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Water pollution remains a critical global concern, adversely impacting aquatic ecosystems, food security,
and human health. In response, carbon nano-onions (CNOs) have emerged as promising hanomaterials
for wastewater treatment due to their unique physicochemical properties, including high specific surface
area, tunable surface chemistry, and multiple active sites. This review systematically explores recent
advancements in the synthesis and functionalization of CNOs and their composites for the removal of
include adsorption capacities,
photocatalytic degradation efficiencies, and reusability over multiple cycles with minimal performance
loss. Mechanistic insights into pollutant—-CNO interactions, including m—7 stacking, electrostatic
attraction, and redox reactions, are discussed in detail. Furthermore, challenges related to material

organic pollutants from contaminated water. Key focus areas

Received 10th June 2025
Accepted 3rd September 2025
regeneration, scalability, and real wastewater application are critically assessed. By consolidating current

DOI: 10.1035/d55u00422e knowledge and outlining future research directions, this review aims to guide the rational design and
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deployment of CNO-based technologies for sustainable and high-performance water purification.

This review highlights the sustainable potential of carbon nano-onions (CNOs) and their composites for wastewater remediation. Emphasizing green synthesis
strategies, high efficiency in pollutant removal, and reusability, the work underscores how CNO-based materials offer environmentally benign and scalable
solutions for organic pollutant degradation. The study aligns with global goals for clean water and sustainable environmental technologies.

1. Introduction

The continuous rise in global population, environmental
changes, urbanization, and industrial growth have significantly
impacted water quality, leading to a growing freshwater crisis
worldwide. Polluted water adversely affects aquatic life, the food
chain, human health, and ecosystems. Consequently, the
research community has shown great interest in developing
methods to treat polluted water and ensure its long-term
sustainability for the future."?

Water pollution is the introduction of excessive amounts of
harmful substances into water, leading to its detrimental effects
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on humans, aquatic life, and the environment, or resulting in
significant disruptions to the typical behaviours of various
existing communities in or near water environments. Hence,
water pollution disrupts the normal functioning of water-
related activities, which encompass agriculture, public water
supply, industries, and aquatic ecosystems. Water pollution is
now a concern not only for public health but also for the
conservation, aesthetics, and protection of natural resources. It
signifies a deviation from the original state, resulting from
changes that affect its functioning and characteristic properties.
Any alteration in the naturally occurring dynamic balance
among environmental components like the hydrosphere,
atmosphere, lithosphere, or sediments can lead to the occur-
rence of water pollution.>*

1.1 Sources of water pollution: impact on ecosystems and
human health

Water pollution has emerged as one of the most pressing
environmental challenges of the 21° century, fueled by rapid
industrialization, urban expansion, and intensive agricultural
activities. Although approximately 71% of the Earth's surface is
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Fig. 1 Sources of wastewater and their adverse effects.’

covered by water, only about 3% exists as freshwater, most of
which is locked in ice and glaciers, leaving a small fraction
available in liquid form in lakes, rivers, and groundwater.? This
limited supply is increasingly threatened by a growing array of
contaminants entering aquatic systems from multiple sources
(Fig. 1). A major contributor to this crisis is the proliferation of
emerging organic contaminants (EOCs), a diverse group of both
well-known and newly developed chemicals with significant
ecological and human health risks. These include pharmaceu-
ticals, personal care products, pesticides, veterinary drugs,
industrial byproducts, food additives, and engineered nano-
materials, hundreds of which have been detected globally in
water bodies.>® Their sources are varied, ranging from inade-
quately equipped WWTPs and hospital effluents to livestock
waste, septic systems, and industrial discharges. Conventional
treatment technologies often fail to effectively remove these
persistent pollutants, allowing them to accumulate and exert
long-term environmental impacts.”®

The situation is further aggravated by large-scale industrial
dye pollution. Industries such as textiles, pharmaceuticals,
agriculture, leather, cosmetics, paints, and paper release
significant volumes of synthetic dyes such as methyl orange
(MO), crystal violet (CV), methylene blue (MB), Congo red (CR),
methyl red, and rhodamine B (Rh B) into waterways. Global dye
production approaches a million tons annually, with many dyes
being toxic, highly persistent, and resistant to biodegradation.
These pollutants can block light penetration and disrupt
photosynthesis in aquatic plants, destabilize ecosystems, and
cause severe human health problems, including kidney
damage, skin disorders, cancer, allergic reactions, and muta-
genic effects (Fig. 1).° Beyond dyes, a wide variety of other
organic pollutants such as antibiotics, fertilizers, p-nitrophenol
(PNP), 2,4-dinitrophenol (DNP), organohalides, and surfactants
are extensively employed as intermediates in the production of
chemicals, petrochemicals, wood stabilizers, pesticides, and
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pharmaceuticals. These substances are characterized by their
widespread use, environmental persistence, high resistance to
natural degradation, and potential to cause long-term ecolog-
ical damage.'""

In this context, wastewater must be considered a vital alter-
native water resource, and its safe and efficient reuse is essential
to ensure sustainable water availability. The alarming trends in
pollutant diversity, persistence, and toxicity highlight the
urgent need for advanced, cost-effective, and sustainable water
purification strategies to protect both environmental integrity
and human well-being.

1.2 Overview of wastewater treatment methods

Organic dyes, metal ions, salts, phenolic compounds and
pharmaceuticals are used as intermediates in a wide range of
applications. However, discharge into the environment and
improper handling are contaminating aquatic bodies, leading
to hazardous and detrimental effects on our ecosystem,
including humans. As a result, elimination of organic/inorganic
contaminants from wastewater has proven to be a significant
issue.’ Numerous initiatives have been undertaken to elimi-
nate and degrade organic contaminants from water. Organic/
inorganic pollutants and their degradation products are
removed and reduced from the aqueous system through phys-
ical, chemical, and biological techniques. Also, other tech-
niques such as membrane filtration, adsorption, oxidation,
electrochemical method and photocatalysis have been used for
the elimination of pollutants from wastewater.***> However,
current wastewater treatment methods and materials still face
several limitations regarding process sustainability, efficiency,
recyclability, cost, energy consumption, and environmental
impact.'®"” For instance, advanced oxidation and membrane
treatments are expensive, while bioremediation is constrained
by its dependence on complex infrastructure and the necessity
for sludge treatment. The coagulation and flocculation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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processes face certain limitations and challenges. Inorganic
coagulants generate high toxicity, posing risks to human health
and the environment. Additionally, these coagulants produce
large quantities of toxic sludge and are inefficient in the
removal of emerging pollutants and heavy metal ions, and the
complexity of the scaling up procedure is presented.'”® The
photocatalysis technique is eco-friendly, safe, and sustainable
for degrading organic pollutants. This technology eliminates
organic pollutants from polluted water without producing
harmful by-products, as the hazardous molecules are
completely destroyed or converted into non-toxic forms. This
process has limitations as it depends on environmental factors
such as light intensity and temperature, which affect its feasi-
bility.* Additionally, it presents challenges for large-scale
industrial applications.

