active photocatalysis is possible [64,65]. The
polycarboxyic acid functionalized fullerenes mixed with TiO: composite was prepared using
ultrasonication evaporation method to give TiOz/fullerenes photocatalyst. Various spectroscopic and
electron microscopic techniques are used to characterize the prepared materials. Figure 4D(a-c) SEM
images reveal the aggregated spherical shapes of C60, TiOz, and TiO2/C60 composite. Whereas Figure
4D(d) HR-TEM image clearly depicts the TiO2/C60 composites boundary and lattice spacings of TiO,
confirms the formation of the composite, a photocatalyst. Figure 4E shows the schematic view of the
TiO2/C60 band gaps where one can see the large and small band gaps of the two materials and the
photoelectrons generation upon visible light illumination. The light triggered electrons move to
conduction band (CB) from valency band (VB). From CB of TiO: the e- transfer to fullerenes CB and
trigger the radical oxygen generation. The holes generated at VB interact with water and generate the
hydroxyl radicals. The both reactive oxygen species interact with organic dye, RhB, and destruct the
big carbon backbone into nonhazardous CO: and H:0 as final products. Figure 4F shows the
adsorption and degradation of RhB efficiency by increasing the amount of C60. The best removal
efficiencies are from 0.5 to 3 wt% of fullerenes. Which emphasizes the key role played by the C60 in
semiconductor mediated photocatalysis. Figure 4G reveals excellent evidence of the photo stability
of the composite. Where the catalysts adsorption and degradation capability is consistent up to five
cycles [66]. The reduction of Cr (VI), oxidation of iodine, and 4-chlorophenol was conducted using
Nb-TiO:/fullerol. The obtained results are better than TiO2, and Nb-TiO: catalysts [67]. TiOz/
polyhydroxyfullerene (PHF) for enhanced degradation and E. coli inactivation was observed. Many
other TiOx-fullerene composites are well demonstrated as well [68]. In addition, dye sensitized
photoactive composites with TiOz, ZnO, C60 and graphene was also studies for photodegradation
performances towards various pollutants [69].

In addition to the TiO2/C60 nanocomposites, ZnO and C60 developed a hybrid, when C60
molecules in a monomolecular layer state scattered on ZnO outer surface. The C60/ZnO nanoparticle
composite hybrid photocatalyst demonstrated increased catalytic activity for the MB destruction, and
the hybridization of C60 molecules effectively prevented ZnO from photocorroding and aggregation.
The high migration efficiency of photoelectrons on the C60 and ZnO interface, caused by the
interaction of C60 and ZnO nanoparticles with a conjugative m-system, was the source of the
increased photocatalytic activity for C60-hybridized ZnO. The amount of which C60 molecules that
were covered on the surface of ZnO nanoparticles significantly influenced the degree of
photocatalytic activity increase. The best hybridization effect was discovered at a weight ratio of 1.5%
(C60/ZnO). The efficacy of the composite is remarkably higher than the bare ZnO’s performance [70].
The C60 enhanced the ZnFe204 photocatalytic activity also assists the degradation of norfloxacin and
toxic Cr (VI) into Cr (III) [71]. The 4%fullerenes loaded WOs has shown high surface area, Visible
light enhancement and diminished e/h* recombination [72]. Many other fullerene composites are
successful in photocatalytic degradation/conversion of organic and inorganic pollutants into
nonhazardous components [59-62].
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Figure 4. APV membranes made of polyphenylene isophthalamide modified with various kinds of fullerene
C60 derivatives. B. Efficiency of permeation flux of PA and different fullerene derivatives based on methanol
content in the feed. C. General synthesis methods, properties, and applications of fullerene semiconductor
nanocomposite for photocatalytic applications. D. SEM of (a) Fullerenes, (b) TiOz, (c) C60/TiO2 nanocomposite
and (d) HRTEM of C60/TiO2 photocatalyst . E. TiO2/Fullerene photocatalysis and their respective bandages to
degrade the RhB dye into CO2 and H20. F. Adsorption and degradation of RhB over C60/TiO2 after 150 min. G.
Number of cycles of adsorption and degradation of RhB over C60/TiO2 composite. Reprinted/adapted with

permission from Refs. [51,59,66]. Copyright 2019, , Copyright Elsevier, Copyright 2020, Copyright Elsevier and
Copyright 2016, Copyright Elsevier.

3.2. Carbon Dots for Water Treatment

Similar to fullerenes, CDs are 0D materials discovered by Dr. Qian Ping and Dr. Xu Hongjie from
Nanjing University in 2004. The structure and chemical composition are in Figure 5. Since then, they
grab the interest of researchers around the globe in energy, environment, medicine, and
sustainability. Diverse types of CDs such as carbon dots, graphene quantum dots (GQDs), carbon
nanodots (CN-dots), and carbonized polymer dots (CP-dots) appeared. Based on the type of reaction
and nature of precursor, assorted sizes and morphologies of the CDs can be prepared. The CDs can
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be prepared by top-down and bottom-up methods such as arc discharge, laser ablation, chemical
oxidation, hydrothermal/solvothermal preparation, pyrolysis, and chemical vapor deposition
techniques. Recently, green preparation of CDs from plant extracts and biomass conversion has been
one of the best choice by the environmental scientists. The CDs are 1-10 nm in size and have
exceptionally good optical properties like tunable luminescence with other unique properties like
high surface area, abundant surface functional groups, good water dispensability and stability, and
low toxicity. Figure 5 shows the structure (Figure 5A), general synthesis methods (Figure 5B),
luminescence (Figure 5C), morphology, size, and chemical composition of CDs and GQDs (Figure
5D) [73,74]. The CDs have the capability towards various organic and inorganic pollutants. The CDs
have tunable surface functionality that enable them to adsorb the contaminants efficiently through
electrostatic attraction, 7-7t interaction, coordination, and chelation [75-78]. Here in this part, we are
going to discuss the adsorption, membrane separation, photocatalysis of heavy metals and organic
pollutants by above mentioned CDs, randomly.
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Figure 5. A. Structure of carbon dots with carbon, oxygen, and nitrogen functional groups with spherical dot
structure. B. General synthesis methods. C. CDs sample under (1) day light and (2) presence of 365 nm UV light
illumination. D. (a) Size, (b) shape, and (c) d-spacing of CDs from TEM. Chemical composition by (d) FTIR, (e-f)
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XPS. Reprinted/adapted with permission from Ref. [73,74]. Copyright 2024, Copyright Elsevier, and Copyright
2019, Copyright SCI Reports.

3.2.1. Adsorption

The problems associated with heavy metals/inorganic pollutants are serious concerns in the
world of water technology, due to their adverse effects. The exceptional physicochemical features of
heavy metal ions have led to their widespread applications in a diversified industry sectors. But when
they were released into the environment without proper treatment, major pollution issues resulted.
Therefore, it is desired but difficult to remove these harmful contaminants from water quickly and
completely. The chemical makeup of CDs, their specific surface area, pore volumes, and the quantity
of functional groups influenced the sorption capacity of CDs towards heavy metals. In addition to
chemical chelation and electrostatic adhesion, physisorption between metal ions and the adsorbent
can regulate the adsorption process of metal ions. Electrostatic interaction has been identified as a
significant adsorption mechanism between metal ions and CDs-based adsorbents, owing to the
abundance of negatively charged oxygen groups on CD surfaces. For example, nitrogen-doped CDs
for the adsorption of Pb? and Cd? from wastewater were reported by Sabet and colleagues [79]. On
the surfaces of CDs, negatively charged nitrogen functional groups and oxygenated functional
groups can both function as active sites for metal ion adsorption at same time. Furthermore, it has
been proposed that metal ions and CDs-composite interaction may be significantly influenced by
electrostatic and 7t-mt interactions [80].

Mahmoud et al. synthesized a sorbent based on microwave method. The goal of this work is to
quickly synthesize CQDs via pyrolysis of starch-water systems under microwave irradiation in under
10 min. At 526 nm, the highest fluorescence emission of CQDs was apparent over the whole excitation
wavelength of 390 nm. To prepare a novel nano CQDs@PAFP biosorbent, the CQDs designed to
preoccupy the surface and pores of a polymeric material based on poly(anthranilic acid-
formaldehyde-phthalic acid) (PAFP). CQDs@PAFP possessed a BET surface area of 28.79 m? g-. The
maximum U(VI) reductions achieved by CQDs@PAFP nanobiosorbent ranged from 95.5 to 98.0% for
30 to 90 mg L. The sorption process closely matched the Freundlich isotherm model and assigned
to the pseudo-second-order model. CQDs@PAFP was a superior nanobiosorbent for removing U(VI)
from seawater (96.0%) and wastewater (97.3%). The authors have validated CQDs@PAFP’s
outstanding reusability for effective multi-recovery of U(VI) from various water samples [81]. Other
than PAFP, a CDs composite prepared with amine rich conductive polymers (poly(o-phenylene
diamine) (PoPD)) with enhanced surface functional groups for better adsorption of heavy meals.
Compared to previously reported conductive polymers, PoPD had a higher Cu? removal ratio
(73.63%) and a higher CDs/PoPD ratio (88.16%). The Pb%* and Cd?  removal rates with CDs/PoPD
were 98.97% and 77.48%, respectively. For Cu?, Pb%, and Cd?" the highest adsorption capabilities of
CDs/PoPD were 48.88, 53.44, and 36.20 mg / g, in that order. The amine and imine groups on the
CDs/PoPD chain formed complexes with Cu?, Pb%, and Cd*as demonstrated by the results. The
Langmuir adsorption isotherm model and the quasi-second-order kinetic model could account for
these adsorption processes. According to the reusability test findings of the Cu? adsorption,
CDs/PoPD had a regeneration effectiveness of 85.95% much higher than PoPD’s [82]. A hybrid of N-
CDs spherical shaped hydrogel particles (CGCDs) are fabricated by Perumal et al. for Hg*2, Cd*2, Pb*?,
and Cr® used for simultaneous removal from water [83]. To enable simultaneous fluorescence
sensing and Cu?* adsorption, cellulose, chitosan (CS), and polyvinyl alcohol (PVA) were crosslinked
to create luminous CD-rooted polysaccharide hydrogel (CDs@CCP hydrogel) for Cu*? elimination of
124.7 mg/g [84]. Cellulose based CD-hybrid was also reported recently to sense and remove Hg*2 with
the adsorption efficacy of 290.70 mg/g. The hybrid has shown remarkable stability for about two
months and retains the adsorption sites up to 80% even after five cycles of use [85]. Another
composite, N-CDs with alginate (ALG@NCDs) prepared for Cu*? eradication from waste soil water
and the amount was 152.44 mg/g. ALG@NCDs exhibited a greater affinity for Cu*2 than for Pb*2, Co*2,
Ni*?, and Zn*? according to the results of selective adsorption. The ALG@NCDs adsorption capability
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was maintained at 89% of its starting level following five adsorption-desorption experiments. Cu*?
mechanism of adsorption was also investigated using density functional theory [86]. In a similar type
of investigation, the authors used cotton and a straightforward hydrothermal method to prepare a
ternary composite of nanocellulose/CDs/magnesium hydroxide (CCMg). A mixture of density
functional theory computations and experimental methods was used to study the removal
mechanism of Cd? and Cu?. It was understood that hydrogen/dative bonds taken a prominent role
in the interactions between each component of CCMg and Cd(NOs).. The Mg(OH): moiety
preferentially enriches Cd(NOs):, as demonstrated by computed thermodynamics, interfacial
interactions, and charges. Following transformation, copper ions precipitate as basic sulfate, and of
interest is that nanocellulose (NC) fixes the CdCOs precipitate on the surface by chemical interaction.
CCMg has potential uses as a water treatment agent because of its strong adsorption action and
straightforward recovery process [87]. Apart from these interesting reports on CDs, graphene CDs
composites were also reported to effectively eradicate various organic and inorganic pollutants [88-
90].

Organic dyes linked to industrial waste, such as methylene blue (MB), rhodamine B (RhB),
crystal violet (CV) and others, are progressively causing pollution in water sources. These chemical
dyes are extremely dangerous to the health of both people and animals. They can damage vital organs
such as the liver, kidneys, reproductive system, brain, and central nervous system. They can also
cause mutations and cancerous effects. Moreover, they have significant negative consequences on the
ecosystem, such as inhibiting photosynthetic activity, decreasing solar penetration, consuming
dissolved oxygen, and decreasing the recreational value of water bodies [91,92]. Hence, removal of
the dyes from water is imperative. To investigate the adsorption of eco-hazardous MB dye, Basha
et al. synthesized neem bark powder derived biobased CDs (BCDs) adducts. Figure 6A and B reveals
the BCDs absorb the MB through in-situ precipitation reaction which involves electrostatic
mechanism between the MB and BCDs. The impressive results included an adsorption capacity of
605 mg/g and a percentage of removal of 64.7%, which exceeded other solid-based adsorption
methods reported in the literature. This system fits very well with the pseudo-second-order kinetics
model and the Langmuir isotherm. Gibbs free energy change (AG), a determined thermodynamic
parameter, was negative, suggesting an exothermic, physisorption-based mechanism that occurs
spontaneously. By employing ethyl alcohol as the solvent to effectively extract and recover the MB
dye (64%), the system's regenerative capacity was further proven. With the use of this technique,
valuable cationic organic dye compounds can be effectively recovered from contaminated
environments [93].

