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Nanoparticles are almost omnipresent with significant pros and cons. Scientists have ventured into
environmental nanotechnology, synthesizing unique nanoparticles in the laboratory. Copper
nanoparticles are an active area of research for the decontamination of water from toxic dyes in the
context of environmental nanotechnology. Copper is an abundant element in our earth’s crust. However,
rapid aerial oxidation limits its application. The present review article focuses on removing a toxic dye
crystal violet (CV) via adsorption and degradation involving copper-based nanoparticles. Various
synthetic protocols of such nanoparticles, removal efficiency including reusability, effect of doping and
physico-chemical conditions, mechanisms, and connections towards circular economy were
summarized here. A comparative account was depicted between adsorption and degradation for the
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1. Motivation

Crystal violet (CV) is a widely used dye in the textile, cosmetic,
leather, food, pharmaceutical, paint and varnish, pulp and
paper industries. Contaminated waters containing CV are
a matter of serious concern. Elimination of dye, employing
nanostructured materials involving degradation and adsorp-
tion, is an active area of research. Shabna et al. illustrated the
effect of various factors on the degradation of CV using nano-
materials. Copper is one of the most abundant and

Solar Energy Conversion and Nanomaterials Laboratory, Department of Chemistry,
Manipal University Jaipur, Dehmi Kalan, Jaipur 303007, India. E-mail: mainak.
ganguly@jaipur.manipal.edu

Priyanka Sharma obtained her
B.Sc. and M.Sc. degrees from
Maharaja Brij University in
India. She is now pursuing her
Ph.D. degree at Manipal
University Jaipur, India, under
the guidance of Dr Mainak
Ganguly. Her area of interest is
material science and environ-
mental science.

Priyanka Sharma

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

asset for the industries that release harmful dyes for sustainable water management.

biocompatible metals with reasonably low prices. However,
susceptibility to aerial oxidation limits its application. By
choosing the proper capping agent, copper-based nanoparticles
are employed in sustainable water management. Ighalo et al.*
reviewed copper-based nanoparticles for water treatment.
However, no review article is available for CV removal via
a nanometric pathway, including degradation and adsorption,
although numerous reports are available on copper-based
nanoparticles for CV removal. Such analysis inspired us to
prepare this review article.
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2. Introduction

There is a developing freshwater issue worldwide because of the
significant effects of industrialization, climate change, and the
world's population growth. Therefore, a variety of freshwater
consumers and polluters contribute significantly to the deple-
tion of freshwater supplies. These dyes, which come from the
textile, cosmetic, leather, food, pharmaceutical, paint and
varnish, pulp and paper, and other sectors, include methylene
blue, rhodamine B, methyl orange, Congo red, Disperse Violet,
methyl red, and CV.> According to recent estimates, the globe
produces about 70 lakh tons of dyes a year. The environment
and human health are seriously endangered when these
industrial dye wastes are released into water systems.® As evi-
denced by the significant increase in recent years, this problem
has sparked a boom in research. Aquatic ecosystems' photo-
synthetic activity is harmed when untreated dye-laden waste-
water is dumped directly into natural water bodies.* Because it
contains metals and aromatic chemicals, it can potentially have
mutagenic or teratogenic effects on fish species and aquatic
organisms. Furthermore, environmental dyes can cause
a variety of harmful health effects in humans, such as derma-
titis, renal illness, allergic reactions, mutagenicity, and cancer.
Particularly complicated in structure and known to have carci-
nogenic consequences are colors based on chromium.® Conse-
quently, the release of dyes into the environment causes water
bodies to become contaminated, which affects aquatic life,
human health, and water quality.*’

Of late, dye removal has been a very important topic of
research for human welfare. Dye removal can be done by two
nanometric pathways, one is degradation and adsorption.? This
study focused on degradation and adsorption pathways.® The
adsorption path was faster than degradation and was reusable
many times, but degradation was about breaking larger
hazardous molecules into smaller nontoxic components photo-
catalytically. The nanoparticle-induced dye degradation and
adsorption method was one of the best ways for removing toxic
pollutants.'®"* Peddada et al.*> used photocatalytic removal for
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hazardous CV dye. Khan et al.*® demonstrated that in waste-
water treatment, photocatalysis has become a particularly
effective method for breaking down organic contaminants,
including synthetic dyes. The process of photocatalysis uses
catalysts, like titanium dioxide (TiO,), to produce extremely
reactive hydroxyl radicals (OH'~) when exposed to ultraviolet
light.** Compared to traditional wastewater treatment methods,
this procedure has a number of advantages.® First, because
photocatalysis produces hydroxyl radicals quickly when
exposed to light, it is incredibly effective at breaking down
organic contaminants. Secondly, it functions under compara-
tively moderate circumstances with low pressure and tempera-
ture, reducing energy use and operating expenses. Third,
photocatalysis ensures environmentally friendly wastewater
treatment because it doesn't produce any hazardous
byproducts.*®

Furthermore, photocatalytic processes may be easily scaled
and modified to fit different wastewater matrices, which allows
them to be used in a variety of industrial and environmental
contexts. Because of these intrinsic benefits, photocatalysis is
a cutting-edge technique for eliminating synthetic dyes and
other organic contaminants from wastewater, providing a long-
term and effective remedy for problems with water
contamination."”