In this study, we thoroughly examined adsorption and pho-
tocatalytic methods for removing or reducing organic contam-
inants These approaches are widely
recognized, cost-effective, and economically scalable.

A wide range of advanced nanomaterials including metal
oxides, quantum dots, MOFs, and polymer-based composites
have been explored for wastewater treatment due to their high
surface area, enhanced reactivity, and tunable surface func-
tionalities. However, among these, carbon-based nanomaterials
have emerged as particularly promising candidates owing to
their unique structural, chemical, and electronic properties.>***
These materials, such as graphene, carbon nanotubes (CNTs),
CNOs, activated carbon, and carbon dots, offer several advan-
tages in water purification applications. Their high specific
surface area allows for efficient adsorption of pollutants, while
their surface functionalities can be modified to target specific
contaminants such as heavy metals, dyes, pharmaceuticals, and
organic toxins. Additionally, carbon nanomaterials exhibit
strong mechanical strength, thermal stability, and in some
cases, photocatalytic activity, making them highly durable and
effective under diverse environmental conditions.*

from wastewater.
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While the broader field of advanced nanomaterials continues
to expand rapidly, this discussion will focus in detail on carbon-
based nanomaterials, examining their synthesis strategies, mech-
anisms of pollutant removal, and application-specific performance
in wastewater treatment. By highlighting recent advances and
challenges, we aim to underscore their potential as sustainable
and scalable solutions to the growing problem of water pollution.

The term “nanocarbon” is increasingly used to describe
a wide variety of carbon materials with specific functional
characteristics and nanoscale dimensions that mostly depend
on their specific nanoscale features.*® Nanocarbon structures
are generally classified into two categories according to the
predominant types of covalent bonds that attach their carbon
atoms. The initial group includes graphitic nanostructures,
primarily composed of densely packed sp® carbon atoms having
a hexagonal honeycomb structure. Nevertheless, these struc-
tures may also incorporate sp® carbon atoms at defect locations.
Various nanocarbon structures have been included in this
group, like onion-like carbon (OLC), carbon nano-horns
(CHNS), CNTs, graphene, graphene nanosheets, and carbon
dots.**** Another group of nanocarbon structures comprises
a diverse proportion of sp® and sp” carbon atoms, containing
combinations of graphitic and amorphous domains, or
primarily composed of sp® carbon atoms.?® Presently, within
this category, nanodiamond stands as the sole acknowledged
member. However, certain varieties of carbon dots possessing
non-graphitic structures could also be regarded as part of this
group. One distinguishing feature of these nanoforms is that,
like CNTs and SWNHs, they do not originate from graphene
monolayers or fragments. The nanoallotropes of carbon can
also be categorized on the basis of their morphological attri-
butes. The first group comprises carbon nanostructures that
feature hollow internal spaces, which include fullerene, CHNs
and CNTs. The empty spaces within these porous nano-
structures can accommodate foreign molecules, atoms, metals,
and other nanostructures. Sometimes, they can create
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(a) Schematic representation of various nanocarbons,® (b) application of CNO-based polymer composites in different fields.
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nanoenvironments conducive to particular reactions.” Durable
nanostructures without internal voids, such as nanodiamonds,
OLC spheres and C-dots would be categorized separately as the
second group in this system. This group could also include gra-
phene because it lacks internal spaces as well. Based on their
dimensions, carbon nanostructures can also be categorized as: (i)
0D carbon nanoallotropes such as nanodiamonds, fullerene,
CNOs, and C-dots, (ii) 1D carbon nanoallotropes such as CNTs,
carbon nanofibers and SWNHs, and (iii) 2D nanoallotropes
including few-layer graphene, graphene and nanoribbons.”®*** A
schematic representation of some nanocarbons is shown in
Fig. 2(a). Nanocarbon materials find a variety of applications
because of their unique combination of electrical and thermal
conductivity, light weight, mechanical strength and biocompat-
ible properties.**** As a result, as shown in Fig. 2(b) a plethora of
rapidly upsurging areas of research such as energy storage and
generation, biomedicine, catalysts, plant growth, sensing of
biomolecules and emerging pollutants, environmental remedia-
tion, and many others are rapidly advancing day by day.*>*

CNOs have recently become intriguing adsorbents due to
their unique structure and chemical properties.** In recent
years, various adsorption and photocatalytic degradation review
studies of carbonaceous nanomaterials and their metal oxide
composite have been reported for the removal of organic
pollutants from wastewater.****** However, compared to the
extensive research on other nanocarbons and metal oxide
composites used in adsorption and photocatalysis, there is
limited study on CNOs and their composites specifically for
organic pollutant removal. Therefore, this review focuses on
CNOs and their composites for adsorbing and photodegrading
organic pollutants.
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2. Carbon nano-onions (CNOs)

In 1985, Curl, Kroto, and Smalley unveiled the groundbreaking
carbon nanostructure fullerene (C60) through laser desorption
experiments. Their pioneering discovery revolutionized chem-
istry and awarded them the Nobel Prize in 1996.***” This
discovery marked a noteworthy advancement in the field of
materials chemistry at that particular time. The additional
physicochemical analysis revealed certain attributes of these
zero-dimensional nanostructures. These included exclusive
electronic and structural characteristics, a high surface-area-to-
volume ratio, their ability for reversible electron acceptance,
and extensive absorption bands resulting from their extended
m-system.*® In 1992, during the HRTEM analysis of carbon soot,
Ugarte observed an unusual twisting of carbon nanoparticles,
which was similar to an onion-like structure.*® These carbon
nanostructures are known as CNOs because they have a multi-
layered cage-within-a-cage shape that is spherical.*”**** CNOs
are a distinctive class of quasi-spherical nanocarbons featuring
consecutive layers of graphene enveloping either a filled or
hollow core morphologically in between fullerene and graphitic
nanotubes.** The onion-like structure of CNOs is characterized
by small graphitic sp> carbon domains with highly localized -
electrons and peripheral defects, manifested as dangling
bonds.**** As a result, CNOs have high specific surface area,
chemical stability, mechanical strength and electrochemical
properties, providing them with desirable features for a wide
range of applications in different fields.***> These CNOs were
synthesized by an electric discharge method and their produc-
tion yield was very low and also produced side products. The
limited or very low yield of this substance hindered additional
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(a) Schematic representation of the synthesis pathway for CNOs, (b) SEM micrograph revealing surface morphology, (c) high-resolution