Prepared a CDs crosslinked chitosan/microcrystalline cellulose (CS/MCC/CA-CDs) sponge. The
sponge has a tangled fiber structure with a bundle made of hydrogen bonds connecting the CA-CDs
to the CS/MCC composite matrix. The entangled fiber bundle units provide abundant active
adsorption sites for the dye molecules to be collected. At pH-10 and 298 K, the CS/MCC/CA-CDs
sponge had an adsorption capacity of 306.8 mg/g toward MB [94]. Anthracene is classified as a stable
polycyclic aromatic hydrocarbon (PAH). Carbon-based compounds like biochar cannot effectively
adsorb anthracene in aqueous phase. Chitosan (CS)-decorated CDs obtained from the acid treatment
of coconut shell biochar (MCSB/CDs) are effectively manufactured and eleminated anthracene from
aqueous solutions. Within 60 min, h-CDs/MCSB demonstrated a 95% removal efficiency and rapid
anthracene adsorption with a notable sorption capacity (Qmax = 49.26 mg/g) [95]. In a recent report,
You et al. presented a straightforward casting technique, a polyvinyl alcohol/chitosan-based polymer
CDs [PVA/P(CS-g-CA)CDs] composite film was created for dye eradication. With an increased
adsorption capacity of 433.24 mg/g, the composite film demonstrated steady adsorption of acid blue
93 (AB93) at pH 2 to 9. Even after five cycles, the adsorption complied with the Langmuir rule with
an effectiveness of over 89% [96]. To successfully remove MB dye from an aqueous solution, non-
metal elements were used to dope up CQDs with nitrogen and sulfur (N, S-CQDs), then loaded into
hexagonal mesoporous silicon (HMS). The hydrothermal method of N, S-CQD was synthesized using
the amino acids cysteine and histidine as the raw materials. Maximum MB adsorption capability and
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removal efficiency were found to be 370.4 mg/g and 97%, respectively. The good selective behavior
of N,S-CQDs/HMS for MB adsorption was demonstrated by the elimination of MB when placed close
to RhB and Reactive Black 5 dyes. Four repeated adsorption—-desorption cycles would provide for a
well-recycled adsorbent with appropriate activity. The findings showed that the N, S-CQDs/HMS's
porous characteristics, surface area, charge characteristics, bandgap reduction, and quantum yield
were crucial elements that influenced dye adsorption [97]. Besides the above CDs and composites,
metal doped CDs for mitigating various pollutants [98], mesoporous silica decorated CDs for
methoxy-DDT [99], CDs-liposome-Au catalysts for 4-nitrophenol reduction [100], CDs with g-CsNu-
FeNi-BTC for antibiotics and microplastic eradication [101], and CDs-hydrogels for perfluorooctane
sulfonate eradication was reported successfully [102]. Apart from these findings, various GCDs have
successfully reported on various pollutants removal [103-105]. Among the above discussed CDs and
their composites, BCDs have shown remarkable removal efficacy of 605 mg/g than adsorbents
reported.

3.2.2. Membrane Filtration

The membrane separation process has had remarkable expansion over the last few decades,
making it one of the growing technologies. Because of its superior performance over traditional
separation technology, it has caught the interest of researchers in the area of separation technology.
Membrane separation techniques used to separate two or more components or contaminants by
passing through a semipermeable barrier (membrane). A thin sheet of synthetic or natural material
that covers a surface and allows certain components of the solution to pass through is called a
membrane. The primary technologies for membrane separation are electrodialysis, gas separation,
pervaporation, reverse osmosis, ultrafiltration, and microfiltration [106,107]. Here we would like to
emphasize the CDs based membranes for the above-mentioned separation techniques against various
organic, inorganic, and microbial contaminants filtration. Usually, the commercial polymer
membranes has certain drawbacks such as membrane fouling, longevity, limited selectivity, and
limited flux [108,109]. Some of these problems could be overcome by adding the nanomaterials to the
traditional membranes. It's due to nanomaterials’ high mechanical strength, hydrophilicity,
permeability, and antimicrobial activity. Hence, we are reviewing recent reports on CDs, CNTs, and
graphene-related nanomaterials in membrane technology [110]. In this particular section, we are
discussing the CDs based membranes. In order to eliminate organic solvents, sub-5 nm CDs with
adjustable carbonation degrees, or surface groups, were easily produced as nanofillers by Yuan ef al.
Additionally, polyethyleneimine (PEI) was chosen as the polymer matrix because of its superior film-
forming and solvent resistance. A layer of cross-linked PEI-CDs was applied to a hydrolyzed poly-
acrylonitrile (PAN) substrate in order to create a thin, perfect composite membrane. Through the
investigation of solvent uptake behavior, solvent flux, and solute rejection, the nanofiltration
performances of membranes were assessed. This confirmed that the advantages of hybridizing small-
sized CDs with PEI could effectively be created: the fully cross-linked PEI networks guaranteed
superior solvent resistance and solute rejection ability, while CDs functioned as specific nano-
accelerators for solvent transfer through their functional groups. The degree of carbonation influence
the rejection of polar and non-polar solvents selectively due to the varying amount of surface
functional groups and the PEI-CDs polarity [111]. By combining CDs with a poly-ether sulfone (PES)
matrix, a unique mixed matrix nanofiltration membrane was created. The properties of pure water
flux, antifouling, dye, and salt rejection were also investigated. A solution of bovine serum albumin
(BSA) was filtered through the prepared nanocomposite membranes to assess their fouling resistance.
The roughness of PES membrane can be effectively reduced by adding CDs, as seen by the estimated
roughness values. Through stepwise increases in the dosage of CDs from 0.05 to 0.50 weight percent,
the membrane permeability was enhanced to a maximum value of 76.5 kg/m? h, double that of bare
PES. Significant antifouling characteristics were also demonstrated by the 0.50 wt% PES/CDs
membrane compared to individual PES [112]. Developed a PVDF/ATP-CDs composite membrane
with dual functionality of heavy metal ion adsorption and detection by reacting CDs with attapulgite
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(ATP) in the PVDF/ATP hybrid membrane. The PVDF/ATP-CDs membrane has shown excellent
wettability followed by a permeability of about 110 L/m2 h due to the additional features from ATP
and CDs [113]. ZQDs-g-CA, an anti-fouling zwitterionic cellulose acetate (CA) membrane, was
created by grafting CQDs onto the CA membrane's surface and then zwitterionizing CQDs (Figure
6C) by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 1,4-butanesultone (1,4-BS). With
a permeation flux of 426.1 + 9.6 L m2 h™! bar! and an oil rejection of 99.4%, the modified CA
membrane showed outstanding water flow (602.2 + 30.2 L m= h! bar') and oil/water emulsion
separation performance. Furthermore, the anti-fouling tests showed excellent results, with good flux
recovery. The findings demonstrated that, for various oil/water emulsions, the in-situ ZQDs on the
CA membrane obtained grater than 96% rejection rate [114]. Similarly, another zwitterionic CD-CS-
thermoplastic polyurethane (TPU) membrane was prepared for 100% Cu (II) removal and antifouling
to E.coli [115]. The modified PSF membrane with CQDs demonstrates antibacterial activity against
both Gram-positive and Gram-negative bacteria was seen in Figure 6D [116]. CD/Ag NPs-
Polysulfone (PSF) membrane was fabricated and obtained improved results of tartrazine dye
rejection with good water flux [117]. A low quantity of CDQs (1% w/w) was present, which increased
the CA electrospun adsorbent's adsorption capability. The loaded membranes showed an increase in
adsorption capacity of 160% for MB and 300% in the case of MV when compared to CA electrospun
membranes without CQDs. Consequently, the adsorption of cationic dyes onto polymeric
membranes was significantly improved by the addition of CQDs derived from sawdust [118]. Phase
inversion was used to create PES, peracetic acid (PAA) membranes based on graphene oxide QDs
(GQDs-Ms). The GQDs-Ms demonstrated a negative surface charge and a significant oxygen content.
Superior suppression of E. coli cells was achieved as well as increased hydrophilicity, pore size,
porosity, and flow after adding GQDs to the polymer matrix [119]. Developed thin-film
nanocomposites (TFN) based on GOQDs and tannic acid (TA). The TA/GOQDs TEN membrane
maintained high dye rejection to MB (97.6%) and Congo red (99.8%) while exhibiting a pure water
flux of up to 23.33 L m?2h bar (0.2 MPa) 1.5 times greater than that of the pristine TA TFC membrane.
This was due to the loose active layer structure and the combination of Donnan exclusion and steric
hindrance [120]. By creating a thin, selective layer on top of the modified MWCNT matrix membrane
using an interfacial polymerization technique, N-GQDs membrane composites were created. Upon
controlling the N-GQDs contents, the membranes' pore sizes could be freely adjusted. More than 96%
of various charged dyes were rejected by the appropriate N-GQDs membrane [121]. Similarly, CDs
are used to simultaneously control the surface charge and pore size of a nanofiltration membrane,
improving the selective expulsion of salts from water. Several CDs based membranes also reported
successfully to improve the capabilities of membrane filtration. The discussed membranes have
improved polarity, roughness, hydrophilicity, and wettability followed by the permeability, and
tunable membrane pore sizes by adding CDs are advantageous to further enhance the membrane
technology [122-126].