Another important technique was adsorption in the case of
dye removal. Adsorption is a simpler procedure and more useful
than other methods. Adsorption is a well-established technique
for removing dyes from wastewater.”® The procedure becomes
even more cost-effective when adsorbents made from other
biomass wastes are developed to replace commercial activated
carbons. Additionally, recent research has shown that surface
chemistry modification may improve the performance of
adsorbents.* Such modification can be accomplished by add-
ing ionic polymer groups to the adsorbent precursors and by
treating them with chemicals, particularly acids and bases. It
has been found that adsorbents created exclusively through
surface chemical modification function satisfactorily in terms
of removing dyes from wastewater.”® Given their economic
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Fig. 1 Flow chart of the different type of dyes.

benefit of requiring less energy during the synthesis process
than activated carbon preparations, which need carbonization
and activation stages, these findings make modified biomass an
appealing alternative for an adsorbent.**

In this review study, we focused on using copper nano-
particles to remove dangerous CV dye through adsorption and
degradation using logical processes. We discussed the mecha-
nistic aspects and choice of dye, choice of metal surface,
synthetic protocol for photo-nanocatalyst and nano adsorbent,
limitations, and challenges of the experimental protocol.

3. Choice of dye

Dyes are classified as cationic, anionic, or non-ionic based on
their ability to dissolve particle charge in solution. Dye can be
classified according to its solubility. Soluble dyes include acid,
basic, direct, mordant, metal complex, and reactive dyes,
whereas insoluble dyes include sulfur, azoic, vat, and dispersion
dyes. Dyes are classified according to their source, application
technique, and chemical structure.?” Dyes are classified into two
groups based on their source. There are three main sources of
natural dyes: minerals, plants, and animals. Natural dyes are
often negative. Substantive dyes are chemically attached to
fibers and don't require any additional chemicals.”® Adjective
dyes require a mordant to provide colorfast results. Synthetic
colors are derived from both organic and inorganic substances.
According to Raval et al.,”* these dyes are widely used due to
their low cost and ease of usage, as well as their diverse color
spectrum. Synthetic dyes fall into three categories: anionic

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

7) Phthalocyanines

8) Di-and tri-aryl
carbonium
related dyes

9) Nitro and
nitroso dyes

(acid, reactive, and direct dyes), cationic (basic dyes), and non-
ionic (disperse dyes). Fig. 1 classifies dyes according to their
usage.

Nonetheless, a variety of dyes are widely used in textiles and
natural life, including methylene blue, rhodamine B, methyl
orange, congo red, amido black 10b, and coumarin.?®*¢ Addi-
tionally, these hues are toxic and harmful to human health.
Coinage metal has been reported to degrade these dyes thus far.
Photodegradation of dyes using copper nanoparticles is an
active area of research. Methyl red, methyl orange, phenol red,
and eosin y were degraded photocatalytically using copper
nanoparticles by Raina et al.*” Sarathi et al*® reviewed the
photocatalytic degradation of malachite green via metal oxide
degradation. Hydrogen peroxide as a cocatalyst nanostructures
were found to be employed an various dyes for degradation.>
Though ample of review articles are available involving copper
nanoparticles for the removal of dyes, CV (a highly carcinogenic
dye) was not reviewed in the context of copper nanoparticle-
induced elimination for environmental remediation.*”***

CV is a very useful dye in present life.*=** In addition to being
used as a topical antiseptic, CV, a hexamethyl pararosaniline
chloride dye, has been widely employed as an antibacterial,
antifungal, and vermicide agent. Additionally, CV is used in the
textile industry as a textile dye and to give printing ink and
paints a deep violet hue.** Unfortunately, after all these various
useful applications, CV dye has a hazardous chemical reactivity
to human health. It is a highly active mitotic toxin and a heavy
carcinogen clastogen.*® It tends to develop cancer cells and

tumors in the human body. Chemical precipitation,®®
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coagulation,*” biochemical degradation,***° solvent extraction,*®
sonochemical degradation, photocatalytic ~degradation,**
micellar enhanced ultrafiltration, electrochemical degrada-
tion,* ozone oxidation, ion exchange, and adsorption are some
of the methods used to get rid of this kind of dye.** Contact on
CV for long time on eyes with prolonged exposure, and it's also
considered a skin irritant. Although CV has a variety of indus-
trial and medical applications, its potential for toxicity, espe-
cially with prolonged exposure, has led to concerns about its
safety.* In certain cases, it has been linked to genotoxicity and
is classified as a potential carcinogen, especially in laboratory
and industrial area where workers may have frequent contact
with the compound.

Aside from its applications in biology, where it's most used
in staining techniques like Gram's stain, CV has also been
studied for its potential use in treating infections caused by
certain types of bacteria or fungi, due to its bacteriostatic
properties. However, its use is more common as a diagnostic
tool and in research contexts rather than as a therapeutic
agent.*

Given its various uses, CV is used in a specific context, like its
medical or industrial applications. The cornea and conjunctiva
are at risk due to the presence of a cationic dye in the product,
as such dyes have been known to cause toxicity to mammalian
cells.*® It has the potential to be absorbed through the skin in
harmful quantities, leading to skin irritation and digestive
issues. In severe instances, it could result in respiratory failure,
kidney damage, and permanent blindness. These serious health
risks have driven us to conduct research aimed at removing this
dye from wastewater.