TEM image showcasing the layered onion-like carbon structure, (d) XRD profile confirming the graphitic crystalline structure; (e) Raman
spectrum highlighting the structural order and defect density; (f) N, adsorption—desorption isotherm with inset pore size distribution, indicating

textural properties.*’
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research into the characteristics of this newly discovered carbon
variant.*® Fig. 3(a) illustrates a rapid and straightforward
synthesis of CNO powder via a combustion method. Fig. 3(b and
c¢) shows SEM and TEM analyses reveal ~30-50 nm carbon
nanoparticles with fused boundaries and imperfect onion-like
graphitic layers, indicating edge defects. The XRD pattern in
Fig. 3(d) confirms graphitic carbon phases with peaks at 24° and
43°, while the Raman spectrum in Fig. 3(e) shows a D/G
intensity ratio of 0.89, highlighting structural disorder. The
nitrogen adsorption isotherm shown in Fig. 3(f) demonstrates
a meso/macroporous architecture with 0.855 ¢cm® g~ ' pore
volume and 82 m? g~ ! surface area.”’

These carbonaceous materials are composed of a mixture of
pentagonal and hexagonal rings.*® In these structures, carbon
atoms form two single bonds and one double bond with
neighbouring carbon atoms, allowing the m-electron cloud to
spread across the entire molecule. The graphitic layer of these
nanostructures contains numerous voids and imperfections.*
These spaces can be filled with pentagonal and heptagonal
rings, leading to the formation of either non-crystalline or
crystalline nanostructures.>

2.1 Synthesis methods of CNOs

To date, various methods for preparation of CNOs have been
published. These methods include arc discharge,” chemical
vapor deposition,” ion implantation,” flame pyrolysis,*
annealing of nano-diamond® and microwave synthesis.*® They
can control and attain the desired onion size, shape, and
structure based on their working and preparation factors.
Reports on CNOs and their composite synthesis highlight their
diverse applications.

2.1.1 Annealing of nano-diamond. Annealing of nano-dia-
mond at high temperature in an inert environment under high

Diamond structure External layer

fragmentation
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vacuum was carried out according to Kuznetsov's method.*
During the thermal annealing process, NDs start to convert into
CNOs in a step-by-step process between 700 °C and 800 °C. In
the initial phase, oxygen-containing groups are eliminated,
resulting in the emission of carbon dioxide and carbon
monoxide gases. The number of defects diminishes, and the
outer graphene layers become more graphitic when the
temperature ranges from 1100 °C to 1300 °C. Upon annealing
NDs at temperatures up to 1800 °C, microscopic particles with
few-layered graphitic shells emerge, giving rise to “small-scale”
CNOs. When the NDs are heated to 1900 °C for the fourth step,
polyhedral nanostructured onions are made. CNOs obtained
from nanodiamonds by using thermal annealing have charac-
teristic properties such as high electric conductivity and large
surface area. During the thermal annealing process, the key
properties like structure, specific surface area (SSA),
morphology, and pore size distribution (PSD) of CNOs were
altered. This was because nanodiamond acted as a synthesis
parameter and as a result of physical activation in air. The SSA
increased due to the elimination of surface impurities and
functional groups. Oxidation in air is an effective method for
removing predominantly amorphous carbon between the
carbon onion particles and for stripping away the outer carbon
shells.”” Qiao et al. observed that small, irregular graphite
fragments initially cover the surface of NDs. These fragments
then connect with each other to eliminate dangling bonds,
forming closed graphite shells,*** shown in Fig. 4. Zeiger et al.
synthesized CNOs in the presence of argon and an organic
electrolyte (tetraethylammonium tetrafluoroborate in acetoni-
trile) resulting in highly interconnected few-layer graphene
nanoribbons.® In another study, Feng et al. investigated the
Compton profiles of nanodiamond-derived carbon onions
using electron energy-loss spectroscopy in the electron

External layers
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Leading to graphitization

in diamond structure
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hexagonal external layers
(the diamond core starts
diminishing further)
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Loss of typical
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Fig. 4 Effect of increasing annealing temperature on the physicochemical properties of the as-formed CNOs from the detonation

nanodiamond.>®
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Compton scattering region. The results indicated that as the
annealing temperature exceeded 500 °C, the amplitude of the
CPs at zero momentum increased. This suggested that graphi-
tization likely occurs in this temperature range, with significant
changes observed between 900 °C and 1300 °C. These findings
demonstrated the thermal transformation of nanodiamond-
derived CNOs and the enhancement of their electronic prop-
erties during the graphitization process.**

2.1.2 Chemical vapour deposition. Chemical vapour
deposition (CVD) is the most applicable technique for the
synthesis of CNOs because it is simple, and capable of
controlling product growth and producing CNOs in gram scale
quantity.®” In this procedure CNOs were synthesized by a metal
catalyst which exists at high pressure and temperature. Spher-
ical CNOs ranging in size from 5 to 50 nm were obtained.
Manawi et al. reviewed that during the CVD process, carbon
atoms migrate through the heated molten substrate to produce
CNOs.* In Fig. 5(a) the CNO growth mechanism by the CVD
process is explained using the dissolve diffusion precipitation
(DDP) model. Carbon moves through the metal catalyst, inter-
acts with it, and dissolves into a metal carbide, which is the first
seed. This confirms that in the CVD process, CNO formation
started from 600 °C and it was found that there was uneven
growth of onion rings. Upon increasing the temperature from
700 °C CNO rings formed properly and it was further proposed
that due to low temperature a weak interaction occurred
between the catalyst and copper support resulting in slowed
down decomposition of methane gas. So, the effect of diffusion
depends on the temperature and the concentration gradient.
Upon further increasing the temperature, graphitic carbon
layers completely cover the catalyst surface and completely
convert into hollow CNOs because higher temperatures evapo-
rate the catalyst particles.””®® In a research report on CNO
synthesis, Ni-Fe catalyst powder was poured into a quartz boat
and placed in a horizontal quartz tube furnace. The Fe-Ni
catalyst was reduced at 400 °C and then different temperatures
were used for the growth of CNOs at 750 °C, 850 °C and 950 °C
for 1 h via using a highly pure mixture of CH, or N, at
a particular flow rate and optimised suitable temperature for
CNO synthesis. Finally, the obtained CNOs were cooled at room
temperature in the presence of a N, atmosphere.** D. Medranda
et al. reported a method in which, during the pyrolysis of
ferrocene, sulphur was used in a small amount due to some
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(a) Step by step carbon nano-onion synthesis by the CVD process,* (b) synthesis of CNOs via the arc discharge process.®®
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characteristic reasons such as to control the diameter of CNOs,
electrical and magnetic properties, structural morphology and
number of shells.®® Ruan et al. reported the fabrication via the
CVD technique at 700 °C temperature with some advantages
such as (i) possible coating of many components, (ii) sustained
high temperature, (iii) very high deposition rate and obtain-
ment of pure material, but during this process some byproducts
were obtained which were hazardous and toxic.*?