3.2.3. Photocatalytic Degradation of Wastewater

Photocatalysis has emerged as a popular physical, chemical, and biological technology for water
cleanup in current times due to its gentle and environmentally benign character, low byproduct
generation, and good functional-group compatibility. Since TiO2 was first used in photocatalysis,
semiconductor photocatalysis has garnered widespread research interest. Nevertheless, the hybrid
photocatalysts and certain traditional and usually used CDs (Zn/Se QDs, Ag2S QDs, Pb/Se QDs, and
Cd/Se QDs) are toxic, moderately active in the visible-NIR spectrum, costly, or need lengthy, multi-
step fabrication procedures, which limits their practical use [127]. Hence, highly efficient, broad
absorption, low toxic, and economic photocatalysis are wanted. Though other carbon nanomaterials
such as CNTs, carbon nanofibers (CNF) are good adsorbents, they need dopants to be a good
photocatalyst. But graphene and GO are considerable photocatalysts in their native form [76]. Certain
appealing properties of CQDs include their strong visible-spectrum photoluminescence, tunable
emission wavelength, broad and continuous excitation spectrum, very good water solubility and
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stability, biocompatibility, inert to photobleaching, ease of preparation, and affordability, make them
a good photocatalysis [128]. Since electron-hole pairs are the main oxidizing species in photocatalytic
reactions, CQDs have been found to function as independent photocatalysts in recent years. This is
because they can absorb visible light. Because of their special qualities, CQDs are materials that show
promise for photocatalytic applications, which will degrade a variety of environmental pollutants
[129-132]. Das et al. demonstrated bare CQDs for MB degradation. Pear juice was used as the starting
material for a simple, scalable, one-pot solvothermal technique that produced green-emissive CQDs.
Because of their efficient light absorption, electron transfer, and separation of photogenerated charge
carriers, the prepared CQDs have excellent photocatalytic activity under visible light irradiation,
enabling ~99.5% destruction of MB in 130 min. Figure 6 (E-a) reveals that the MB is not sensitive to
the visible light and CQDs in dark. Whereas The CQDs under illumination has given remarkable MB
degradation within 130 min. Figure 6 (E-b) shows rate constant of the degradation was 0.03889 min-
1. Figure 6(E-c) is the photocatalysis reaction under light, where the CQDs generate the electrons and
holes by charge separation, followed by the MB changes into color less is an indication of successful
degradation. Figure 6(E-d) shows the exact reaction mechanism of electron-hole pair and radical
species generation, and subsequent light-mediated degradation of MB dye. The CQDs also used for
sensing the Fe (III) and ascorbic acid based on a turn-off and turn-on mechanism [133]. Nizam et al.
prepared blue color CQDs from rubber seed shells for 90% removal of CR and MB dyes in the
presence of sunlight [134]. Meena et al. created two CQDs with different molecular surfaces: C-CQDs
(carboxylic-rich) and A-CQDs (amine-rich) from natural sources. Between these two, the A-CQDs
have a low band gap and generate a larger amount of photo electrons. Rapid visible light-driven
photolysis of H20> was made possible by A-CQDs, which also generated more ¢OH radicals to aid
in the mineralization of petroleum waste, which includes genuine textile wastewater as well as
benzene, ethylbenzene, toluene, and xylene. From this report, we can learn that different
functionalization of CQDs can have different band gaps [135]. Zandipak et al. prepared N-5-CDs with
covalent organic triazine framework polymer (COTE-P). Since the bandgap value of N-5-CQD/COTEF-
P heterojunction was smaller at 2.1 eV than that of 1.9 eV, and the photogenerated charges were better
separated, it exhibited optimal activity for the photocatalytic oxidation of phenanthrene from water.
After five cycles of reuse, the N-5-CQD/COTE-P heterojunction demonstrated satisfactory stability
[136]. In Boyar et al. report, aspartic acid was pyrolyzed at 320 °C, approximately 25 nm-sized N-g-
CDs with polymeric carbon nitride (PCN) embedded were produced. The surface area of PCN
increased from 11.5 to 104.9 m? g due to the in-plane infiltration of nanosized N-g-CDs. When
evaluated for photocatalytic chromium reduction, the N-g-CDs/PCN hybrid catalyst showed a rate
that was around three times greater than PCN. Additionally, rhodamine B (RhB) dye and the
antibiotic tetracycline (TC) both broke down quickly and with quicker degradation rates. The
excellent separation of photo-excitons is governed by the electron acceptor features of N-g-CDs, and
photoactivity augmentation is partly attributed to excellent surface area of N-g-CDs/PCN, which was
confirmed by carrier dynamic and computational investigations [137]. The CDs were also combined
with traditional semiconductor TiO2to extract the enhanced photodegradation of organic pollutants.
Under solar flow mode, the photodegradation of two commonly used antibiotics in aquaculture,
sulfadiazine (SDZ) and oxolinic acid (OXA), was examined both in the absence and in the presence
of CQDs combined with TiOz. The CQDs-TiO:z have given satisfactory results against antibiotics and
pathogen degradation [138]. Choi et al. created CQDs with ease by combining lemon juice and citric
acid. The structural and optical properties were impacted by incorporation of CQDs with TiOz. TC
was efficiently decomposed by synthesized CQD using TiO2 nanocomposites. 91.5% of the TC was
eliminated after two hours at pH 8 using visible light. The target compounds' active sites were also
predicted by density functional theory (DFT) calculations [139]. It was discovered that GQDs can
enhance the black titanium dioxide nanofibers (bTiO2 NFs) photo degradation capability towards
RhB dye. It was due to the enhanced charge carrier separation and formation of superoxide radical
anions [140]. Similarly, TiO2-Colloidal CQDs for effective visible light photocatalytic degradation of
antibiotics [141], and a unique quaternary ammonium structure of CDs altered TiO2 (CPC-CDs/TiO2)
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were prepared. Excellent Cr(VI) reduction by CPC-CDs/TiO: is over a broad p* range. Under natural
sunlight, a considerable decrease of Cr(VI) is demonstrated by CPC-CDs/TiO2. The bactericidal and
recyclability of CPC-CDs/TiO: are exceptional [142]. Here, in all these studies, the CDs enhanced the
photocatalytic property of the TiO:2 very efficiently. It was also claimed that chemical dyes, expired
medications, and solar-mediated oil absorption/separation could be effectively removed by
CQDs/ZnO, Fe-doped CDs, N-CQDs, multi-doped CDs, and CDs/polylactic acid nanofibrous
membranes [142-145]. Overall, various kinds of photoactive CDs with high efficiency of pollutant
eradication were observed.
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Figure 6. A. Adsorption mechanism of cationic MB dye on anionic BCDs. B. BCDs and MB dye's UV-Vis
sensitivity under various testing scenarios. C. Zwitterionic CDs on CA tubular membrane surface for oil
separation from water with increased hydrophilicity, permeability, and anti-fouling property. D. The CQDs
modified PSF membrane with antifouling property against gram-positive and gram-negative bacteria. E.
Photodegradation of MB caused by visible light. (a) Photodegradation of MB using CQDs at various conditions.
(b) Plot of In Co/C; (c) Theoretical mechanism of MB degradation under vis-light illumination; (d) Proposed MB
degradation mechanism. Reprinted/adapted with permission from Refs. [74,93,114,116]. Copyright 2024,
Copyright SCI Reports, Copyright 2024, copyright Elsevier, Copyright 2019, Copyright SCI Reports, and
Copyright 2020, copyright Elsevier.

3.3. Carbon Nanotubes for Water Treatment

One of the most significant carbon nano-allotropes is CNTs. A CNT is a cylindrical nanocarbon
or one-dimensional tube. lijima made the discovery in 1991. It is made up of a rolled graphene
nanosheet with carbon atoms that are sp>-bonded. CNTs can be categorized as single-walled
(SWCNT), double-walled (DWCNT), or multi-walled (MWCNT) based on quantity of rolled
overlapping cylinders [146,147]. Their remarkable qualities include great strength (about 37 GPa),
thermal conductivity (approximately 3500 W/m/K), BET surface areas (50-300 m?/g), optical
adsorption, chemical stability, and ballistic electronic transfer. Crucially, their helical angle (x), or the
angle formed by the tube axis and the graphene lattice edge, determines whether they are metallic or
semiconducting. A collection of indices, (n, m), corresponding to multiples of the graphene unit can
be used to represent the structure of a SWCNT. Based on the helicity, the CNTs could be zigzag (m =
0) and armchair (n = m) structures. The CNTs have different properties based on the helicity. Due to
these properties, CNTs have been used in different applications like electronics, energy, automobile,
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health, and environmental studies [148-150]. When it comes to water treatment applications, pristine
CNTs are not very effective as they are not water soluble. It is due to the strong covalent network of
carbon atoms. Ma et al. observed that CNTs lower their surface area due to their aggregation, which
can be overcome by the alkali treatment of the CNTs. Such CNTs can remove the organic pollutants
including dyes effectively [151]. However, the water solubility can be created and enhanced based
on different functionalization. Such as defect creation and oxidation strategies by testing the CNTs
by sting acids, acids, KMnOs, and other strong oxidizing agents’ treatment, metal doping, and
functionalizing various water soluble polymers [152,153]. Figure 7A shows the systematic
functionalization of CNTs with H2504 and HNO:s followed by magnetization with Fe2Os NPs,
trimethoxysilylpropanethiol (MPTs), and hydrazine for adsorption studies [154].

3.3.1. Adsorption

Inorganic pollutants are very toxic to the environment and causes many adverse effects and
great risk to health. Anitha et al. published the molecular dynamic study of +2 state heavy metal ions
(Cu, Cd, Hg, Pb) adsorption on functionalized CNTs having -COO-, OH;, and CONH: functional
groups. The simulation results reveal that the adsorption efficacy of functionalized SWCNTs was 150-
230% higher than bare CNTs and increased along with higher concentrations of heavy metals. The
order of adsorption was as follows: Pb? > Cu?* > Cd? > Hg? [155]. When MWCNTs are treated with
acid, their adsorption capacity can be significantly enhanced. With 6 h acidified MWCNTs, the
highest adsorption capacity achieves 85 mg/g at a starting Pb(I) concentration of 50 mg/L, pH-2 at
time 20 min, which is 20 times and 5 times higher than that of initial MWCNTs and activated carbon,
respectively. The oxygen related functional groups on acidified MWCNTs can react with Pb (II) to
create salt or complex deposited on the surface of MWCNTs, are primarily responsible for the
increased adsorption of acidified MWCNTs [156]. The functionalization of CNTs is particularly
important as the adsorption strength increases along with it. Selenophosphoryl functionalized
MWCNTs revealed that the Pb (II) can be removed effectively [157]. Organic and inorganic acid
functionalized CNTs were used for Cu (II) and Ni (II) eradiction [158]. Inanition to acid
functionalization Oliveira et al. showed the application of CNTs in the elimination of Pb (II), Cu (II),
Ni (II), and Zn (II) from aqueous solutions, with the help of CNT modification using surfactants such
as anionic (SDBS), non-ionic (Pluronic F-127), and cationic (polyDADMAC MMW) [159]. The
adsorbent separation is difficult by using CNTs alone, it need a filtration to separate the adsorbent.
Hence the CNTs are additionally functionalized with iron nanomaterials to facile the magnetic
adsorption. Wang et al. claimed a maximum adsorption of 215.05 mg/g using multiwall magnetic
CNTs (60-MWCNTs@FesOs) for Pb (II) selective adsorption over Cu (II) and Cd (II) ions. This is
significantly higher compared to the adsorption capacity of similar types of adsorbents currently in
use. 60-MWCNTs@Fe3Os that adsorbs metal ions can efficiently accomplish excellent separation from
the solution in the presence of an external magnetic field. Figure 7B SQUID analysis reveals the
magnetic nature of the FesOs and the 60-MWCNTs@FesOs composite and its magnetic separation
behavior. Figure 7C is an adsorption isotherm to demonstrate the adsorption of different metal ions
such as Pb(Il), Cu(Il), and Cd (II) [160]. Many other magnetic CNTs have been reported for the facile
separation of adsorbents. In the very recent reports, Alkallis et al. reported MWCNTs-COO@FesOx
nanocomposite structure using a femtosecond laser ablation procedure, which will be utilized to
remove Pb (II) and obtained 66.85 mg / g at pH 6, starting concentration of 100 mg/L within 10 min
[161]. Various functionalized CNTs have been well summarized in a recent review by systematic
evaluation of various pollutants [162-166].

Toxic organic pollutants have a negative results on the environment and on public worldwide.
CNTs one among other adsorbents which can effectively remove the organic contaminants from
polluted water. Zare et al. have utilized untreated MWCNTs for the adsorptive capture of Congo red
(CR). By analyzing the effects of batch variables including temperature, contact time, solution p¥, and
starting initial dye concentration, the adsorbent's efficacy toward CR was examined. In an
equilibrium period of 60 min, MWCNTs demonstrated a 92% clearance effectiveness of CR with 231
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mg/g efficacy [167]. Machado et al. did comparative research to determine how reactive blue 4
removed from single and MWCNTs made via catalytic chemical vapor deposition method. It was
shown that at pH2.0, the greatest adsorption capacities of 487.6 and 442 mg/g, respectively, occurred.
Because SWCNTs have a high surface area and total pore volume than MWCNTs, they have a higher
capability for adsorbing reactive blue 4 [168]. In addition, the treated CNTs such as oxidized,
magnetically and polymer functionalized CNTs have been used to achieve better adsorption results
towards different conditions against diversified pollutants [169]. Indigo carmine dye was removed
using CNTs and CNT-COOH and achieved 88.5 and 136 mg/g removal efficacy with an initial
concentration of 100 mg/g, at room temperature, and 15 min of time [170]. 96 mg/g of methyl orange
(MO) was removed by MWCNTs-NH2 which was less efficient than the acid functionalized CNTs
[171]. A poly-l-lysine (PLL)-functionalized magnetic FesOs-(GO-MWCNTs) hybrid composite with a
large surface area and an abundance of hydroxyl and amino groups were prepared using a unique,
efficient, and environmentally friendly technique. The hybrid combination comprising PLL, FesOs,
and GO-MWCNTs showed exceptional adsorption capabilities in eliminating tartrazine, a dye, and
Pb(Il). The PLL-Fe3Os-(GO-MWCNTs) hybrid is particularly noteworthy for its high adsorption
capacity, quick separation, and low time requirements. Under ideal circumstances, the equilibrium
adsorption efficacies for Pb(Il) and tartrazine were 1038.42 mg/g and 775.19 mg/g, respectively. The
Langmuir adsorption model was shown to govern the removal of these two contaminants, and the
pseudo-second-order kinetic model described the adsorption kinetics [172]. Utilizing the arc
discharge technique and air heat treatment, SWCNTs loaded with magnetic Fe2Os NPs
(SWCNTs/FexOy) were prepared. The maximum adsorption capacity of the composite was found to
be 117 mg/g when bisphenol A (BPA) was removed using SWCNTs/FexOy. When BPA content was
below 0.05 mmol/L, the adsorption reached more than 90% in just 5 min of time [173]. Functionalized
MWCNTs was used to create simple one-pot-FesOs/MWCNTs, which were then used to catalytically
degrade 4-ntrophenol from an aqueous solution [174]. Similarly magnetized polymer CNT composite
was reported for 11 mg/g removal of MB dye [175]. The maximum adsorptions of 15.82 mg/g for MB
and 33.54 mg/g for RB were obtained by the composites of FeSe2@FesOs@CNT-NHz. The reported
results are lower than the other magnetic CNTs composite was noticed [176]. Losartan and diclofenac
were eliminated using CNTs functionalized with iron and coffee husk. Diclofenac absorbed more
than losartan. Kinetic analysis, neural networking prediction, and machine learning methods were
provided to know the adsorption mechanism of the pollutants on magnetic CNTs [177,178]. Apart
from iron oxide, ZnO functionalized MWCNTs (AC-MWCNTs-ZnO) has been prepared to remove
MB dye. ZnO NPs have excellent dispersion on carbon surfaces which makes the adsorption process
easier. By adding ZnO NPs, the surface area increased between 269.48 and 1723.64 m2g. 89.5% of
MB dye was removed by AC-MWCNTSs composites containing 30 wt% ZnO NPs [179]. In the same
way, hydrothermal green synthesis of CNTs/ZnO composite was prepared for BG dye removal. The
sorption capability enhanced from 9.67 to 161.74 mg/g when the starting concentration of brilliant
cationic green dye increased from 10 mg/L to 200 mg/L at 20 °C, pH 6.6 + 0.1 in 60 min [180].
Eskandarian et al. synthesized poly(propylene imine) dendrimer functionalized MWCNTs (CNT-
Den) for Direct Blue 86 (DB86) and C.I. Direct Red 23 (DR23) eradication, and achieved 667 and 1000
mg/g, which is one of the highest in the literature reported. The possible mechanism was explained
in two steps. The CNT-Den is initially submerged in an acidic solution (pH-3), which protonates the
NH: functional groups of the adsorbent and gives strong affinity for the simple and quick adsorption
of the anionic dye molecules. The second phase involves the positively charged CNT-Den at pH-3
electrostatically attracting the negatively charged dye molecules. A tiny amount of the synthesized
adsorbent (0.1 g/L) could almost completely remove over 95% of the direct dyes (50 mg/L) after 60
min of contact time for the treatment of the simulated industrial colored effluents [181]. Radia ef al.
prepared hydrogel MWCNTs polymer nanocomposite for the removal of cationic CV dye from
aqueous solutions. The better results of 84 mg/L. CV adsorption were achieved at pH-8, 200 mg/L of
concentration, and 120 min contact time [182]. To eliminate ciprofloxacin (Cip), carbamazepine (Cbz),
diclofenac (Dcf), benzo[a]pyrene (Bap), and anthracene (Ant) from different water samples, modified
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M-MWCNTs with immobilized laccase (L@M-MWCNTs) were employed. The LeM-MWCNTs was
highly stable and removed > 90 % of pollutants than M-MWCNTs [183]. Among all the CNT
composites discussed, the PLL-Fe3Os-(GO-MWCNTs) and CNT-Den have sown the highest removal
efficacy of 775 mg/g and 1000 mg/g.
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Figure 7. A. Acid treatment, magnetic and polymer functionalization of CNTs. B. SQUID results of 60-
MWCNTs@Fe20s3 and Fe20s. C. Adsorption isotherms of the 60-MWCNTs@Fe:0s for Pb (II), Cu (II), and Cd (II).
Reprinted/adapted with permission from Ref. [154,160]. Copyright 2016, Copyright Elsevier, and Copyright
2021, Copyright SCI Reports.