The cationic dye CV, which is extremely toxic to mammalian
cells, can cause severe eye irritation, painful light sensitivity,
and permanent corneal and conjunctival damage. However, in
extreme cases, it might induce respiratory and renal failure.
Triphenylmethane dye is one of the most regularly used
dermatologic agents.*” CV was once used to treat pinworms in
humans and domestic animals, both orally and topically. It is
beneficial in suppressing fungal proliferation in several condi-
tions; therefore, it was added to chicken feed to reduce fungal
growth, thereby exposing the human population directly or
indirectly to CV due to its broad therapeutic and commercial
use. CV is a toxic chemical that has been banned from use in
aquaculture and the food industry due to its negative impact on
human health.*® Despite its low cost, availability, and efficacy, it
is widely utilized in certain aspects. Dye manufacturers typically
discharge 10-20% of free dyes into wastewater during the
dyeing process. However, the use of azo dyes can increase this
value by up to 50%.* Discharging a considerable amount of dye
in wastewater can harm aquatic resources' aesthetics, gas
solubility, and clarity. Removing CV from wastewater from
many sectors is crucial for protecting human health, soil, and
aquatic ecosystems. Several techniques have been used to
remove CV from textile effluent, including chemical oxidation,
physical precipitation, photolysis, adsorption, electrochemical
treatment, advanced oxidation, and
biodegradation.*®

reverse  0SMOSsis,
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4. Choice of copper

One of the most used materials in industry is copper. Because of
its low cost, it is very important in all industries, but especially
in the electrical sector. Several techniques have been used to
produce and analyze copper nanoparticles.®® The two key
elements that prevent the metal cluster from being used and
developed in a new generation of nanoelectronics devices are
stability and reactivity.> The health and nutrition of plants are
greatly influenced by copper, an important mineral that is
a component of many proteins and enzymes. Because of its
remarkable electrical conductivity, favorable catalytic behavior,
and surface-enhanced Raman scattering activity, researchers
are interested in using copper nanoparticles as an essential
component in future nanodevices.>

Copper nanoparticles are used as an addition of lubricating
oil to minimize wear and friction efficiently or to repair a worn
surface because of their exceptional mending properties.** To
greatly enhance, nano-copper particles are evenly coated on the
graphite surface to provide the charge-discharge characteris-
tics, such as coulombic efficiency, cycle characteristics, and
high-rate performance as an anode material for lithium-ion
batteries.”> Copper nanoparticles are widely used for dye
degradation due to their high surface area. Compared to other
nanoparticles, copper nanoparticles were of great interest due
to their lower cost, wide availability, and numerous uses in
electrical, sensors, inkjets, field emission emitters, catalysis,
and other fields.*® Copper is therefore favored for the synthesis
process due to its high conductivity and inexpensive nature.
Copper nanoparticles are frequently employed as antibacterial,
antioxidant, anticancer, anti-inflammatory, and anti-
hepatotoxic compounds. Copper nanoparticles are now utilized
in animal feed, particularly in poultry diets, as an alternative
feed ingredient.””*®* Copper nanoparticles have great catalytic
and optical activity. Cu is a 3d element, atomic mass (63.546 u),
highly available in the Earth's crust, configuration [Ar] 3d'°4s".
Due to a deficiency of Cu, several diseases, including bone
defects, anemia, and Menkes disease, can occur.”* Cu nano-
particles can be used for glucose sensing,** dopamine sensing,
targeted cancer therapy, microbial warfare reagents.®”> Cu
nanoparticles have small dimensions with high electrical
conductivity.®® Cu nanoparticles often also have a fluorescence,
lubrication property.**

Copper distinguishes itself from metals such as silver, gold,
and palladium in dye degradation due to its exceptional amal-
gamation of visual, chemical, economic, and environmental
attributes. Copper nanoparticles (and their oxides, Cu,0/CuO)
demonstrate localized surface plasmon resonance (LSPR)
when exposed to visible light.®® This facilitates the effective
formation of energetic electron-hole pairs, which trigger redox
reactions: photo-excited electrons convert molecular oxygen to
superoxide radicals, while holes generate hydroxyl radicals—
both of which are extremely reactive species that decompose dye
complexes such as crystal violet. Copper oxides are p-type
semiconductors characterized by a low band gap (~1.7-2.0
eV), facilitating efficient visible-light absorption and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic representation of the removal of dye with different catalysts via (A) degradation and (B) adsorption.

photocatalytic activity.®® These materials generate reactive
oxygen species ("OH, O,~) upon light, facilitating the oxidative
degradation of organic dye molecules. In comparison to noble
metals, copper has significant economic benefits and superior
terrestrial abundance, rendering it appropriate for extensive
wastewater treatment. It also endorses green synthesis
methods—utilizing plant extracts such as hibiscus or aloe to
both decrease and stabilize CuO nanoparticles, resulting in
ecologically friendly, biocompatible photocatalysts.

Copper oxide nanoparticles are proficient at generating
reactive species and ensuring effective charge separation, and
they create heterojunction composites with other semi-
conductors (e.g., TiO,, graphene) to further diminish electron-
hole recombination. This dramatically boosts degradation
rates, at times rivaling or surpassing typical photocatalysts.
Noble metals such as silver, gold, and palladium generally
exhibit limited redox flexibility and reduced absorption in the
visible light spectrum. Silver, gold, and palladium nanoparticles
exhibited degradation and adsorption properties. Silver,®”%
gold,* and palladium”™ nanoparticles could also degrade CV
dyes, like copper-based nanoparticles. However, adsorption of
CV has been limited to silver and copper. Copper is a preferable
metal as a photocatalyst and adsorbent because of its cost-
effectiveness in comparison to above mentioned metals. Low
cost of copper is highly beneficial for large-scale industrial use.