2.1.3 Arc discharge process. The arc discharge technique
for the synthesis of CNOs will be elaborated in detail. A regu-
lated environment, often made up of inert gases like argon or
helium, is used in this procedure, where two graphite electrodes
are placed close together. A plasma arc with an exceptionally
high temperature is produced when a high-voltage electric
discharge is started between the electrodes. Carbon atoms from
the electrode surfaces are locally vaporised and sublimated by
this extreme heat. As the plasma rapidly cools, the carbon atoms
condense and aggregate quickly, resulting in the formation of
spherical carbon nanostructures with numerous graphene
layers. These layers are concentrically stacked, much like the
layers of an onion. CNOs are then gathered and further pro-
cessed as a result, as shown in Fig. 5(b). In a research study,
CNOs were synthesized by an arc discharge method followed by
such conditions, a bias potential of 16 V was applied and a 30 A
constant current was required between the electrodes. As
a result, lightweight CNOs were formed on the water surface
and the size observed for these CNOs was in the range 15 to
25 nm.*® Borgohain et al. synthesized activated CNOs; in this
method pure graphite rods served as the anode and cathode.
The synthesized A-CNOs were used in such areas as fuel-cell
catalysis, energy-storage devices and biosensing and also
showed good electrochemical properties such as accelerated
electron-transfer kinetics with larger faradaic currents.®”
Furthermore, the high yield of CNOs was obtained by an arc-
discharged method instead of other methods. During an
experimental process the anode was allowed to rotate and the
cathode was deposited in an underwater arc discharge between
graphite electrodes after which the CNOs that were collected
were highly pure, with size of 28 nm and structural order similar
to graphitic planes.®® A recent study described a composite
graphite rod formed by mixing graphite with nickel powder,
which was used as an anode, with a 50 x 50 mm graphite chunk
serving as the cathode. During this process, an arc was
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Fig. 6 A schematic illustration for the synthesis of CNOs by the flame
pyrolysis method.”

generated using a current of 110 A in a helium atmosphere at
a pressure of 450 torr, with a 15 mm distance between the two
electrodes. In another experiment, CNO composites synthesized
using this method exhibited a higher heterogeneous electron
transfer (HET) rate compared to hollow CNOs. They also
demonstrated superior performance in applications such as
supercapacitors and batteries.*”°

2.1.4 Flame pyrolysis method. Among the various reported
strategies for the synthesis of CNOs, the conventional flame
pyrolysis approach has gained remarkable attention in recent
years owing to its cost-effectiveness, simplicity, versatility, eco-
friendly nature, and scalability. This method involves the
combustion of readily available carbon-rich precursors such as
ghee,” waste frying oil,” flaxseed oil,”® and candles, sometimes
modified with metal additives like iron(ur) acetylacetonate.™ A key
advantage of this process is the production of CNOs in high yield
and purity, free from contamination with other carbon allotropes.
Mohapatra and co-workers demonstrated the synthesis of OLCs by
employing ghee as the precursor in a spirit lamp setup, where
a cotton wick was partially submerged in ghee and ignited to
generate a black flame. The soot deposited on a bronze plate was
collected, yielding OLCs with a high surface area of 218 m* g *.”
In another study, magnetic CNOs (MCNOs) were prepared by
combusting a candle doped with iron(m) acetylacetonate, followed
by annealing at 800 °C under nitrogen. These MCNOs exhibited
excellent performance for the removal of bisphenol A (BPA) and
other endocrine-disrupting compounds from wastewater.” Tri-
pathi et al. further reported the synthesis of CNOs using flaxseed
oil,” while Mohapatra et al. obtained ~30 nm sized CNOs by flame
pyrolysis of ghee under low oxygen availability.” The morphology
was found to depend strongly on the nature of the collecting
substrate. Patel et al. (Fig. 6) and Kumari et al. synthesized CNOs
using both waste frying oil and flaxseed oil via this method, further
reinforcing the sustainability and waste-to-value aspect of flame
pyrolysis.”””® Overall, the flame pyrolysis method stands out as one
of the simplest, most economical, and environmentally benign
routes for large-scale CNO synthesis, requiring neither sophisti-
cated instrumentation nor catalytic assistance, thereby offering
tremendous promise for sustainable nanocarbon production.”

3. Synthesis method of CNOs/
composite nanomaterials
3.1 Sol-gel method

The sol-gel process is a versatile and widely adopted technique
for the synthesis of advanced materials and composites,

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

offering precise control over composition, morphology, and
structural homogeneity. In this approach, a sol typically derived
from metal alkoxides or related precursors is formed by
dispersing molecular species or nanoparticles in a liquid
medium, producing a stable colloidal suspension. Through
hydrolysis and condensation reactions, the sol gradually evolves
into a three-dimensional gel-like network. This gel can be
further engineered by introducing polymers, organic molecules,
or nanostructures (e.g., carbon nanomaterials), thereby
tailoring the final material properties. Due to its flexibility and
cost-effectiveness, the sol-gel method is extensively employed
for the synthesis of metal oxide nanostructures and their
composites, particularly where enhanced mechanical, elec-
trical, optical, or catalytic properties are desired.