3.3.2. Membrane Filtration

Membrane filtration is one of the most reliable methods to refresh or purify contaminated water,
wastewater, seawater, and brackish water. The membranes are usually made of ceramic, organic
polymers, and hybrid materials, and their fabrication relies on the molecular weight cut off of the
pollutants. Such is how the membranes and filtration names are given; membrane distillation (MD),
reverse osmosis (RO), pervaporation (PV), nanofiltration (NF), ultrafiltration (UF), and
microfiltration (MF) are frequently used in the purification of water [184]. Due to their outstanding
mechanical strength and very good selectivity, polymeric membranes are typically employed in the
purification and desalination of water. Conversely, the strong thermal and chemical stability of
ceramic membranes, they are usually adopted for difficult water filtration procedures. Nonetheless,
there is still room for advancement because each of these membrane types has certain limitations. In
many water treatment applications, polymeric membranes show lower chemical stability and fouling
resistance compared to ceramic membranes. Conversely, because of their excessive cost, ceramic
membranes are usually only suggested for small-scale operations. Certain nanomaterials, such as
metals, metal oxides, and carbon materials, have been used to improve the drawbacks involved in
the existing membranes [185,186]. Because of their enhanced permeability, strength, disinfection,
rejection, and antifouling activity, CNTs have shown to be excellent fillers in a variety of membranes
[187]. The CNT membrane composites can be of three types. The very first one is vertically aligned
CNT (VA-CNT) membranes, where the CNTs are aligned vertically, and the water flux is high with
moderate mechanical strength. The second is mixed CNT membranes, where the CNTs are arranged
randomly; hence, the water flux rate is low but shows great mechanical strength. The third one is
Bucky paper CNT membranes, whose fabrication process is simple, moderate water flux and limited
mechanical strength [186]. The schematic diagram for the three kinds of membrane can be seen in
Figure 8A. There are commercial polymer membranes such as PES, PSF, TPU, CA, polyvinyl
difluoride (PVDF), and some other polymers that have been functionalized with CNT, and evaluated
for their properties, and used for water purification [188].

The VA-CNT functionalized polysulfone (PSf) has shown increased flux than commercial
polymer has reported [189]. Arahman et al. investigated and reported the effects of CNTs and
pluronic (PF) on the properties and stability of PVDF and PES membranes. The functionalized
CNTs/PE-PES exhibit superior stability, including hydrophilicity, shape, chemical composition, and
functional groups. While the CNTs/PF-PVDF water contact angle rises to 69.1°, the CNTs/PF-PES
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water contact angle raises from 59.4° to 64.7°. Additionally, the performance of CNTs/PF-PES
demonstrates more consistent results, with a flow loss of just 1.31 L m2 h-1, whereas the flux decrease
of CNTs/PE-PVDF can reach 16.31 L m?h'. Consequently, compared to PVDF, CNTs and PF
modifications impart more stability to the PES membrane matrix [190]. Nagoma et al. examined the
effect of CNT loading and pressure on PES membrane. The authors identified that increasing the CNT
concentration and pressure are proportional to the flux rate. The PES/5 wt% CNT membrane
outperformed the others, rejecting 89.6% Cu, 100% Fe, 90.5% Ni, 68.8% Zn, and 99.99% Cl at 300 KPa
while maintaining a respectably high flow of 43.7 L m2 h-l. These outperforming results; increased
rejection, thermal stability, membrane pore size, and surface area would result from the
encapsulation of acid-functionalized CNTs in the membrane matrix. The outcomes demonstrated the
potential application of functionalized CNTs implanted in PES membranes for industrial wastewater
treatment [191]. A study by Zhao et al. offers a new block amphiphilic polymer called
polyethersulfone-g-carboxymethyl chitosan@MWCNT (PES-g-CMC@MWCNT). This polymer
created by grafting hydrophobic PES on hydrophilic CMC to enhance the penetration of water and
antifounilg properties of PES. The resulting ultrafiltration membranes continue to reject bovine serum
albumin (91.75%) with outstanding efficiency, displaying good water flow (198.10 L m=2 h),
appropriate hydrophilicity (64.77°), and increased antifouling characteristics (82.96%). Additionally,
the cross-sectional shape of the membrane has improved, leading to increased porosity (84.60%) and
more regular pore sizes (47.64 nm) [192].

PVDF based membranes were modified using a CNTs and 1-butyl-3-vinylimidazolium bromide
ionic liquid (IL) grafting (PVDF-g-IL/CNTs). The grafted IL dramatically enhanced the hydrophilicity
and pore structure of the modified PVDF membranes by producing hydrophilic groups on PVDF
chains and working in tandem with the CNTs to cause the formation of hydrophilic B-crystalline
phase of PVDF. PVDF-g-IL/CNTs membranes produced extremely hydrophilic/oleophobic, fouling-
resistant, and with good separation efficiency. The ideal membrane's pure water flux reached 294.2
m=2h bar?, which was 5.2 times higher than the pure PVDF membranes. The membrane is good use
for dye, and water-oil separation [193]. Prepared a nanocomposite membranes through the use of
phase inversion technique to blend poly(vinylidene fluoride-co-hexafluoropropene) (PVDF-HFP)
polymeric membranes with Ag NPs attached to poly(amidoamine) dendrimer (P)-functionalized
MWCNTs. The physicochemical properties of measured water, consisting of turbidity, TSS, TDS, and
carbonate hardness, were dramatically reduced by the nanocomposite membranes to 4 NTU, 7.0
mg/L, 7.7 mg/L, and 6.0 mg/L, respectively. Following membrane treatment, notable improvements
were observed in the reduction of BOD (3.0 mg/L) and the microbiological load (0 CFU/mL). In
addition, hazardous heavy metal concentrations of Ni, Cd, and Cr were noticeably lowered to 0.015,
0.0012, and 0.0138 mg/L, respectively from water samples. The outcomes unequivocally imply that
treating surface water can be accomplished using the AgP-CNT/PVDF-HFP nanocomposite
membrane [194]. Chitosan polysaccharide derivatives (CS-SDAEM) and tannic acid-coated carbon
nanotubes (TA@CNTs) have been uniformly coated on PVDF membrane for increased antifouling
character and oil-water pollutants separation with 95% flux recovery by creating the extra functional
groups and hydrophilicity [195].

Self-assembled composite membranes have impressive selectivity, high operational efficacy, and
environmental sustainability are becoming increasingly recognized for their promise in wastewater
treatment. However, obstacles including high membrane fouling and insufficient removal efficacies
for low molecular weight dyes limit their wider industrial use. A structurally stable composite
membrane made of sodium lignosulfonate CNTs and alkalized MXene (SLS-CNT/alk-MXene) has
been developed in response to these difficulties. This membrane uses a layer-by-layer self-assembly
method to assemble homogenous nanoparticles on a PES substrate that has been pretreated with
dopamine. With a permeation flux of 51.6 L m2h! bar”, it demonstrated a high degree of selective
permeability, achieving 98% retention capability for MB and Congo Red. In just one hour, this
membrane effectively broke down a number of organic dyes, including Rh B, MB, phthalic acid, and
methyl orange through electrocatalysis [196]. In order to separate oil from oily wastewater, ZnO
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coated CNTs on polylactic acid membranes were prepared via electrospinning. The produced fibrous
membranes have attained 73.2 g/g of oil absorption successfully [197]. Hybrid MWCNTs/UiO-66-
NH: forward osmosis membrane was prepared and used for antifouling and microplastic removal.
The MWCNTs/UiO-66-NH: incorporation increases the 44% hydrophilicity and 67% water flux due
to its good water dispersibility and reduced agglomeration [198].

Yang et al. reported an ultra-strong, densified, flexible, free-standing papery all-CNT membrane
with high antifouling and separation abilities. It is four times stronger than the virgin CNT membrane
and an order of magnitude stronger than many of the membranes made by polymers. The chemically
densified free-standing CNT membrane (D-CNT-M) has an extraordinary tensile strength of up to
330 MPa. Figure 8A shows the preparation strategy of the D-CNT-M from pristine CNT-M, P-CNT
(purified CNT) via acid (H250s and chlorosulfonic acid (CSA)) treatment. Figure 8B(a) reveals the
densification process of the membranes. Figure 8B(b-d), the low and high magnification SEM clearly
show that the CNTs densified after the acid treatment process. Figure 8B(e) is the cross-sectional
image of the D-CNT-M, where one can see the free-standing well well-aligned CNTs, which can
facilitate the high water flux and purification. Figure 8B(f) is the Raman spectra, which shows the
highest Ip/Ic ratio of the D-CNT-M, which is the significance of the lower disorder of the CNTs in the
membrane after densification. XPS in Figure 8B(g) indicates the decline of C/O due to the acid
densification. Moreover, the acid treatment by CSA not only enhances the oxygen content, but it can
also functionalize the sulfur on the CNTs was evidenced. After successful preparation and
characterization of the membrane, the CNT membranes were demonstrated for their water
purification ability.

As predicted, the membrane's flow dropped as the molecular weight of PEG increased (Figure
8C(a)) , indicating a size sieving separation mechanism. P-CNT-M and D-CNT-M have the same
fluxes, which suggests that their mass transfer resistances are also similar. In contrast to CNT-M and
P-CNT-M, the denser D-CNT-M membrane had noticeably greater PEG rejections (Figure 8C(b)). The
membrane fouling is usually tested by using BSA, and the D-CNT-M has given the highest flow and
rejection during the time of BSA filtration than CNT-M (Figure 8C(c)). Figure 8C(d) and (e) show the
interesting flux variations towards RhB and acid orange (AO) and opposite removal efficiency
towards these two dyes. The D-CNT-M can remove 90% of RhB and 10% of AO dye, which indicates
the D-CNT-M is selective towards organic dyes. Out of these three CNT membranes, this finding
suggests that D-CNT-M has the most antifouling performance. Even when two dyes have comparable
molecular sizes, they can be effectively separated by the negatively charged surface of D-CNT
membrane. Meanwhile, because of its reinforced hydration layer brought about by the hydrophilic
functional groups that result from chemical densification, the densified CNT membrane
demonstrates veery good antifouling nature during filtration of dyes, humic acid, and bovine serum
albumin solutions, and oil-in-water emulsions. In the filtration of fluids containing foulants, the
chemically D-CNT membrane exhibits better long-term stability and regeneration in addition to
outstanding separation and antifouling performance. The filtration mechanism predicted from the
XPS results (Figure 8C(f)) confirms the m—m and electrostatic attractions between the m electrons and
oxygen functional groups in D-CNTs membranes [199]. Overall, reduced surface roughness and
porosity, high tensile strength, large-scale manufacturing, excellent foldability, consistent water flux,
increased surface functionality made the D-CNT-M was a good membrane for selective dye removal
without membrane fouling.