They entail significantly more expenses and difficulties in
scaling, rendering copper a more sustainable and pragmatic

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

option for pollutant degradation in water.” Copper's strong
visible-light localized surface plasmon resonance, redox
activity, narrow band gap semiconducting properties, cost-
effectiveness, scalable green production, and synergistic
composite potential render it an exceptional material for dye
degradation, exhibiting both high catalytic efficiency and
practical applicability.

5. Nanometric elimination of dye
5.1 Degradation

Dyes are organic compounds commonly used in industries for
coloring purposes, such as in textiles and clothing.”>”* They are
typically classified according to the charge they generate when
dissolved in an aqueous medium.””® Dyes are mainly divided
into natural and synthetic types, which are further categorized
based on their charge during ionization into anionic, cationic,
and non-ionic dyes.”®”” Dyes are characterized by their complex
structures, which make them stable and resistant to degrada-
tion. When dyes contaminate water, they can pollute entire
water systems and pose significant health risks to all who rely
on the water.”®®® Research on dye toxicity has shown that even
at low concentrations, dyes can be harmful to aquatic life due to
the release of toxic chemicals through slow degradation
processes,® like oxidation, hydrolysis,* physical interactions,
and chemical reactions.*® Additionally, dyes can block light
penetration in water, reducing photosynthesis and severely

RSC Adv, 2025, 15, 27995-28020 | 27999
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Fig. 2 (a) XPS study of Cu NCs-30, (b) Cu NCs-40, and (c) Cu NCs-50 Cu 2P spectra, (d) XRD spectra of CuNCs.*2

Fig. 3 FE-SEM of Cu NCs synthesized using (a) 30 mL of WGE (b),
40 mL (c), 50 mL (d), and EDAX of Cu NCs-50.12

affecting aquatic life. Dyes are also harmful to humans,
animals, and aquatic organisms because of their carcinogenic
and mutagenic properties.> To safeguard human health and
other creatures, dyes must be eliminated from water and
wastewater from both an environmental and health standpoint.
However, treating water contaminated with dyes presents
a challenge due to the dyes' resistance to chemical and

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

biological degradation.®* Researchers have also noticed that dye
degradation converts bigger molecules to smaller particles by
oxidation or some other chemical reaction. The breaking of the
bigger organic pollutants into smaller ones can be done via dye
degradation (Scheme 1).

As mentioned in Table 1, reports are available for the
degradation of CV with copper oxide or metal dopped copper
oxide nanoparticles. Though the synthetic protocol involved
mostly slightly higher than room temperature (60 °C), CuCr,0,
nanoparticles were synthesized at elevated temperature (900 °©
C). The synthesized copper-based nanoparticles were in the size
domain 10-410 nm. In other words, nano as well as micropar-
ticles were reported to be employed for CV degradation. For the
synthesis of such photocatalysts, usually around 2 h of reaction
time is needed. However, Somnath et al.®* took 3 days for the
synthesis of CuO nanoparticles.

Various synthesis protocols for copper-based nanomaterials
used in CV degradation offer specific benefits depending on the
precursors and conditions employed. Green synthesis methods
using plant extracts, such as wheat grass, Zingiber officinale, and
R. tuberosa, are eco-friendly and cost-effective, enabling nano-
particle formation under mild temperatures. Bimetallic and
trimetallic systems, like Cu-Ni and Au/CuO/ZnO, enhanced
photocatalytic efficiency through synergistic effects and
improved charge separation. Hydrothermal and thermal routes,
including those at 80-400 °C, offer better control over particle
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size and crystallinity. Microwave-assisted synthesis significantly
reduces reaction time while increasing surface reactivity.
Ferrite-based nanomaterials like CuFe,O, and CuNiFe,O, show
rapid degradation and magnetic recoverability. Various benefits
could be achieved such as reduced synthesis time, lower energy
input, enhanced light responsiveness, and improved catalytic
stability, contributing to efficient and sustainable dye degra-
dation processes by tuning experimental techniques.

5.1.1 Monometallic

5.1.1.1 Copper oxide. X-Ray diffraction peaks of the CuO/
Cu,O-C heterostructures at 26 values of 32.6°, 35.7°, 38.9°,
46.3°, 48.9°, 53.6°, 58.4°, 61.7°, 66.3°, 68.2°, 73.2°, and 75.5°
corresponded to the (110), (11—1), (111), (112), (20—2), (020),
(202), (11-3), (31—1), (113), (221), (222) planes.”® The XRD
analysis indicated that the synthesized Cu NCs were in a mixed
crystalline phase of CuO and Cu,O, with a higher proportion of
the CuO phase. A tiny peak at 26.7°, suggesting the (002) plane
of carbon particles [Fig. 2]. XPS analysis was used to validate the
oxidation status of Cu in the produced Cu NCs. The survey
spectrum of the synthesized Cu NCs showed the presence of Cu,
C, and O components. The Cu 2p spectra showed two notable
peaks: 930.1 eV and 950 eV. The deconvolution of these two
peaks revealed copper in two oxidation states: CuO and Cu,0.%”
Satellite peaks confirmed the existence of CuO in nano-
particles.”® The shakeup satellite peaks are only visible in
substances with the d° configuration. The O 1s spectra are
deconvoluted into two components at 526.2 eV and 528.3 eV,
attributed to Cu,0O and CuO, respectively. The C 1s spectra show
five distinct peaks at 282, 283, 286.6, 289.5, and 290.4 €V, cor-
responding to C-C, C=C, C-0O, O-C-O, and O-C=0.” The
absorption peak at 275 nm signified the existence of CuO
nanoparticles, whereas the peak at 395 nm denoted the pres-
ence of Cu,O nanostructures in the produced nanocomposites.
Band gaps were calculated to be 1.12-1.53 eV and 1.72-2.05 eV,
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corresponding to the CuO and Cu,O phases via DRS analysis,
demonstrating the presence of both phases.