Zhang et al. reported the fabrication of CNOs/TiO, compos-
ites. In their procedure, a solution of titanium isopropoxide
(C12H»504Ti) in isopropanol was prepared and stirred at room
temperature, followed by the addition of magnetic CNOs in
varying proportions relative to TiO,. The mixture was ultra-
sonicated, and subsequently added dropwise to deionized
water, then stirred for 8 h at 80 °C before cooling, yielding well-
dispersed CNOs/TiO, composites.*® Building on this, the same
group synthesized SiO,/CNOs/TiO, ternary composites through
a sequential sol-gel process. Initially, titanium isopropoxide
was mixed with propanol and stirred, after which CNOs were
introduced and nitric acid was carefully added dropwise at 80 °©
C to facilitate TiO, network formation. In the subsequent step,
a silica sol was prepared separately and gradually incorporated
into the CNOs/TiO, mixture under constant stirring. The
resulting hybrid sol was dried at 100 °C, producing a SiO,/
CNOs/TiO, nanocomposite with enhanced structural integra-
tion. These examples highlight the remarkable adaptability of
the sol-gel method for integrating CNOs with metal oxides,
enabling the design of multifunctional nanocomposites with
improved photocatalytic, electronic, and environmental reme-
diation applications.®*

3.2 Hydrothermal method

The hydrothermal method is a versatile and widely employed
technique in materials science and chemistry for the synthesis
of various materials, including crystals, nanoparticles, and
ceramics. This process involves the controlled reaction of
chemical precursors in an aqueous solution at elevated
temperatures and pressures, typically within a specialized
autoclave or reaction vessel. The term “hydrothermal” origi-
nates from the combination of “hydro” (water) and “thermal”
(heat), highlighting the essential components of this method.
By carefully manipulating factors such as temperature, pres-
sure, reaction time, and precursor concentrations, researchers
can tailor the properties and morphology of the resulting
materials. The composite of CNOs was synthesized by many
research groups. Weike Zhang et al. reported a Bi,WOs/MCNOs
composite synthesized by using a hydrothermal method in
which Bi(NOj);-5H,0 was added to HNO; and mixed with
Na,WO,-2H,0; the pH of this mixture was maintain between 2
and 3 by using NaOH solution; then MCNOs dispersed in
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Table 1 Advantages and disadvantages of CNO synthesis processes
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Synthesis method Advantages Limitations References
Arc discharge - High-quality CNOs with well-defined - Requires high temperature and an inert 66 and 67
structures atmosphere
- Established technique - High energy consumption
Laser ablation - Produces uniform and small-sized CNOs - Expensive equipment 86
- High purity - Limited scalability
- High operational costs
Thermal annealing of - Simple method - Requires high temperature (>1600 °C) 58, 59 and
nanodiamonds - Converts existing nanodiamond waste - Limited precursor availability 61
- Produces highly crystalline CNOs
Chemical vapor deposition (CVD) - Scalable - Requires metal catalysts 52, 62 and
- Controlled morphology and size - Complex setup 64
- Tunable structure - Expensive gaseous precursors
Pyrolysis of organic precursors - Cost-effective - Poor control over size and uniformity 75
- Environmentally friendly - May need post-purification steps
- Can use biomass/waste
Flame synthesis - Rapid and scalable - Poor control over morphology 72,77 and
- Inexpensive setup - Possibility of amorphous 78
carbon contamination
Electrochemical methods - Room temperature synthesis - Low yield 87

- Tunable surface functional groups

ethane diol were mixed into the above solution and stirred for
30 min. After that the obtained mixture was transferred into an
autoclave and heated at 150 °C for 2 h. After cooling, the sample
was washed with ethanol many times. Finally, the obtained
precipitate was dried at 80 °C for 8 h and theBi,WOs/MCNOs
composite was obtained.®” Recently reported nitrogen doped
CNOs were synthesized by a hydrothermal method; in this
process 1 g of Lentinus edodes powder was mixed into DI water
and stirred for 20 min and after that dispersed by ultra-
sonication. In the above solution Fe(NO;);-9H,0 was added
and stirred for some time and the homogeneous solution was
poured into an autoclave and heated 200 °C for 6 h. The ob-
tained precipitate was washed and dried, and this powder was
calcined at 300 °C under a nitrogen atmosphere. Excess iron
oxide was removed using 0.1 M HCI solution; after that the
sample was washed with DI water and ethanol many times and
dried.®

3.3 Sonication method

Sonication is a highly effective method for the synthesis of CNT
and carbon nanofiber (CNF) composites, offering precise
control over the dispersion and integration of these nano-
materials. In this process, CNTs or CNFs are dispersed in
a liquid medium, typically a solvent or a surfactant solution.
The mixture is then subjected to ultrasonic waves, which create
high-frequency mechanical vibrations. These vibrations lead to
the formation of cavitation bubbles, causing localized heating
and intense shear forces. As a result, the carbon nanotubes or
nanofibers are exfoliated and uniformly dispersed within the
liquid medium, facilitating their interaction with other mate-
rials or substrates. This sonochemical approach not only
improves the homogeneity of the composite but also enhances
its properties, making it a valuable technique in the synthesis of

RSC Sustainability

- Requires further processing
- May involve hazardous reagents

advanced materials with a wide range of applications, from
reinforced polymers to high-performance composites in various
industries. Lei Shi et al. synthesized an onion-like carbon
porous g-C3;N, (OLC/pg-C3N,) composite. Firstly, OLC and
porous g-C3N, were added into 30 ml methanol and dispersed
by ultrasonication followed by stirred at 80 °C until the solution
was completely evaporated and heated at 300 °C for 60 min and
finally the composite of OLC/pg-C;N, was obtained.** Another
T-ZnO-CNO composite was synthesized, in which CNOs were
added into DI water and dispersed for 20 min to get a homo-
geneous solution. In the above solution T-ZnO was added and
stirred for 12 h at room temperature. The obtained mixture was
filtered and washed with DI water for removal of excess CNOs.*
Table 1 presents a comparative overview of CNO synthesis
methods, highlighting the key advantages and disadvantages of
each reported technique.