In addition, GO-CNT membranes [200], MWCNTs, polyvinylidene fluoride (PVF), and TiO:
(PVF-x%MWCs-x%TiO2) nanocomposites [201] and conductive CNTs [202] were also reported for
organic dye removal, photocatalytic dye degradation, and chlorine decontamination of wastewater.
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Figure 8. A. Types of CNT based membranes. B. (a) Preparation of D-CNT-M from pristine CNTs. The pristine
CNTs contain metal impurities and need purification. Acid purification and oxidation of CNT-M followed by
CSA treatment. B(b-e) SEM images, Raman, and XPS spectra of the prepared membranes. C. (a) the flux average
and removal of, (b) PEG, (c) BSA, (d-e) RhB and AO. (f) The XPS of the CNT membrane after peak splitting.
Reprinted/adapted with permission from Refs. [187,199]. Copyright 2019, Copyright Elsevier, and Copyright
2024, Copyright Elsevier.

3.3.3. Photocatalytic Degradation of Wastewater

CNTs are renowned for having very good electrical conductivity, a high specific surface area,
and active sites on it. CNTs are acceptors of photogenerated electrons and can function as an efficient
electron transport material. Thus, in the presence of ultraviolet/visible light, the photodegradation of
the organic pollutants (dyes) on the CNT surface starts when the dye is adsorbed on the surface of
the CNTs. The hydroxyl groups are oxidized by the holes (h*) to form a (OH®), which can break down
the organic pollutants like MB. The oxygen molecules adsorbed on the CNTs surface react with the
photoelectrons and will form a highly reactive superoxide radical ions (0*?) that oxidizes the organic
dyes efficiently [203-207]. However, the action of photocatalysis is very promising with metallic
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semiconducting oxides such as ZnO, TiOz, MgO, CeOz, WOs, CeO, SnOz, ZrO2, CuO, and AgO etc.
[208]. During photocatalysis the semiconductor generate the h*/e- pair. The efficacy of the catalyst
depends on the amount of e/h* generation and separation. However, there is a chance of
recombination and hence charge separation is important. Due to the highly conductive nature of
CNTs, these could facilitate the electron conduction through charge separation. Thereby by could
achieve better photodegradation [203].

There are several reports presented on the synergistic effects of CNTs and metal oxide
composites to photocatalytic degradation and conversion of organic and inorganic pollutants. Chen
et al. prepared CNT/TiO:2 heterojunction photocatalyst through an in-situ method for RhB
degradation. By creating a heterojunction and facilitating the flow of photoinduced free electrons
from TiOz2 matrix to the CNT, the TiO2 growth on CNT surface can boost the rate of photocatalytic
oxidation by preventing e-/h* recombination [209]. Shaban et al. synthesized TiO2 nanoribbons/CNT
composite (TiO2NRs/CNT) through CVD method. The composite has shown red-shifted bandgap
than TiO2NRs, and triggered 100% MB degradation under sunlight at 5 mg/L dye concentration and,
300 min of light exposure. The composite has shown 50% faster degradation than TiO2 NRs with high
catalytic stability [210]. The TiO2/MCNT composites were made using a straightforward evaporation-
drying procedure for the tetracycline (TC) contaminated wastewater. The results showed that, in
comparison to TiOz, the TiO2/MWCNT composite exhibited improved photocatalytic activity from
86% to (95% TC removal [211]. BPA and carbamazepine (CBZ) were degraded by MWCNT-TiO:-
SiO:, and the studies reveal that the production of nontoxic degradation products [212]. Akter et al.
incorporated Ti** into the TiO2/CNT composite. The obtained Ti*/TiO2/CNT has particularly good
visible light absorption and given a great photocatalytic performance towards various organic dyes
such as MB, MO, phenol, Rh B, and Congo red. The photocatalyst has shown great stability and
reusability up to five consecutive cycles [213]. It was also reported that the addition of Ag and TiO2
to CNT increases the adsorption and photodegradation of MB than CNT alone [214]. Another work
led by Eid M.S. et al. proved that the addition of AgNPs and cationic surfactant (C10) enhances surface
area and dispersibility of TiO2/CNTs composite. The prepared TiO.@CNTs/AgNPs/C10 has given
high MB degradation and great stability [218]. A ternary CAT (CNTs-Ag-TiOz, CAT) composite was
prepared by simple mechanical mixing and was tested for Congo red under visible light irradiation
as well [216]. In a very recent report by Chen et al. given a new approach in the degradation of azo
dyes that are extremely toxic, refractory, mutagenic, and carcinogenic using the intimately coupled
photocatalysis and biodegradation (ICPB) method. This has shown excellent removal performance
by combining the benefits of oxidation with the high mineralization rate of biodegradation. The ICPB
was developed by adding the Rhodopseudomonas palustris and sodium alginate (SA) to the CAT to
obtain (R. palustris/ CAT@SA, R-CAT) [218]. A similar strategy (ICPB/ R-CAT) was also adopted by
Liu et al. for the removal of CR dye [219]. Akhter ef al. hydrothermally synthesized TiO2, CNTs, and
TiO2-CNTs Photocatalysts. A systematic photocatalytic capability of TiO2, CNTs, and TiO2-CNTs was
studied by using MB dye. Figure. 9A (a-c) reveal the SEM of TiO:2 nanoparticles with different
magnification, which shows the rough surface with aggregations in high magnification. Figure. 9A
(d-f) reveals the dense and tubular structure of CNTs.
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Figure 9. Photocatalysis of TiO2, CNTs, and TiO2-CNTs nanocomposite for MB degradation. A. SEM images of
(a-c) TiO2NPs, (d-f) CNTs, and (g-i) TiO2-CNTs with increasing magnification. B. (a) Photocatalytic efficacy of
TiO2, CNTs, and TiO2-CNTs under sunlight and without catalyst. (b) Impact of weight of photocatalyst, (c) p™,
and (d) various MB concentrations. Reprinted/adapted with permission from Refs. [219]. Copyright 2024,
Copyright Elsevier.

Figure. 9A (g-i) confirms the functionalization of TiO2 on top of CNTs and retention of the
tubular structure of CNTs after functionalization. Based on the SEM and other characterizations
reported the composite formation was successfully confirmed. After that the photocatalytic
performance was assessed. Figure 9B (a) is the graphical representation of the MB degradation in
absence and presence of the catalysts (TiO2, CNTs, and TiO2-CNTs). The graphical curves represents
no degradation of MB without catalyst and ~90% of degradation using TiO2-CNTs. Whereas the TiO:
and CNTs given 40% and 60% under light. Figure 9B(b-d) are the effects of the amount of
photocatalysts, pH and MB concentrations. At 0.2 g of TiO2-CNTs, acidic pH, and 30 ppm of MB has
given the maximum degradation in 180 min of reaction time was reported. Figure 9C depicts the
photocatalytic mechanism mediated by TiO>-CNT via light absorption, e-/h* generation by the TiO,
TiO2-CNT. The reduced band gap of the composite facilitate the enhanced electron conduction there
by MB conversion from blue to color less. Which is the indication of generated ROS mediated
destruction of carbon skeleton of MB and results in CO2 and H2O as a degradation products [219].
Other catalysts like inexpensive aerogel TiO2 -CNT for RhB and MB degradation about > 97% in 110
min under UV irradiation [220], chitosan-TiO:@MWCNT for MB, MO and ciprofloxacin (CIP)
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removal [221], electro spun nanofibers mats TiO2/ MWCNTs electro spun nanofibers mats for Cr
(VD) reduction to Cr (III) were successfully discussed in the literature [222]. In addition to TiO>-
CNT composites, CNT-ZnO, N-Doped ZnO/SWCNTs, ZnO/CNT/Chitosan Ternary Composite,
ZnO-CoFe20: - CNTs, CNT/MgO/CuFe204s, CoFe204/CNT, Nb20s/MWCNT, CNT-WOs, PANI-
MWCNTs, g-CsN4/BiFeOs/CNTs, and Bi2OsMWCNTs were well reported towards organic and
inorganic pollutants oxidation and reductive elimination [223-231].

3.4. Graphene-Based Nanomaterials for Water Treatment

Graphene is the strongest carbon material with a two-dimensional honeycomb lattice structure
with sp? hybridized carbons. It was treated as a component of graphite in 1940. Boehm and colleagues
(1962) used heat and chemical reduction to separate the carbon flakes from the oxidized graphite
(GO). However, Geim's use of specialized tape to repeatedly peel high-directional pyrolytic graphite
did not result in the thermodynamic stability of monolayer graphene being discovered until 2004.
Because of its layered structure, graphene has high electrical properties (electron mobility is 200000
cm?/(V's)), exceptional thermodynamic properties (5300 W/(m-k)), mechanical properties (Young's
modulus and breaking strength are 1100 GPa and 125 GPa, respectively), and a high specific surface
area (2600 m?/g). This groundbreaking finding has drawn the attention of researchers in the physical,
chemical, biological, and environmental sciences [232-235].

Due to these astonishing features, graphene-based nanomaterials (GBNs) like GO, and RGO are
ideal materials for water treatment technologies. The graphene, GO and RGO can be fabricated by
top-down and bottom-up approaches [233]. Among several preparation methods, solution-based
exfoliation is economical and attractive to produce on a gram scale. Figure 10A-H shows the chemical
exfoliation of graphite into GO and RGO and their chemical structures and characterization by AFM,
SEM, TEM, and XPS [236-239].
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Figure 10. A. Schematic exfoliation of graphite into GO and its reduction into RGO using various reduction
methods. B and C are chemical structures of GO with many oxygen functional groups and RGO with limited
oxygen functional groups. D. and E AFM images of GO with their height profiles showing 1 nm thickness. F.
TEM of GO with thin transparent layers. G. The 2D layered morphology of SEM which is same as AFM. H. XPS
of GO confirming many surface oxygen functional groups. Reprinted/adapted with permission from Ref. [237,
238, 239, 240. Copyright 2017, Copyright Elsevier. Copyright 2019, Copyright ACS. Copyright 2011, Copyright
IVYSPRING, Theranostics. Copyright 2013, Copyright ACS.

The unique dimensionality and high surface area, and tunable surface chemistry, these GBNs
can be functionalized with different functional groups, such as organic linkers, ligands, metals, metal
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oxides, and polymers to enhance the pollutants’ capability. In a basic form of pure graphene has only
double bonds and pi electrons, hence its water treatment capability is low. However, after oxidative
treatment it can generate the oxygen functional groups such as -OH, -O-, -C=0, -COOH. Hence, it
can more favor the surface phenomenon of tracing the pollutants through electrostatic interactions
along with m—m interactions [240-242]. Parallel to other family members like C60, CDs and CNTs,
graphene/GO can be used as an adsorbent, membrane, photocatalyst and antimicrobial agent to
purify the water by eradicating the inorganic and organic pollutants and pathogens [243].

3.4.1. Adsorption

GBNs have unique dimensionality, surface area, and rich surface functionality, which can favor
adsorption of heavy metals and organic pollutants through m—m, electrostatic interactions and surface
complexation on both sides of GBNs. Based on one of the review on GO for inorganic pollutants
removal, a report by Peng et al. has shown the highest removal (1119 mg/g) of Pb (II) among other
divalent metals: Cu (II), Cd (II), Zn (II) of 294, 345, 530 mg/g which is one of the highest reported in
the literature. The removal efficacy of the GO was due to good water solubility, surface area and high
oxygen functionality [236,244]. Apart from bare GO various functionalized GOs are also reported.
Among them, chitosan/GO was used to remove Au (III) and Pb (II). The reported efficacy was 1077
and 217 mg/g at p™3-4 and T 323 K [245]. In another composite, Poly(N-vinyl carbazole) (PVK)/ GO
has shown high removal of 888 mg/g of Pb (II) at pH 7.0, T 298K [246]. Poly(acrylamide)
(PAM)/RGO has given 1000 mg/g of Pb (II) and 1530 mg/g of MB removal [247]. Between the bare
GO and functionalized/RGO, the GO has shown better removal of Pb (II) than any another divalent
heavy metal ions. Apart from these findings we would like to summarize the latest reports based on
GBNs for inorganic/organic pollutants here.