The morphological features of Cu NCs were investigated
using FE-SEM [Fig. 3]. Cu had deformed spherical structures,
whereas Cu nanocomposite (NCs) have an uneven polyhedral
shape with varying diameters, indicating minor aggregation in
the produced Cu NCs.' The EDX analysis of the agglomerated
Cu NCs-50 revealed Cu (65.03%), O (26.23%), and C (8.74%).
The carbon residue from the plant extract might have colonized
the interstitial spaces in the produced CuO/Cu,O NPs, resulted
in a CuO/Cu,0-C nanocomposite.

When exposed to visible light, Cu NCs generated electrons
(e7) and holes (h"). According to the band gap energy, Cu,O was
an oxidation photocatalyst, whereas CuO is a reducing photo-
catalyst. Internal electric forces caused e~ and h' to split and
moved to the particles' external surfaces. Both photogenerated
holes and electrons had strong oxidation and reduction capa-
bilities. There was negligible dye degradation (up to 5%) in the
blank experiment when C-CuO is used as the photocatalyst, and
no degradation without the catalyst, indicating that bio-
fabricated Cu NCs, the nano photocatalyst, are an essential
component for the efficient breakdown of CV dye. CuO/Cu,0-C
NCs prepared with 30 mL, 40 mL, and 50 mL of the wheat grass
extract were termed as Cu NCs-30, Cu NCs 40, Cu NCs 50. CV
solution containing Cu NCs 30, 40, and 50 was photocatalyti-
cally degraded under visible light for 240 min. Cu NCs (50) had
performed better than Cu NCs (30 and 40). Greater Cu,O
concentration of these NCs allowed for efficient heterojunction
formation, resulting in effective degradation. Although Cu NCs-
30 and 40 had a small size due to a narrower band gap and
difficulty in establishing an appropriate heterojunction due to
lower Cu,O concentration, there might be a greater rate of
electron-hole recombination, which hinders the deterioration
process.*?

it / Cu(NO3),
. NaOH D
p — &
Plant Extract
Wheatgrass 3 - )
Stirring 1= Heating
Nucleation
P.E

Encapsulated
Cu0/Cu,0 NPs

Cu0/Cu,0-C NCs

Calcination

Antibacterial activity

Time in mins

Photodegradation of CV

Fig. 4 Schematic representation of copper oxide using wheat grass extract.?
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In the visible spectrum, CuO is a well-known photocatalyst
that is highly effective at photodegrading pollutants without the
need of a reducing agent.'”* Copper (CuO/Cu,0O) nanoparticles
are widely recognized for their high photocatalytic efficiency in
degrading pollutants under visible light, without requiring any
reducing agents.'” However, their industrial application is
limited because photogenerated electron-hole pairs recombine
quickly. CuO/Cu,O nanoparticles have great properties on
electrical conductivity, magnetic properties and applications,
optical and biomedical applications like antimicrobial against
Gram positive bacteria.

Peddada et al** produced CuO/Cu,O-C NCs with varied
concentrations of white grass extract (WGE) and WGE affects the
controlled synthesis of Cu,O content in nanocomposites (NCs).
The CuO/Cu,O-C nanocomposite effectively destroys CV, a gram
stain and pathological effluent, compared to single-phase CuO or
Cu,0. The formation of a heterojunction at the Cu,O and CuO
interface allows for effective charge separation under visible
light. The blank experiments were conducted without a photo-
catalyst and CuO (C-CuO). The results showed no degradation
without a catalyst and very little dye degradation (up to 5%) when
C-CuO was used as the photocatalyst. The bio-fabricated Cu NCs,
the nano photocatalyst, were the essential component needed for
the effective breakdown of CV dye. Cu NCs 30, 40, and 50 were
added to a 10 ppm CV solution, and photocatalytic degradation
was carried out for 240 min under visible light [Fig. 4]. Cu NCs
(50), which are made using 50 milliliters of WGE, were found to
perform better than Cu NCs 30 and 40. These NCs' greater Cu,O
content allows for effective heterojunction formation, which in
turn leads to efficient degradation. However, Cu NCs 30 and 40
may have a higher rate of electron-hole recombination,'” which
slows down the deterioration process, despite their small size due
to a narrower band gap and their inability to form a good het-
erojunction due to a lower Cu,O content. Increasing the amount
of catalysts did not boost the stain solution's breakdown rate as
expected. Catalyst buildup can obstruct active areas on the
surface, reducing stain adsorption and degradation rates so that
it follows pseudo-first-order kinetics mentioned in the below
eqn (1).*

In—=k-t (1)

The rate constant for degradation, k, was proportional to
irradiation time and inversely proportional to dye solution
concentration (C, and C,) were the initial and final concentra-
tion and time (¢) [eqn (1)]. The probability graphs match well
with the pseudo-first-order equation, with a regression factor R*
of 0.9989. After 240 minutes of visible light irradiation with Cu
NCs-50, the mineralization percentage of CV was determined
using a total organic carbon (TOC) analyzer. To compute the
total organic carbon remaining in the CV solution after light
irradiation, use the eqn (2) below.