4. Applications of CNOs and their
composites
4.1 Adsorption

The term “adsorption” was coined by Heinrich Kayser (a
German physicist) in 1881. According to IUPAC, this phenom-
enon is defined as “an increase in the concentration of
a substance at the interface between a solid surface and a liquid
or gaseous phase, attributed to surface forces,” specifically the
adhesion of atoms or molecules to a surface due to surface
energy. The process of adsorption primarily involves surface
atoms whose bonding capacity is not fully satisfied because they
are not completely surrounded by other adsorbent particles,
allowing them to attract the adsorbate.®® The adsorption
process has wide applications in wastewater treatment because
it is simple, cheap and does not produce secondary pollutants
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which is useful for elimination of inorganic and organic
pollutants from wastewater. The adsorption process was
investigated using different parameters such as concentration,
temperature, solution pH and interaction forces between
adsorbent and adsorbate.®

Adsorbents must possess a high surface area, suitable
morphological properties, and robust chemical or mechanical
stability to effectively remove organic pollutants from waste-
water.” In aqueous environments, these contaminants act as
adsorbates and adhere to the surfaces of adsorbents until an
equilibrium is reached between the adsorbent and adsorbate.
To study adsorption comprehensively, various types of adsorp-
tion isotherms, changes in Gibbs free energy, and entropy need
to be thoroughly investigated. These characteristics are crucial
for predicting adsorption performance and understanding its
mechanism, which can involve chemical reactions, electrostatic
interactions, repulsion, hydrogen bonding, van der Waals
forces, and other factors.”*

A simple adsorption isotherm (described by eqn (1))
measures the quantity of adsorbate absorbed based on
temperature and adsorbent concentration.

g G=CQ)V W

m

where ¢, (mg g~ ') represents the adsorption capacity at time ¢, V
(L) is the volume of the solution, C, and C, (mg L") are the
concentrations of the adsorbate initially and at time ¢, respec-
tively, while m (g) is the mass of adsorbent.”” However, this
model was proposed without considering complex systems
where many reaction parameters change simultaneously. The
Freundlich isotherm, introduced in 1894, provided the best fit
for gaseous adsorption but required several parameters.” In
1916, Irving Langmuir presented a model that became widely
accepted, despite not accounting for all factors determining the
adsorption rate. Thus, understanding the interaction between
various adsorption parameters and the adsorption isotherm is
crucial for obtaining useful information.®* Gibbs free energy,
along with entropy and enthalpy, provides insights into the
spontaneity of a given reaction at a specific temperature. The
Gibbs free energy of the adsorption process is related to the
equilibrium constant by the Van't Hoff equation (eqn (2)).

AG’ = —RTIn K,y (2)

where AG® (k] mol ") is the change in the Gibbs free energy, R is
the universal gas constant, T (K) denotes the absolute temper-
ature and Ky is the linear sorption distribution coefficient,
which is expressed by eqn (3)

K= 2 (3)

where C, and C. (mg L") indicate the equilibrium adsorbate
concentration on the adsorbent and equilibrium concentration
in the solution, respectively.®

Zhou et al. reported on MCNOs that demonstrated effective
adsorption of BPA,”” as shown in Fig. 7(a). The adsorption
capacity of the synthesized MCNOs was investigated at different

© 2025 The Author(s). Published by the Royal Society of Chemistry
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temperatures: 700 °C, 800 °C, and 900 °C. It was found that the
MCNOs synthesized at 800 °C exhibited the highest adsorption
capacity for BPA removal, shown in Fig. 7(b). The differences in
adsorption capacities among the MCNO samples can be
attributed to variations in surface area, degree of graphitization,
and the content of surface elements in the MCNOs produced at
different temperatures. In another study, CNOs were synthe-
sized using a simple wick and oil flame pyrolysis method with
liquid paraffin. These synthesized CNOs were used in small
quantities to remove MB from wastewater. As the initial
concentration of the dye increases, the proportion of MB
adsorbed decreases for all CNO samples. This occurs because
the total accessible adsorption sites in the CNO adsorbents are
limited, leading to a reduced removal rate of MB as the initial
concentration increases. At an initial MB concentration of
around 10 mg L™, nearly 93% of the MB is adsorbed from the
solution, indicating that these CNOs could be effective adsor-
bents for wastewater treatment with low concentrations of MB
using a small amount of adsorbent. It is confirmed that the
surface of the CNOs is negatively charged. The zeta potential of
CNOs decreases with increasing pH (from 2 to 12) due to the
dissociation of the surface oxygen functions on the CNOs.*®
Gunture et al reported water-soluble onion like carbon
(wsONC) which was used for the removal of MB, CV, and Rh B
dyes; among them higher removal efficiency was obtained for
MB.” Kumari et al. reported the synthesis of CNOs using
various oils, including waste frying oil, and demonstrated their
application in the removal of antibiotics and pyridine from
wastewater. The waste oil derived CNOs exhibited remarkable
adsorption efficiency for antibiotics such as NOR and TCH,
particularly under acidic conditions (pH 4), where the removal
process was governed by m-m stacking interactions and
hydrogen bonding. Notably, these CNOs maintained recycla-
bility for up to five cycles with an efficiency retention of nearly
75%, highlighting their practical applicability.”® In the case of
pyridine removal, adsorption performance was strongly influ-
enced by pH, with maximum efficiency observed at neutral pH
(7). Beyond this point, a further increase in pH led to a decline
efficiency. Additionally, increasing pyridine
concentration resulted in decreased removal efficiency but
enhanced adsorption capacity, indicating efficient utilization of
available active sites at higher pollutant loadings. Kinetic
studies revealed that pyridine removal proceeded rapidly during
the initial phase and attained equilibrium within 100 minutes,
a behaviour attributed to the progressive saturation of adsorp-
tion sites on the CNO surface, shown in Fig. 7(c and d)
respectively. The adsorption mechanism was primarily driven
by m-m interactions between pyridine molecules and the
conjugated carbon framework of CNOs, as shown in Fig. 7(e).
The key attributes of these oil-derived CNOs namely their cost-
effectiveness, sustainable production in gram-scale quantities,
and recyclability underscore their strong potential for large-
scale wastewater treatment applications.”

As illustrated in Fig. 8, Patel et al. demonstrated the
synthesis of CNOs and proposed the adsorption mechanism of
MB on their surface. The study revealed that MB adsorption is
predominantly governed by a combination of electrostatic

in removal
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(a) Magnetic nanocarbons showed adsorption of bisphenol A, (b) the adsorption capacity of MCNOs at different temperatures,” (c and d)

removal efficiency of flax seed derived CNOs towards pyridine at different concentrations and times, (e) adsorption mechanism of pyridine on

CNOs via - interaction.”

attractions, hydrogen bonding, and m-m stacking interactions
between the dye molecules and the CNO framework. Moreover,
the intrinsic surface defects of CNOs act as additional active
sites, facilitating adsorption through m-m conjugation and
other non-covalent interactions.”