Very recently Patel et al. reported GO, amino trimethylene phosphoric acid (ATMP) and
zirconium (GO-ZrATMP) composite to improve the aggregation, and dispersibility of GO. The
composite has shown monolayer adsorption of Pb (II), Cd (II), and Hg (II) effectively by removing
373, 320, and 281 mg/g [248]. However, Gou et al. made a GO-hydrogel composite using GO,
diethylenetriaminepentaacetic acid, and carboxymethyl cellulose for high adsorption and stability
towards selective removal of Pb (I). It was observed that the highest removal of 521.917 mg/g was
observed, which is the highest towards Pb (II) removal at present [249]. GO/GONRs/CS
nanocomposite was fabricated using chemical exfoliation and freeze drying by Jabbar et al. The
composite was well characterized and used to remove the U (VI). Studying the effect of adsorbent
dosage, time and pH found to remove high amount about 1209 mg/g of U (VI). The outstanding
performance of the composite is because of the high amount of oxygen functional groups on GO,
GONR (GO nanoribbons) and amine functional groups from CS [250]. These functional groups
interact with U (VI) with multiple interactions such as ionic, surface complexation, and coordination
bonds. Hence, high removal was possible with good stability and specific surface area of adsorbent.
The present report on GO/GONRs/CS has given the best adsorption towards U (VI) than any other
graphene composites discussed here. Magnetic separation is one of the convenient and versatile
adsorption method to remove pollutants. Ortiz-Quifionez et al. claimed simple and economic method
to synthesize GO-NiFe20smagnetic nanoadsorbent to eradicate Cr (III). Though the synthesis method
is effective, the adsorption capacity was 17 mg/g only [251]. Bagbi et al. prepared a mesoporous SiO2
(MSiO2)-GO composite using ultrasonication method and used for Pb (II) removal. The results show
that MSiO2-GO composite has shown better removal (90% at 25 °C) than bare MSiOz. It is due to the
outstanding features of GO. However, the obtained Pb (II) removal was poor (14.7 mg/g at 25 °C)
than other GO composites discussed [252]. Besides heavy metal cations removal, anions like iodide
(I) and phosphates (POs*) are also removed by graphene composites. Pan et al. prepared RGO-Ag
nanocomposite to eradicate radioactive waste containing I. The best adsorption capacity of 2.9
mmol/g was observed by varying the pH condition. The I- was selectively adsorbed among other
interfering anions like COs%, SO42, NOs-, and Cl-. The adsorption mechanism was due to the Agl
complexation on RGO surface [253].
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Graphene and GO composites are good adsorbents to remove toxic organic pollutants as well.
Figure 11A shows the structure of GO which contain 2D structure where it contain several types of
negative oxygen functional groups which can electrostatically bind the cationic organic and inorganic
pollutants. The GO also contain rich m electrons which can physically interact and hold the pollutants
with m—m interactions. Due to its high surface area, it can behold any kind of pollutants with warping
nature and function as a vessel to hold a plethora of pollutants [254]. Hence, the GO and GBNs have
a versatile applications in catalysis and water industries. In order to evaluate the adsorption
capability Abd-Elhamid et al. fabricated GO-C, a nanocomposite contain GO and sodium citrate (C)
linked by tertaethylene orthosilicate (TEOS) as seen in Figure 11B. The functionalization of citrate
improved the additional oxygen functional groups on GO with negative charge. This feature can
inevitably attract different cationic pollutants than anionic contaminants. The adsorption
experiments in Figure 11C(a) reveals that 90% removal of MB (cationic organic dye methylene blue),
CV (cationic organic dye crystal violet), Cu?, and Co?. The Langmuir isotherm in Figure 11C(b). GO-
C has given the adsorption of ~222, 270, 163, and 145 mg/g towards MB, CV, Cu?, and Co?*
respectively. The R? value of 0.999 was obtained for CV than other pollutants. Figure 11D reveals the
color change and declining the adsorption of dyes after with GO-C composites. Here the researchers
mixed the anionic dye (MO) along with cationic dyes (MB, CV) to investigate the selectivity and
confirm the anionic and cations interactions between GO-C and dyes. Unlike MB and CV, the UV-
Vis results shows that there is no change in the adsorption of anionic dye MO, it's due to the negative
charge-negative charge repulsions. The GO-C was also assessed to treat factory real samples (FD)
and after treatment (TFD) . Figure 11E reveals the decrease in the adsorption and change in the color
of the GO-C treated sample. These results provided the confidence that GO-C can remove the
pollutants from real water samples. Based on the recycling experiments, the GO-C could be used for
5 cycles with ~90% efficacy. The article also made a comparative table towards various adsorbents,
and the GO-C was stood one of the best among all [255].

Ghadim et al. prepared GO using Hummer’s method to remove TC an antibiotic used for variety
of bacterial infections. When the GO was added to the TC containing water, the equilibrium reached
within 15 min, and obtained 323 mg/g removal efficiency at 298 K. The adsorption mechanism was
interpreted to be m—m and cationic and 7 interactions between GO and TC [256]. Kyzas et al.
decontaminated the pharmaceutical wastewater containing dorzolamide using GO/CSA composite
prepared using GO, polyacrylic acid containing chitosan. The TC was removed about 334 mg/g at
optimum pH, which is higher than the GO and CSA (175 and 229 mg/g). It was claimed that the amine
functional groups on the TC interacts with the well available acid functional groups on the composite
[257]. Acridine orange (AO) is one of the water contaminant and known to be a DNA and RNA
disrupter was eliminated using in situ reduced GO by sodium hydrosulfite. The GO could be able to
remove a very high amount about 2158 mg/g of AO [258]. The Hummer method was used to create
the GO, and FTIR, SEM, and XRD were used to characterize it. As model dyes, basic red 18 (BR18),
basic blue 41 (BB41), and basic red 46 (BR46) were utilized. The Langmuir isotherm and pseudo-
second-order kinetics were observed to be followed by the dye adsorption on GO. GO has the ability
to eliminate BB41, BR18, and BR46 at concentrations of 1429, 1250, and 476 mg/g, in that order.
According to the findings, colored wastewater containing cationic dyes can be effectively adsorbed
onto GO [259]. Apart from these reports many other research reports based on organic dye removal
were well reviewed by Takur et al. [237]. Recent report by Leao et al. stated the effect of dimensionality
and degree of oxidation against atenolol a pharmaceutical drug adsorption. The authors considered
1D CNTs with and without oxidation, 2D RGO, 3D GO and RGO. Based on the adsorption studies,
the authors found that degree of oxidation and increasing in the dimensionality enhances the
adsorption rate of atenolol. It is due to the increased high surface area, pores and functionality of
3DGO. Moreover, the adsorbent has shown excellent recyclability performance. Hence it could be
used in water treatment technologies for various drug related pollutants [260]. The broad class of
industrially produced organic compounds known as per- and polyfluoroalkyl substances (PFAS) is
of great concern because of its harmful impact on ecosystems and human health. Adsorption is still
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a practical and efficient way to remove PFAS, even with the availability of other technologies. As a
result, the work examined the effectiveness of a novel type of GO-based adsorbent in eradicating
PFAS from water. With an almost 100% removal rate for all eleven PFAS evaluated, a GO-CTAC, GO
modified by the cationic surfactant cetyltrimethylammonium chloride (CTAC) was determined to be
the best of the eight adsorbents tested [261]
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Figure 11. A. GO and its interactions with organic and inorganic pollutants such as MB, naphthalene, pyrene,
Pb?, Cr%, Co?, As>. B. Synthesis streps involved in preparation of GO-C. C. (a) Percentage removal of MB, CV,
Cu?, Co* at different concentrations, (b) Langmuir adsorption isotherm. D. MB-CV-MO mixture containing
system before and after treatment with GO-C and their UV-Vis spectral. E. Realtime factory sample analysis
using GO-C (before (FD) and after treatment (TFD)). F. Recycling experimental results with GO-C and pollutants.
Reprinted/adapted with permission from Ref. [254,255]. Copyright 2019, Copyright ACS and Copyright 2022,
Copyright SCI.

Pramanik et al. fabricated FGO a 2D fluorinated GO and 3D porous system based on FGO-
polyethylenimine (PEI) to eradicate pharma related hazards, polyfluoroalkyl substances (PFAS) and
microbial pathogens from water. With a 99% removal rate for both short and long-chain
perfluoronanoic acid (PFNA), the FGO-PEI has an adsorption capability (qm) of ~219 mg/g. This
suggests that hydrophobic, electrostatic, and fluorophilic interactions are significant for the removal
of PFAS. With an estimated qm of ~299 mg/g, reported data showed that the FGO-PEI based
nanoplatform can remove 100% of moxifloxacin antibiotics. Moreover, the nanoplatform may
completely eradicate Salmonella and Escherichia coli from water since its pores are far smaller than
those of pathogens. Furthermore, documented results reveal that the nanoplatform can remove
viruses, pharmaceutical poisons, and PFAS from spiked river, lake, and tap water samples with a
simultaneous effectiveness of about 96% [262]. Another 3D Graphene - sugar derived carbon aerogel
(G-SCA) was fabricated toeliminate different types of hydrophilic pollutants such as nitroarenes,
phoskill, ciprofloxacin, and pyridine, and hydrophobic contaminants like crude oil, waste oil and
organic solvents. The G-SCA has outstanding recyclability up to 10 cycles. Hence, it could be a one
of the good adsorbent to use in real time industrial applications [263]. One more 3D composite,
TiVCTx MXene/graphene aerogels (TiVCTx/GAs) are fabricated by hydrothermal method followed
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by freeze-drying. With adsorption capacities of 319.7, 304, 230, 218, and 283 mg/g for MB, Rh B, CR,
MO, and tetracycline hydrochloride, respectively, TiVCTx/GAs show excellent adsorption of a
variety of dyes and medications. This is another effective adsorbent which worked for variety of
organic pollutants [264]. Similarly, graphene/polydopamine aerogels (G-PDAG) was prepared to
remove malachite green (MG) and MO. Where the hydrogel eliminates cationic MG by about 769
mg/g than MO. The high efficiency was explained due to the m—m and electrostatic attractions
between G-PDAG and MG [265]. The discharge of highly poisonous substances like nile blue (NB)
dye into sewage poses a substantial risk to both human health and the environment. GO, rGO, and
Ag-g-rGO are prepared and used for NB adsorption. The Ag-rGO has shown better efficacy than rest
[266]. Green synthesis is one of the attractive method to prepare green graphene or RGO. GO reduced
by jute leaf extract was prepared and assessed to eliminate greater than 97% of tetracycline (TEC),
oxytetracycline (OTC), and chlortetracycline (CTC) [267]. Among all the adsorbents, GO and
graphene based aerogels are more attractive than its similar. Besides, the theoretical experiments
DFT-D have also been done towards 112 emerging aromatic organic contaminants (AOCs) to
interpret the adsorption mechanism. Different machine learning (ML) models are made based on
quantum molecular descriptions. In the adsorption of most AOCs on graphene, the global
interpretation identified that the molecular-volume-generated van der Waals interactions, including
n—7t stacking, are prominent, while the rest of the interactions such as hydrogen and electrostatic are
less relevant. Furthermore, local interpretation revealed that hydrogen bonding and induced dipole
interactions with surrounding water were significantly explaining factors in the adsorption of AOCs
with sulfur and carbonyl functional groups. As a result, for theoretical and experimental
investigations, the DFT-D-based ML models generated may serve as a reference model [268]. Overall,
we have discussed the practical and theoretical experiments on adsorption of graphene on organic
pollutants.