TOC = TOC; — TOC; )

© 2025 The Author(s). Published by the Royal Society of Chemistry
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TOC; and TOCs represent total organic carbon concentrations
before and after light irradiation. Irradiation with visible light
using CuO/Cu,O-NCs resulted in mineralization of roughly
50% of the stain into CO, and water. The mentioned surface
area was 4.626 nm/30.3 m> g~ ' measured by BET analysis.

Dhara et al.®** demonstrated the photocatalytic activity of
biofunctionalized yellow cuprous oxide nanoparticles (Cu,O
NPs) in the degradation of CV. They synthesized Cu,O NPs
using the root extract of Withania somnifera, resulting in
spherical, monodispersed Cu,O NPs with an average diameter
of 410 nm. In the presence of a reducing agent, sodium bor-
ohydrate, and Cu,O NPs, the photocatalytic degradation of
Congo red and CV was employed. The photocatalytic degrada-
tion process resulted in a notable reduction of the absorbance
maximum at 496 nm due to the breaking of azo bonds. Crystal
violet exhibited an absorption maximum at 584 nm, which was
significantly reduced by treatment with both NaBH, and Cu,O
nanoparticles (66.58%) after 60 minutes. The degree of degra-
dation was markedly greater than that of the individual treat-
ments with CV and NaBH, (49.79%) or Cu,O NPs (9.63%). The
R®> and K values for the deterioration of CV are 0.869 and
0.015 min~ ", respectively.

5.1.1.2 Copper sulfide (CuS). CuS was used to evaluate
adsorption tests for CV, rhodamine B, and mixed dyes. The
different catalyst dosages (20, 40, 60, 80, and 100 mg) in 50 mL
of aqueous dye solution in a dark room.'” Increasing the
catalyst dose from 1.6 mg L™ to 2 mg L™ decreased dye
adsorption capability, perhaps due to adsorbent particle
aggregation. The degradation efficiency was 56.9% at
1.6 mg L™ " and decreased to 45.8% at 2 mg L~ " of catalyst. As
the concentration of the catalyst increases, the solution
becomes more turbid, inhibiting light penetration and activa-
tion. The rate constants found are 0.0016, 0.0028, 0.0038,
0.0066, and 0.005 min~* with R? values of 0.9899, 0.996, 0.9869,
0.9674, and 0.9859 for 0.4 mg L', 1.8 mg L', 1.2 mg L™,
1.6 mg L', and 2 mg L™". The degradation process follows
pseudo-first-order kinetics. After centrifugation, an aliquot was
obtained every 15 minutes for 75 minutes and analyzed. Equa-
tions reflect the equilibrium adsorption capacity (Q.) and time

‘’ (Q,) (eqn (3) and (4))."°

_ CO — Cc
Q= —3— 3)

0= Sy @)

Coy Ce, C; (mg L"), W, and V represent the initial dye concen-
tration, equilibrium concentration, concentration at a given
time, adsorbent weight, and dye volume, respectively. CuS
nanoparticles' optical bandgap was determined using the Tauc
plot by plotting (ahv)* against (hv) and extrapolating the slope of
the band edge again. The estimated optical bandgaps are
3.00 eV, 3.26 eV and 3.13 eV for CuS;, CuS, and CuS; respec-
tively. The estimated energy bandgaps are greater than that of
bulk CusS (1.2 eV).*718

5.1.1.3 Copper with coordinated polymer. Somnath et al.**
demonstrated the synthesis of a novel mixed-ligand hydrogen-
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bonded coordination polymer {[Cu,(Or),(Bimb);]-4H,0},
(KA@CP-S) by hydrothermal methods, utilizing basic copper
carbonate in conjunction with 1,4-bis[(1H-imidazole-1-yl)
methyl]benzene (Bimb) and potassium orotate (OrK) ligands.
Topological investigations indicate that KA@CP-S possesses
a novel topology characterized by a three-connected uninodal
network with point symbol (PS).

KA®@CP-S exhibits exceptional photocatalytic degradation
and regeneration capabilities, positioning it as a promising and
effective future remedial material for the detection and sepa-
ration of toxic dyes from wastewater contaminated by industrial
effluents, which adversely impact algal growth, a crucial and
beneficial component of ecosystems. The pseudo-first-order
kinetic model was utilized to analyze the photocatalytic degra-
dation of the dye catalyst. After 150 minutes, the peaks nearly
disappeared, indicating that coordinated polymer'® had
reached its equilibrium point and decomposed the maximum
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dye molecules. At equilibrium, mixed-ligand H-bonded coordi-
nation polymer {[Cu,(Or),(Bimb);]-4H,0}, (KA@CP-S) removed
a higher percentage of CV (76.1%). The UV-vis absorption
spectra show a decrease in dye concentration over time, indi-
cating efficient degradation of the contaminant from aqueous
solution. For CV, a significant change in color from violet to
clear solution is due to higher photocatalytic degradation of CV
dyes. As response time increased with synthesized KA@CP-S,
rice husk, and sawdust, CV absorption intensities in water
decreased significantly. Absorbance at 590 nm for CV. This
displays the statistical histogram for ultimate dye degradation
efficacy. The degradation rate of organic dyes catalyzed by
synthesized (KA@CP-S) was calculated utilizing."*

The absorption intensities of CV dye decreased significantly
with increasing illumination time in the presence of KA@CP-S
under room. The efficiency of CV degradation was 75.8%. The
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Fig. 5 UV-visible photocatalytic degradation profiles of MB in presence of (a) NiFe,Oy4, (b) CuxNi;_Fe,Oy, (c) CuxNi;_Fe,O4/CNTs, and (d)

comparative percentage degradation plots of synthetic photocatalyst.
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band gap energy (E,) was 3.55 eV. The surface area of the bet
analysis was 1.84 m”> g~ .