4.2 Photocatalysis

Photocatalysis is a secure, sustainable, and environmentally
beneficial approach for breaking down or degrading organic
contaminants. This remediation approach offers an efficient
means of eliminating organic contaminants from wastewater,
ensuring that hazardous molecules are either completely
degraded or transformed into environmentally benign by-
products, thereby avoiding the generation of secondary
pollutants.”*"* In the photocatalytic process and reaction

RSC Sustainability

pathways depicted in Fig. 9(a and b), respectively, materials
absorb photons with energies equal to or greater than the band
gap energy between the photocatalyst's valence and conduction
bands. This photon absorption initiates charge separation, and
electrons are excited from the valence band to the conduction
band, leaving behind positive holes in the valence band. In the
conduction band, these positive holes oxidize water, generating
hydroxyl radicals (OH"), while the excited electrons reduce
adsorbed oxygen on the photocatalyst. The OH' radicals
subsequently attack the functional groups of organic pollutants,
undergoing various processes to convert them into non-toxic
substances or completely degrade them into CO, and H,0.**
The photocatalytic degradation efficiency of organic pollutants
for wastewater remediation is governed by the kind and nature
of organic pollutants, photocatalyst material, temperature and
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Fig. 8 A schematic illustration of methylene blue adsorption on CNOs.”
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Fig. 9 Schematic demonstration of photocatalytic (a) process properties and (b) reaction pathways showing the degradation of organic
pollutants via photogenerated electron—hole pairs.1°*

PH of the reaction medium, intensity of light, solvent type and role in influencing photocatalytic processes. Typically, mono
other factors.'® The chemical structure of organic pollutants azo dyes degrade more rapidly under photodegradation condi-
and their associated functional groups also play a significant tions compared to anthraquinone dyes.'*
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CNOs enhance the photocatalytic degradation process when
coupled with semiconductors such as TiO,, ZnO, Bi,WOs, SiO,
and g-C;N, because, due to their high conductivity, they accept/
transport photoelectrons, suppress electron/hole recombina-
tion and accelerate the formation of reactive oxygen species.
The defects and w-m bonding in nitrogen, phosphorus and
sulphur doped CNOs introduce mid-gap levels and sensitization
effects, letting the composite harvest more of the solar spectrum
and drive visible light reactions. For example, Zhang et al.
prepared a composite of magnetically retrievable Bi,WOg/
MCNOs by using the hydrothermal method which was used for
environmental decontamination and showed the best photo-
degradation results towards several organic pollutants such as
MB, RhB, MO, TC and PNP. 04105

For photocatalysis, SiO,/CNOs/TiO, composites displayed
excellent performance, with the 3% CNO-loaded sample
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achieving 96% degradation of RhB at an optimum dosage of
1.5 g L™'. UV-visible spectra showed progressive reduction of
the RhB absorption peak around 554 nm, accompanied by
a blue shift (Fig. 10(a)) as the solution turned from pink to
colorless within 150 min as depicted in Fig. 10(b).** Fig. 10(c)
represents the photodegradation of RhB in the presence of
different CNO composite ratios. Under dark conditions, all
samples attained adsorption-desorption equilibrium within
30 min, with RhB adsorption efficiencies of ~35-45%, corre-
sponding to 1.634-2.274 mg L. This adsorption capacity was
primarily attributed to the high surface area of SiO,, which
favors pollutant capture. Under light irradiation, the degrada-
tion efficiency of RhB was markedly enhanced in the presence of
the prepared composites compared to the control without any
photocatalyst. At lower CNO loadings (<3%), partial electron—
hole recombination occurred, as photogenerated electrons
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(a) UV-vis spectra of RhB solution at different degradation times, (b) the color change of the RhB dye during photodegradation, (c)

photocatalytic degradation with different CNO composite ratios, (d) reactive species trapping experiments of RhB with the SiO,/CNOs/TiO,
sample.® Visible-light-induced photodegradation of DNP with different photocatalysts, as a function of irradiation time, plotted as (e) (C/Co) and
(f) In(Co/C).%% (g) comparison of dye degradation under optimized parameters under three different conditions: adsorption, photocatalytic and
microwave degradation, (h) recycling study of microwave catalytic degradation of a mixture of dyes with CNOs, (i) TOC reduction during cyclic

performance of CNOs.1%¢
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could not be efficiently transferred to CNOs. Conversely, exces-
sive CNO content (>3%) promoted the formation of passivating
layers, reducing both light absorption and the effective surface
area of SiO,/CNOs/TiO,. The optimal performance was achieved
at 3% CNO loading, where the composite exhibited the highest
degradation efficiency of ~94%.*" Radical scavenger experiments
confirmed superoxide radicals (O, ") as the dominant species,
since the addition of benzoquinone reduced the degradation
efficiency from 94% to 60%, while isopropanol ("OH scavenger)
and EDTA-2Na (h" scavenger) had negligible impact (Fig. 10(d)).**
Similarly, the T-ZnO-CNO hybrid composite exhibited superior
photocatalytic degradation of DNP. Control experiments
confirmed that neither direct photolysis nor individual CNOs or
T-ZnO contributed significantly under visible light as shown in
Fig. 10(e). In contrast, the composite achieved ~92% degrada-
tion, with the DNP absorption peak at 358 nm steadily decreasing
without peak shifts or new band formation, indicating no chro-
mophoric byproducts. The degradation rate constant of the
hybrid was ~7 times higher than that of T-ZnO and ~36 times
higher than that of CNOs alone (Fig. 10(f)).** Beyond photo-
catalysis, CNOs also demonstrated notable adsorption and
microwave-assisted degradation of mixed dyes. Under dark
conditions, adsorption efficiencies reached ~72% for RB and
~44% for CR, while under sunlight, removal reached ~81% for
MB and ~47% for CR as demonstrated in Fig. 10(g)."* Remark-
ably, microwave irradiation enabled nearly complete degradation
(~98-99%) of CV, CR, RB, and MB within just 3 min
(Fig. 10(g)).**® The recyclability test result over five cycles shown in
Fig. 10(h) confirms the sustained performance of CNOs, with
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~94% degradation maintained. Total organic carbon (TOC)
analysis (Fig. 10(i)) confirmed near-complete mineralization of
dyes, with TOC decreasing from 8.11 mg L ™" t0 0.07 mg L™ " after
microwave treatment.'* The slight TOC increase after recycling
was attributed to minimal CNO loss during regeneration. These
findings highlight the multifunctionality of CNOs as photo-
catalysts, and microwave-assisted degradants, where ROS gener-
ation (especially O," ), high conductivity, and structural stability
synergistically drive efficient and sustainable wastewater
treatment.'*®