3.4.2. Membrane Filtration

Graphene's atomic thickness ensures great fluid permeability (higher than most commercial
nanofiltration, NF, membranes) and hence energy/cost efficiency when it comes to water separation.
Furthermore, there is a considerable chance of size-selective transport via 2D nanochannels between
neighboring piled graphene sheets or through nanopores of a strong graphene layer. The membranes
can also be made by using GO and RGO [269]. Figure 12A reveals the single and multilayered
graphene with selective pores which can allow the water and reject the salts and pollutants based on
size exclusion principle [270]. However, Making high-density, adjustable sub nanometer holes on
two-dimensional membranes with robust mechanical properties is one of the main obstacles.
Reported a straightforward method for fabricating high-density nanopores on bilayer graphene
membranes by utilizing dual-side oxygen plasma treatment. The bilayer dual sided stable nonporous
graphene is 78 % selective which is comparable to the mono layered graphene [271]. In addition to
graphene, GO membranes are effective due to their hydrophilicity, antimicrobial activity originated
from surface functionality. Multilayered GO membranes have given promising results in
desalination. However, its swelling nature in water was a serious concern in practical usage. Reddy
et al. studied a Na* and Mg?* intercalated lamellar and nonlamellar multilayered GO'’s stability, water
permeance, rejections of salts in RO process. The lamellar GO shows a fantastic water permeability
and the nonlamellar GO has shown excellent salt rejection due to their well-defined and complex
structural arrangement. It was observed the Mg?* retained more time than K*hence the Mg?*laminates
are more stable in aqueous media without swelling [272]. Lv et al. demonstrated how to precisely
customize monovalent cation sieving technique to improve water flow by intercalating GO
membranes with certain crown ethers. A crucial interlayer gap (~11.04 A) is found to enhance water
flux (53.4 mol m h'' bar') without compromising ion selectivity by adjusting the lamellar spacing of
GO. Improved water permeance is thus provided by the meticulously increased interlayer spacing.
At the same time, it has also shown selectivity towards various cations [273]. Wang et al. reported
organic cations intercalated GO membrane layers. The cationic toluidine blue O intercalated GO
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layers have shown a rejection towards plethora of salts and neutral contaminants at various
concentrations in a real time. This is due to the tuning of the interlayer spacing and creating the
appropriate diffusion barrier [274]. Gong et al. fabricated both organic cation and anion intercalated
GO layers. Obtained 0.71 nm size of channels, which can reject 100 % of NaCl and good range of
water flux. Used pervaporation method for separation. Theoretical studies demonstrate that the
organic ions function as vapor traps to shorten the vapor diffusion distance and subsequently as
water pumps to significantly increase the water permeability, In addition to strongly influencing the
2D channel size of GO through cation/anion—-mt and m—m interactions [275]. The current problem of
GO/RGO membranes monovalent ions poor rejection of monovalent ions was addressed by Zhang et
al. To inhibit anion-cation co-transport and break the connection between anions and cations, they
suggested a method of electrostatically induced ion-confined partitioning in a RGO membrane. This
significantly improved the desalination capability. The membrane surpass the reported RGO
membranes in terms of salt rejection, showing a rejection of 95.5% for NaCl and a water permeance
of 48.6 L m2h1bar. It also shows a salt rejection of 99.7% and a water flux of 47.0 m?2h bar? under
osmosis-driven conditions [276]. Figure 12 B(a) shows the structure of sodium polystyrenesulfonate
(PSSNa) anionic dye and its intercalation between arginine cross linked rGO membrane layers for
monovalent ion rejection. Figure 12 B(b) is a schematic synthesis of rGO by hydrazine reduction and
vacuum deposition on PVDF substrate to obtain rGO membrane, followed by PSSNa deposition can
get ArGO-PSSNa membrane. The photos of both membranes can be seen in Figure 12C(a) SEM cross-
sectional images reveal the thickness of the membranes 37 nm (rGO) and 63 nm (ArGO-PSSNa)
respectively in Figure 12C(b-c). The water and salt flux efficacy were explained in Figure 12D(a). The
ArGO-PSSNa has shown high water flux of 47.0 L m2h bar! and low 3.8 L m?2h bar! of NaCl
flux. The results are in contrast to the GO membrane. Figure 12D(b) discloses that high salt rejection
is about 99.7% with ArGO-PSSNa higher than GO. In addition, the saltwater ratios are decreased
from GO to ArGO-PSSNa due to the selectivity of water and salt of the membrane. Overall, an anionic
functionalized rGO was prepared and well demonstrated for desalination of water through forward
osmosis method.

Oil separation is one of the big concern in the water industry. Hence, hydrophilic stable GO
membrane are needed. To fabricate the needy, the GO was intercalated by hydrophilic halloysite (H)
nanotubes which provide the required hydrophilicity and interlayer spacing. The GO/H has an
improved permeance from 50.0 to 1150.7 Lm2h-'bar. In addition, the composite has good wettability
and self-cleaning ability. The composite was reported to withstand at various concentrations and
pressures (1000-5000 ppm and 0.5-3.0 bar) [277]. Wu ef al. played with the surface charges and
potentials of the GO by treating with KOH and HCI. The obtained GO has some defects which act as
a microchannel, high surface potential and negative charged due to the oxygen functional groups
facilitating the interlayer pores and trigger the ion rejection and high water flux [278]. Chen et al.
fabricated a self Na* rejection of thin GO membranes which can operate at 1 bar pressure. The process
of separation is multistage; it was 10 times effective than RO and consumes just 10% of energy in it
[279].

Membranes based on sustainable green materials are attractive due to the safety concerns. In this
perspective, the lignin originated green GO (bGO) and bamboo biomass derived reduced (brGO)
laminar channels were prepared for nanofiltration. The bGO has a pore size of 1.15 nm and brGO has
a 0.03 nm. The respective water pathway lengths are 65 and 49 nm. The brGO membrane has shown
52-60 fold enhancement in water permeance and rejection towards MB, direct red 81, and Na250a
than bGO due to its small pores and narrow water channels. In the ultrasound swelling test the brGO
withstands for 2h without swelling in the experimental conditions [280]. Arginine, an amino acid
functionalized GO membrane (Arg/GO) with various thickness was prepared by Soomro et al. The
salt and dyes are separated using Arg@GO membrane composites of varying thicknesses. With good
water permeance, the 900-nm-thick Arg@GO composite membrane exhibits rejection rrate of 98% for
NaCl and 99.8% for MgClz, Ni(NOs)2, and Pb(NOs)2. Besides, this membrane has a remarkable
separation efficiency (100%) for the dyes Evans blue, RhB, and MB. Meanwhile, up to 2100+ 10 L m-
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2h' bar!'may be found in the ultrathin Arg@GO composite membrane (220 + 10 nm) demonstrating
strong water permeance. Moreover, the 900 nm thick Arg@GO composite membrane swells much
less after 40 days in an aqueous environment [281]. Another green, economic, simple, and ultra
efficient lignin based GO membranes (GOLB) are fabricated with various thickness and unique
laminated structure. The thickness of the membrane can be varied with different concentrations of
GOLB used. A high concentration of GOLB could possess a plethora of oxygen functional groups
which is also a reason for thickness. At 240 nm of thickness the GOLB shows exceptionally high water
permeance of 1380 L m2h-bar'!. According to Ali et al. GOLB has best permeance than other GO
membranes reported. The membrane's ability to reject various salts, dyes, proteins, and biomolecules
is also examined. It demonstrates good separation ability (> 99%) for a number of probe colors and
biomolecules, and less than 10% rejection for Na:5Os salt. In addition, they do not break down for 37
days in water compared to pristine GO membranes (pGOMs) [282]. MXene-Intercalated GO
membranes for salt and dye rejection with anti-swelling properties [283], tunable interlayer distance
of RGO membrane by intercalating the xylene isomers [285], reusable graphene-based water filters
for the home to eliminate heavy metals [285], several graphene based membranes have been
proposed for desalination and wastewater treatment [286]. Besides water purification Tian et al.
worked on membrane biofouling of GO based on diversified microstructure on the GO's surface. The
biofouling was assessed in relevance to surface water purification for about 110 days of continuous
operation. Here in this experiment, the scientists prepared GO/Fe, GO/Fe(OH)s, and GO/(OH)sFe-H.
Among all the GO/Fe(OH)s shows high consistent waste flux and extremely low biofouling due to
the relatively smooth surface and hydrophilicity than other composites [287,288].
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Figure 12. A. Mono layered graphene separation. B(a). Diagram showing the ArGO-PSSNa membrane's
structure. b. Systamatic illustrations showing rGO and ArGO-PSSNa membrane wrinkle architectures as well as
the preparation process. Ca. Digital images of the membranes ArGO-PSSNa and rGO. b-c. SEM photos of the
respective membrane cross sections. Da. Aqueous and NaCl permeation fluxes in membranes made of GO, rGO,
ArGO, and ArGO-PSSNa. The draw and feed solutions used in the studies were DI water and 0.5 M NaCl,
respectively, and they were carried out at room temperature in the FO (the active layer facing the feed solution)
mode. Db. The Js/Jw and rejection rates of salts by GO, rGO, ArGO, and ArGO-PSSNa membranes are presented.
Reprinted/adapted with permission from Ref. [270,276]. Copyright 2021, Copyright MDPI, and Copyright 2024,
Copyright Nature Communications.

3.4.3. Photocatalytic Degradation of Wastewater

The superior properties of graphene highlited in the introductory section such as excellent
conductivity, chemical and thermal stability, surface area, tunable band gaps, and high adsorption
capacity of metals and organic pollutants made graphene related materials such as RGO, GO, and
their composites as good scaffolds for photocatalytic applications. Specifically in water technology,
the graphene composites can degrade organic pollutants and inorganic pollutants through
electrochemical reactions [289]. The band gap between 1.5-3.0 eV is the required to degrade most of
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the organic pollutants in visible region. The graphene has a zero band gap, RGO with 0.1-2 eV and
GO with 1.5-3.0 eV, and the band gap could be altered by selective oxidation and tuning the
conjugated 7 electrons [289]. The typical photoactive semiconductors like TiO2 and ZnO has band
gaps between 3.0-3.5 eV and are active in UV light and need modifications to active in visible - NIR
range. To be effective, the respective catalyst has to be modified to achieve the best performance in
visible region [290,291].

For the first time RGO-P25 (TiOz) catalyst was prepared by simple in situ hydrothermal method
to degrade MB dye. Compared to P25, the RGO-P25 has shown improved photocatalytic degradation
in visible light [292]. GO-Graphene TiO2 nanoarray photocatalyst was prepared to effectively degrade
six anticancer drugs [293]. Another well-known photocatalyst ZnO was also functionalized with
graphene and found to raise in their RhB degradation than bare ZnO [294]. Thereafter several
improvements have been reported and been tried to seek various types of graphene and other
photocatalytic combinations [295-297]. However, the recent report reveals that GO alone could work
as an efficient photocatalyst. Very recently, GO and RGO were prepared with and without NaNO3
and CaClz for MB reduction. The GO prepared with NaNOs has given 60-90% of MB degradation in
UV-Visible light [298]. In the latest report by Thakur et al. presented synthesis of GO-I, GO-1I, and
GO-III with tunable band gapes (2.51 to 2.76 eV) by modified Hummer’s method to serve as an
adsorbent as well as a visible light photocatalyst. The modified controlled (different acid
concentrations) synthesis permitted the tailored optical property, structural arrangement, and surface
functionality, which helps the enhanced adsorption and photocatalysis of water containing organic
pollutants. Among the GOs tested, the GO-II has a better adsorption (454.54 mg/g) and photocatalysis
(99%) to MB, due to high surface area, pore volume, bandgap, and optimum oxygen functional
groups obtained via optimum oxidation conditions than GO-I and GO-III. Furthermore, the study
emphasizes how GO's self-cleaning properties under natural sunshine contribute to its sustainable
solar light-induced green chemistry, making it a great recyclable adsorbent with significant potential
for environmentally friendly and useful applications [299]. The study presents GO as a
nanophotocatalyst as well as an effective stand-alone nanoadsorbent without any other metal or
metal oxide. In addition, the graphene based materials are well proven to be antimicrobial agents.
Hence, they can remove the waterborne bacteria and fungus along with organic and inorganic
contaminants [300].

4. Antibacterial Activity of Carbon-Based Nanomaterials

The nanoallotropes of carbon such as fullerenes, CDs, CNTs, GO, RGO, and graphene have been
an attractive antimicrobial agents against broad spectrum of pathogens, such as bacteria, fungi, and.
Figure 13 reveals the simultaneous sensing and killing of water containing pathogens [301]. The
outstanding performance of these CBNs originated due to the surface functionality, rough surface
area, dimensionality, needle or blade-like action, warping nature, and small size, which helps to hold
and penetrate inside the cell. The discussed nanometer purifiers trigger the physical destruction of
the cell wall and generate ROS after internalization into the cells. The rich 7 electrons and high
conductivity of these nanomaterials could also interfere with respiratory system of the microbe and
inhibit the cell metabolism. Additionally, these CBNs create nutritional starvation in their presence.
Hence, they are hungry and swallow the nanomaterials, which function as trojans to distract the
cellular components like proteins, DNA, RNA, mitochondria, and cytoplasm [302,303]. Besides, the
fluorescence of the CDs and fluorescent dye functionalized GO, RGO, and CNTs could help to detect
pathogens in the contaminated water visually [304]. Hence, the CBNs could serve as adsorbents,
membranes, photocatalysts, and antimicrobial agents to fulfill the needs of water treatment systems
to filter and destroy the organic, inorganic pollutants, and microbial fouling. These common features
can reduce the cost and increase the purification performance.
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Figure 13. CDs, CNTs, and GO/RGO for water containing pathogenic killing and sensing. The image was
modified and reprinted/adapted with permission from Ref. [301]. Copyright 2023, Copyright Elsevier.

5. Comparison of Various CBNs Targeted for Wastewater Treatment

Over the decades, nanomaterials usage in wastewater treatment has been increasing
overwhelmingly due to the valuable results they impart in this field. However, the nanomaterials
related toxicity towards animal, humans, and aquatic life has been a debate. Due to their small size,
the nanomaterials can enter into the human body and into the cells, and there they may cause health
disorders [305]. For CBNs, similar environmental implications such as bioaccumulation and food
chain effects, toxicity to aquatic organisms, impact on soil microbial ecosystems, adsorption of other
pollutants, residual presence, release during handling and processing, mixture toxicity due to
combined effects of CBNs with other pollutants present in wastewater leading to additive,
synergistic, or antagonistic toxic effects on organisms all add to CBNs complex environmental
interactions and public concern.