5.1.2 Copper-doped bimetallic nanocatalyst

5.1.2.1 Synergism effect. The synergistic effect is the
combined impact of two or more species, which surpasses the
sum of their individual effects. Synergism is a well-known word
in the field of catalysis."** Metals such as Ag, Cu, Ni, Pd, and Co
have a considerable impact on oxygen activation in gold-
catalyzed oxidation processes."” Unlike the other elements on
the periodic table, copper and silver, which belong to the same
group (11), usually demonstrate a synergistic effect. Ganguly
et al.*® shown the synergistic behavior of gold and silver. This
paper focuses on the synergetic activity of copper and cysteine.
The strong interaction of cysteine with copper promotes
synergistic behavior.

5.1.2.1.1 Cu-Ni hybrid nanoparticles. The most common
method for degrading CV dye is to use Cu-Ni hybrid nano-
particles, which are nanocatalysts that excite electrons when
exposed to UV radiation.'® The anticipated benefit of Cu-Ni
hybrid nanoparticles is their reduced band gap and ability to
absorb a broad spectrum of light, facilitating the generation of
holes and electrons for the oxidation of organic dyes. The
photonic activity of the Cu-Ni hybrid can be realized under sun
illumination. Cu-Ni hybrid nanoparticles (20 mg) were added to
20 ppm of CV dye to study their degradation efficiency. The
photo degradation 20 ppm dye solution was exposed to UV-light
for 160 minutes after achieving absorption-desorption*** equi-
librium in the dark for half an hour. Degradation was 23% in
the first 20 minutes, but increased to 95.6% after further
exposure. The rate of dye degradation increased when the
irradiation period was extended. The untreated sample of CV
dye exhibited no substantial deterioration. The sample showed
no substantial degradation when stored in the dark. However,
degradation occurs when exposed to light.*®

5.1.2.1.2 NiFe,0, Cu.Ni,_.Fe,O, and Cu,Ni,_,Fe,0,/CNTSs.
The photocatalytic efficiency of NiFe,O4, Cu,Ni;_,Fe,0,, and
Cu,Ni, ,Fe,O4/carbon nanotube (CNTs) was tested and
compared for the degradation of an aqueous CV solution in
direct sunlight at a catalytic quantity of 10 mg/50 mL.*® The
heterojunction between nanoparticles and CNTs facilitates
expedited passage of photogenerated electrons from the
conduction band (CB). The increased surface area of CNTs
facilitates charge stability and extends their recombination
duration. Moreover, the impregnation of ferrites onto CNTs
inhibits the aggregation of these magnetic nanoparticles in an
aqueous solution.

After predefined intervals, a part of the dye volume was
withdrawn from the mixture and its concentration was assessed
using a UV-visible spectrophotometer. Fig. 5(a-c) displays the
UV-visible time-dependent degradation patterns of CV in the
presence of NiFe,0,4, Cu,Ni, ,Fe,0,4, and Cu,Ni; ,Fe,0,/CNTs.
Cu,Ni, _,Fe,0,/CNTs had the greatest decrease in peak intensity
at 586 nm after 90 minutes of solar light irradiation. Cu,-
Ni; ,Fe,04/CNTs showed higher photodegradation efficiency
than NiFe,O, and Cu,Ni,_,Fe,0,. Ni;Fe,0,, Cu,Ni;_,Fe,0y,,
and Cu,Ni,_,Fe,0,/CNTs resulted in 48.9%, 63.4%, and 92.9%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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degradation, respectively. Cu,Ni, _,Fe,0,/CNTs had the greatest
decrease in peak intensity at 586 nm after 90 minutes of solar
light irradiation. Cu,Ni,_,Fe,O,/CNTs showed higher photo-
degradation efficiency than Ni;Fe,0, and Cu,Ni;_,Fe,0,.
Ni1Fe,O,, Cu,Ni,_,Fe,0,, and Cu,Ni,_,Fe,0,/CNTs resulted in
48.9%, 63.4%, and 92.9% degradation, respectively [Fig. 5]. CNT
was also preferred for CV degradation. The enhanced photo-
catalytic activity (92.9%) of Cu,Ni, _,Fe,0,/CNTs is attributed to
the synergistic effect'’s between Cu®" and CNTs in CuFe,0,. The
inclusion of CNTs creates heterojunctions with Cu,Ni;_,Fe,0y,
enhancing electronic interactions at the interface."**"'®* Addi-
tionally, photocatalytic activity is increased by the greater dye
adsorption due to the interaction between the aromatic
components of the dye and the CNTs. The photo-efficiency of
produced photocatalysts was evaluated using the first-order
apparent rate constant (k.,p) equation as follows:*® The
mentioned band gap energy (E,) was 1.54 eV.