CNOs serve as efficient co-catalysts by dispersing and
anchoring semiconductor or metal nanoparticles (TiO,, ZnO,
Ag, etc.), thereby forming intimate heterojunctions (type-1I, Z-
scheme, or Schottky) that promote vectorial charge separation
and radical generation. For instance, a CNO-functionalized ZnO
composite (T-ZnO-CNO) demonstrated excellent photocatalytic
performance, higher stability, and hydrophobicity. This hybrid
degraded 2,4-dinitrophenol (DNP) up to 92% within 140 min.
Interestingly, CNOs alone did not show catalytic activity nor
adsorption of DNP, while pristine T-ZnO exhibited moderate
photocatalysis under visible light without by-product forma-
tion, as evidenced by the absence of spectral peak shifts. The
proposed Z-scheme pathway for DNP degradation is illustrated
in Fig. 11(a),* with the corresponding reaction steps depicted in
Fig. 11(b).*® Under visible-light irradiation, CNOs become
photoexcited and generate electron-hole pairs. The photog-
enerated electrons are transferred from CNOs to the conduction
band of T-ZnO, where they react with adsorbed oxygen to
produce O, . Simultaneously, the holes are injected into the
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Fig. 11 (a) An illustration of the photodegradation of DNP by the T-Zn

O-CNO hybrid composite, (b) a plausible mechanism of the photo-

degradation of DNP by the T-ZnO-CNO hybrid composite under visible-light irradiation,® (c) visual depiction of the synergistic adsorption—
photocatalytic processes driving methylene blue degradation by the engineered PR-Fc catalyst,**” (d) the mechanism diagram of SiO,/CNOs/

TiO; in the degradation of dyes in visible light.®*
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Table 2 Adsorption capacity (mg g™, removal efficiency (%), and degradation performance of carbon nano-onions (CNOs) and their

composites
Material Adsorbate Method pH  Time (min) Capacity (mg g ')/removal efficiency ~ Ref.
CNOs MnO, Adsorption 7 70 806.45/99.9% 108
CNOs Dichloromethane, aniline, toluene, = Adsorption 6-7 160 90.95, 76 64, 58.1, 49.25, 73
diesel, methanol, ethanol, petrol, 42.25, 36.68, 36.25
chloroform, and pyridine
CNOs Nitrophenols Adsorption 7 25 95% 109
CNOs Tetracycline hydrochloride and Adsorption 4 30-40 416.66 and 344.82/97% 78
norfloxacin and 99%
CNOs MO dye Adsorption 6 30 166.66/99.95% 79
wsONC MB, CV, and Rh B Adsorption 7 60 247.78/— 110
CNOs MB dye Adsorption 7 10 1397.35/97.92% 96
CNOs Red dye Adsorption 7 120 85% 111
MCNOs Bisphenol A Adsorption 6 90 65.77 75
CNOs Cr(vi) Adsorption 34 1440 82% 112
NC materials Phenol Adsorption and 360 56.28% 113
degradation
N,P-CNOs MB dye Degradation — 120 75.8% 114
TiO,/OLNC MO Degradation 7 120 99.9% 115
v-Fe,O5 MB dye Degradation 7 60 97% 82
Bi,WO¢/MCNOs  Tetracycline and p-nitrophenol Degradation — 40 81.9% and 86.1% 116

valence band of CNOs, which oxidize water molecules to yield
hydroxyl radicals ("OH). Among the reactive oxygen species,
O,"~ plays the dominant role in driving the photocatalytic
degradation of DNP.** A dual mechanism of adsorption-pho-
tocatalysis was reported for PR-Fc catalysts featuring onion-like
activated carbon and iron oxides. Here, high surface area and
abundant active sites enabled strong adsorption of MB, with
97% dye removal achieved in 60 min. Adsorption occurred even
without light exposure, while under illumination, Fe,O;
photoexcitation coupled with the conductive carbon matrix
enhanced charge separation and ROS production, leading to
rapid MB degradation as demonstrated in Fig. 11(c)."”’
Furthermore, SiO,/CNOs/TiO, composites displayed 96%
degradation of RhB under UV-visible light, attributed to
enhanced quantum efficiency of TiO,. The excellent conduc-
tivity of CNOs facilitates the transfer of photogenerated elec-
trons from the composite to molecular oxygen, generating O, ",
which acts as the primary reactive species and effectively
suppresses electron-hole recombination (Fig. 11(d)). In addi-
tion, the high surface concentration of Ti-O-Si linkages at the
TiO,/SiO, interface improves catalyst dispersion, thereby
markedly enhancing the photocatalytic degradation efficiency
of RhB.** Additionally, onion-like carbon modified porous g-
C;N, composites effectively degraded phenol and dyes under
visible-light irradiation, underscoring the versatility of CNO-
based hybrids in wastewater remediation.”® Table 2 shows
a comparison of performance metrics for CNOs and their
composites.

5. Conclusion

This review offers a comprehensive exploration of the synthesis
strategies and functional applications of CNOs and their

RSC Sustainability

composites, with a particular focus on their role in the removal
of organic contaminants from wastewater through adsorption
and photocatalytic techniques. Owing to their exceptional
surface area, tunable surface chemistry, and rapid interaction
kinetics, CNO-based materials have emerged as highly prom-
ising candidates for efficient water purification, even at trace
pollutant levels. In adsorption-driven processes, the interfacial
characteristics and structural morphology of the adsorbents are
crucial for enhanced contaminant capture. Meanwhile, in
photocatalytic systems, parameters such as charge carrier
dynamics, radical generation efficiency, and light harvesting
capabilities govern the degradation performance. The review
also encapsulates recent innovations in the fabrication of
CNOs, shedding light on current challenges and future direc-
tions for their environmental deployment.

Future research on CNO-based systems for wastewater
treatment should emphasize their recyclability and reusability,
which not only enhance cost-effectiveness but also promote
environmental sustainability by minimizing secondary pollu-
tion and toxic waste. However, the generation and accumula-
tion of secondary debris during treatment remain
underexplored, posing potential risks to long-term ecological
health. Addressing these concerns through greener synthesis
approaches and responsible application frameworks will be
crucial. Key directions include developing hybrid CNO-based
materials by integrating metals, metal oxides, or polymers to
enhance multifunctionality, employing advanced surface func-
tionalization strategies to improve contaminant selectivity, and
exploring green, scalable synthesis routes for cost-effective
production. Additionally, pilot-scale studies using real waste-
water and comprehensive assessments of long-term stability
and regeneration are essential to ensure sustainable and prac-
tical deployment.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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