Though a lot of advancement has been happening in waste technology industries, the role of
several nanomaterials is consistently experimented with to fulfill the existing gaps. The challenges in
wastewater technology are the cost and hazards of chemicals used, energy consumption, dealing with
sludge, skills for operation, accountability, and competence are some of the notable challenges.
Among the challenges, the toxicity and cost related problems could be solved using cost-effective
nanomaterials with high and ideal specifications related to water treatment. Though outstanding
performance has been seen by the CNTs, still some of the problems has to be solved. In case of C60,
aggregation, solubility, and toxicity have to be resolved including economic fabrication methods.
Though CDs have good water dispersibility and tunable fluorescence, their low surface area and
controllability in synthesis are challenges. The CNTs and graphene have aggregation issues due to
hydrophobicity and need sophistication to synthesize in high purity. High cost and toxicity are other
challenges for these two materials. However, the GOs and RGO can provide good water solubility
and high-scale economic synthesis. However, its long-term stability in the water environment
remains challenging.

The measures put in place to supply clean water have faced significant challenges in recent
decades as the demand for clean water sources has decreased dramatically. The expense and
effectiveness of providing clean water are the primary motivations for the regulations imposed to
provide it. Due to their high raw material capabilities, reduced manufacturing costs, and increased
efficiency, a wide range of CBNs are available as listed in Table 1. These CBNs have already been
applied to the treatment of water on a lab scale, with positive results. The primary obstacle at hand
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pertains to implementing this laboratory-scale idea in the actual world of industry, given the
significant variations in CBNs suitability for commercialization. To determine the effectiveness and
suitability of these CBNs for the eradication of contaminants from water, they should first be assessed
in real-world environments using wastewater from industry as well as more realistic conditions.
Prior to now, more CBNs should have been used in lab-scale research, and the research duration
should have been longer. The long-term performance of CBNs in the wastewater treatment is
addressed by this. Therefore, a comparison of the short and long-term applications of CBNs will yield
more definitive results. Table 1 summarizes the commonly used CBNs for wastewater treatment
along with their target pollutants, key benifits, and main limitations.

Table 1. Comparison of various CBNs types targeted for wastewater treatment.

CBN Type Target Pollutants Key Advantages Main Limitations

Activated Carbon Organic dyes, heavy High surface area, low Poor regeneration,
metals, VOCs cost, widely available limited selectivity [306].

Fullerenes (C60, etc.) Pharmaceuticals, Good redox properties, Expensive, limited water
pathogens antiviral and dispersion

antibacterial activity

CNTs Heavy metals, organic High mechanical High cost, toxicity,
pollutants, pathogens strength, effective separation issues

adsorbent and

antimicrobial
CQDs Dyes, pharmaceuticals, Photocatalytic activity, Lower adsorption
sensors low toxicity, useful in capacity than GO/CNTs
sensing
GO Heavy metals, dyes, Tunable surface Potential toxicity, costly
antibiotics chemistry, strong synthesis [307].

adsorption, antimicrobial

RGO Organic micropollutants, | Conductive, good Agglomeration in water,
heavy metals electron transfer (useful | harder to disperse
in Advanced Oxidation

Process)

Furthermore, the CBNs can also be physically integrated into various configuration to meet
targeted application at certain scenario as listed in Table 2.
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Table 2. Comparison of various CBNs integrations targeted for wastewater treatment.

Integration

Application Mode

Key Advantages

Main Challenges

Magnetic composites

Recovery & reuse

Easy separation with

Reduced surface area,

(e.g., GO-Fe;0y) magnets synthesis issues
Embedded in Continuous flow Enhanced selectivity, | Material compatibility,
composites reactors easier handling cost

Coated on membranes

Filtration + adsorption

Reduced fouling,
reusable

Membrane fabrication
complexity

Dispersed in batch
systems

Adsorption,
disinfection

Simple setup, direct
contact

Difficult to recover
CBNs

6. Sustainable Practices

6.1. Concerns about CBNs Targeted for Wastewater Treatment

Barcelo et al. early studied on ecotoxicity assessment of engineered CBNs focusing on fullerenes
and CNTs in the aquatic environment. Special attention was paid to their surface properties, which
are indespinsiable for their aggregation in water, mobility in aquatic systems, interactions with
aquatic organisms, with natural organic matter , and probable entry into the food chain [308]. Kang
et al. study in the same year evaluates the cytotoxicity SWNTs, MWNTs, aqueous phase C60
nanoparticles, and colloidal graphite in gram negative and gram positive bacteria. These CBNs
potential impacts on microorganisms in natural and engineered aquatic systems are also evaluated.
SWNTs inactivate the highest percentage of cells in monocultures of four studied bacteria as well as
in the diverse microbial communities of river water and wastewater effluvium. The authors
concluded that CBN toxicity in bacterial monocultures was ineffective for microbial inactivation in
chemically and biologically complex environmental samples [309].

Zaytseva and Neumann reviewed the major production techniques and important trends of
fullerenes, CNTs, and graphene on plant growth and development for agricultural and
environmental applications. The agricultural applications of CBNs include plant growth stimulators
and fertilizers, nanoencapsulation and smart delivery systems, antifungal and antibacterial agents,
as well as sensing systems and precision agriculture. The CBNs impacts on plants are discussed
separately during the germination, plant cell culture, as well as plant growth and development
stages. The authors concluded that an inclusive survey of the key factors is promonent for interactions
of the various CBNs with living organisms and the environment will be indispensable for both risk
assessment and the characterization of potential applications will be a main challenge for the future
[310]. Freixa et al. review literature on CBNs toxic effects in aquatic organisms as well as through
other micropollutants. The results indicated that environmental concentrations of CBNs do not cause
harm to aquatic organisms by themselves. The identified CBNs concentrations in aquatic
environments are in ngL! or even much lesser. Toxic effects have been mainly observed in short-term
experiments at high concentrations, and toxicity principally depends on the type of organisms,
exposure time, and CBNs fabrication methods. CBNs play a role either as carriers or sorbents, thereby
changing the original toxicity of the pollutants. However, there is a need to study the interactive
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effects of CBNs with other micro-pollutants at environmentally relevant concentrations to know the
long-term effects on biological communities [311]. Pikula et al. recently worked on reviewing both
toxicity and interaction of CBNs with other pollutants in water environments based on the analysis
of 53 publications focusing on the joint toxicity and interaction of CBNs. The work highlights the
impressive extension of CBNs fabrication and application (including wastewater treatment) [312].

6.2. Systematic Thinking and Precautionary Principle

Systematic thinking is essential when dealing with CBNs for wastewater treatment. The
following is a breakdown of the crucial approaches: (1) Acknowledging Complexity of Interactions:
Multiple pathways and potential transformations are present between CBNs and biological systems
and environment [313]. (2) Identifying Potential Hazards: Take a comprehensive evaluation of the
CBNis entire lifecycle from synthesis to disposal. This includes identifying potential hazards at each
stage, such as inhalation during manufacturing, release into water systems, or accumulation in
organisms. (3) Understanding Exposure Pathways: Trace and investigate how CBNs might enter the
human body and the environment, which is important for evaluating risks and developing mitigation
strategies. (4) Considering Long-Term Effects: Look beyond immediate impacts and consider
potential long-term consequences, such as chronic toxicity, bioaccumulation in food chains, and
persistent environmental contamination. (5) Developing Comprehensive Risk Assessments: Integrate
information from various disciplines, including toxicology, environmental science, materials science,
and analytical science for more thorough risk assessments. (6) Designing Safer Materials and
Processes: By understanding the aforementioned factors that contribute to potential risks, apply
systematic thinking to guide the design of inherently safer CBNs and treatment processes. This
includes modifying their properties to reduce toxicity or prevent environmental release.

Precautionary principle is essential too when dealing with CBNs for wastewater treatment. The
following is a breakdown of the crucial factor: (1) Scientific Uncertainty: The precautionary principle
advises taking preventative action even when scientific evidence of CBNs potential long-term health
and environmental effects is not yet conclusive but there are plausible risks of serious or irreversible
harm [314]. (2) Irreversible Harm Potential: Some aforementioned potential effects such as
widespread environmental contamination or genetic damage could be irreversible. Actions need to
be taken to avoid such outcomes. (3) Early Intervention: Some aforementioned potential harm needs
early action to prevent, rather than waiting for conclusive evidence of damage. As early intervention
might be more effective and less costly in the long run [315]. (4) Shifting the Burden of Proof: The
burden of proof regarding the safety of anew CBN or application should lie with those who introduce
it, rather than requiring regulators to prove harm [316]. (5) Promoting Responsible Innovation: The
precautionary principle can guide innovation in CBNs nanotechnology towards safer and more
sustainable pathways by encouraging a cautious approach. (6) International Consensus: The
precautionary principle is recognized in numerous international environmental agreements and is
increasingly considered in the regulation of emerging technologies like nanotechnology [317].

In brief, systematic thinking provides the framework for understanding the complex interactions
and potential pathways of CBNs. The precautionary principle provides the guiding principle for
decision-making in case of the uncertainties identified through systematic thinking, erring on the side
of caution to protect human health and the environment. By combining these two approaches, we
can strive for responsible innovation and minimize the possible risks associated with the growing
use CBNs of while still harnessing their beneficial properties.

7. Future Perspective and Conclusions

The measures put in place to supply clean water have faced significant challenges in recent
decades as the demand for clean water sources has decreased dramatically. The expense and
effectiveness of providing clean water are the primary motivations for the regulations imposed to
provide it. Due to their high raw material capabilities, reduced manufacturing costs, and increased
efficiency, a wide range of carbon materials like RGO appear to be one of the most promising
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candidates to remove any kind of impurities from the water source. These CBNs have already been
applied to the treatment of water on a lab-scale, with positive results. The primary obstacle at hand
pertains to implementing this lab-scale idea in the actual world of industry, given the significant
variations in CBNs' suitability for commercialization. To determine the effectiveness and suitability
of these CBNs for the eradication of contaminants from wastewater, they should first be assessed in
real-world environments using wastewater from industry as well as more realistic conditions. Prior
to now, more CBNs should have been used in lab-scale research, and the research duration should
have been longer. The long-term performance of CBNs in the treatment of wastewater is addressed
by this. Therefore, a comparison of the short and long-term applications of CBNs will yield more
definitive results regarding the use of CBNs in wastewater treatment. To improve their effectiveness
in the treatment process, these CBN's can be further altered by applying an acidic or alkaline treatment
or by coating. Therefore, to lower the effective cost of the water treatment process, researchers should
focus more on using readily available raw materials, such as agricultural and biomass waste, to
produce CBNs. To satisfy the need for clean water, target-specific adsorbents with high surface area,
porosity, tunable charge, functionality, and shape are warranted. In the case of membrane
technology, the CBNs could enhance the water flux and contaminant rejection even at high pressures.
In addition, if the CBNs have a good capability of adsorbing visible light and lead a photocatalytic
degradation and antimicrobial activity towards a variety of pollutants and microbes are highly
desired in the future.

This review discussed CBNs for wastewater treatment. We have systematically examined the
sources of wastewater, types of contaminants, and their treatment methods. We highlight the
fullerenes, CDs, CNTs, graphene, GO, RGO, and their composites, for OD, ID, 2D, and 3D materials.
In the case of CNTs, the 2D and 3D composites have improved performance due to their specific
surface area, porosity, and surface functionality, optical and electrical properties, and antimicrobial
activity, though the composition of all carbon materials is the same. We discussed adsorption,
membrane separation, and photocatalysis to evaluate their water purifying capacity. We have
observed from the vast literature that researchers are trying to give the best solutions for the existing
problems concerning treatment methods by using nanomaterials. Most studies have found that
carbon nanocomposites outperform bare nanomaterials in terms of results and performance.
However, the best CNB with simple, green production, with a cost-effective method, high
performance, stability, antifouling nature, and high biocompatibility, has to be reported in a single
experiment to completely understand its fate in real time. Sustainable practices pay attention to
concerns about CBNs targeted for wastewater treatment as well as systematic thinking and
precautionary principle are indispensable considerations.

This review discussed carbon nanomaterials for wastewater treatment. We have systematically
examined the sources of wastewater, types of contaminants, and their treatment methods. We
highlight the fullerenes, CDs, CNTs, graphene, GO, RGO, and their composites, for OD, ID, 2D, and
3D materials. In the case of CNTs, the 2D and 3D composites have improved performance due to
their specific surface area, porosity, and surface functionality, optical and electrical properties, and
antimicrobial activity, though the composition of all carbon materials is the same. We discussed
adsorption, membrane separation, and photocatalysis to evaluate the water purifying capacity of
CNTs. We have observed from the vast literature that researchers are trying to give the best solutions
for the existing problems concerning treatment methods by using nanomaterials. Most studies have
found that carbon nanocomposites outperform bare nanomaterials in terms of results and
performance. However, the best nanomaterial with simple, green production, cost-effective, high
performance, stability, antifouling nature, and high biocompatibility, has to be reported in a single
experiment to completely understand its fate in real time. Sustainable practices pay attention to
concerns about CBNs targeted for wastewater treatment as well as systematic thinking and
precautionary principle are indispensable considerations.
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