5.1.2.1.3 Copper ferrite (CuFe,0,) nanoparticles. Chen et al.*
utilized nanoscale copper ferrite as a typical ferrite, utilizing CV
as the target chemical to examine the behavior of ferrites in the
microwave-induced degradation of CV. Copper ferrite has
comparatively low dielectric loss. Simultaneously, microwave
radiation induces a more rapid deterioration than traditional
heating methods, signifying an essential non-thermal action of
microwaves with copper ferrite in the process. Microwave-
induced holes may account for the effective deterioration. A
minor change in CV concentration was observed in the 90 s in
CuFe,0, dispersion without microwave radiation. However,
when coupled with microwave treatment, the majority of
chemical vapor was degraded in approximately 60 seconds,
resulting in a decline of about 60% in the total organic carbon
(TOC) value from an initial concentration of 14 mg L™'. The
degradation of CV using a mixture of copper oxide and ferric
oxide exhibits a relatively slow rate (apparent reaction rate
constant k = 0.0015 s ' for 0-50 s). It indicates that simple
mixing does not yield the same effect as copper ferrite. Copper
ferrite annealed at 673 K demonstrates greater activity for CV
degradation (k = 0.0033 s~ '), while higher annealing tempera-
tures of 873 K (k = 0.0057 s~ ') and 1073 K (k = 0.0052 s )
improve this efficiency. Results from LC-MS analysis indicate
that the components with m/z values of 372, 358, 344, and 330
correspond to parent CV and mono-, di-, and tri-N-demethylated
intermediates. The N-demethylation process occurs in a step-
wise manner, with no significant peaks of further demethylated
intermediates detected. However, another peak with a m/z of
371 and a retention time of 7.81 min, which was hypothesized to
result from the isomerization of CV. This intermediate a more
rapid degradation compared to CV, complicating its detection
in aqueous solutions subjected to prolonged irradiation times.
This implies that as evidence of microwave-induced selectivity,
a different degradation pathway is observed with copper ferrite
using a different reactant (NiO,), which requires further study.
Relative to the degradation situation at 30 seconds, the
concentrations of all N-demethylated intermediates decline
during 90 seconds of degradation, indicating that mono-
demethylation is the controlling step.
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Fig. 6 (a) Photodegradation of crystal violet under varying circum-

stances (b) degree of disintegration of crystal violet dye across time
intervals and (c) kinetics of crystal violet degradation with and without
the photocatalyst produced at pH 8.0 under UV-visible light.**

5.1.2.1.4 CuO@AC and CeO,-CuO@AC. Yin et al.*® demon-
strated the microwave catalytic oxidation degradation tech-
nique for the treatment of CV wastewater without the
incorporation of any oxidants. The catalysts CuO@AC and CuO-
CeO,@AC were synthesized by impregnation utilizing activated
carbon (AC) as the support, with hydroxyl radicals ("OH) serving
as the oxidants produced during the microwave catalytic

process. The approach demonstrated many advantages,

28006 | RSC Adv, 2025, 15, 27995-28020

View Article Online

Review

including a high degradation rate, brief irradiation duration,
and absence of secondary pollutants. This approach shows
promise for the elimination of organic pollutants in dye treat-
ment. The degradation rate of CV significantly improved with
the addition of a catalyst and increased with the dosage of
CuO@AC, likely owing to the enhanced production of ‘OH for
the degradation of crystal violet, generated by microwave irra-
diation on the surfaces of CUO@AC and CuO-CeO,@AC. A
greater catalyst dose results in increased ‘OH generation and
enhanced decomposition of CV on the surface of CuO-
CeO,@AC under the same circumstances. CuO-CeO,@AC has
the best removal effectiveness, with a degradation rate of
99.51%. The incorporation of CeO, enhances the catalytic
activity of CuO@AC. The surface of the doped CeO, catalyst
exhibits a greater number of active sites and a more uniform
dispersion of CuO crystals; CeO, acts as a structural additive for
the CuO-CeO,@AC catalyst. The rate constant significantly
increased at 400 W, with a linear coefficient of CuO@AC-
microwave reaching 0.9927 and rate constants up to 117.92 X
107> min~". The degradation of CV in the CUO@AC-microwave
system follows a pseudo-first-order kinetic model, and the rate
constant for CHO@AC is quite high.

5.1.2.1.5 Copper salenide (Cu-Se). Mahmood et al.* showed
to degrade the CV dye under visible light radiation, an efficient
catalyst, copper selenide has been using the chemical precipi-
tation approach. Copper selenide may be utilized to create
heterojunction structures such as TiO, and WO3, which possess
significant band gaps, to develop novel composite materials
with reduced band gaps, hence enhancing the utilization of the
solar spectrum for improved photocatalytic efficiency. Polyani-
line (PANI) is conductive by nature, it was used to create the
synthetic catalytic nano composite, which improved photo-
catalytic efficiency. The photocatalysis of CV in aqueous solu-
tion with varying amounts of the produced composite (0.1-0.9
g). At 590 nm, the production of O*'~ and OH" radicals cause
a consistent decrease in absorbance and an increase in CV
decontamination percentage. The optimal catalyst dose for
photocatalysis of CV was determined to be 0.5 g. At the optimal
catalyst concentration, the produced composite has enough
active sites to degrade CV in aqueous solution when exposed to
sunlight. Increasing the composite amount beyond the desired
value causes catalyst particles to accumulate and reduces the
accessible surface area for photocatalyst-reactant contact,
leading to worse CV photocatalysis. The influence of time (0-
120 min) on CV mineralization in aqueous solution using
Cu;Se, at a constant 20 min interval. Extending the time leads
to a consistent reduction in absorbance, enhancing the CV's
degrading efficiency. The CS-PANI composite exhibits a signifi-
cant photocatalysis of CV by degrading 56% of CV in 20 minutes
and 91% in 80 minutes. As the concentration of dye increases,
the number of active sites on the catalyst surface decreases due
to excess dye absorption. The excessive dye concentration limits
light penetration and photocatalytic interactions, resulting in
decreased efficiency degradation. The dye concentration of
40 ppm was determined to be optimal for photocatalysis of CV.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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5.1.2.1.6 Cu doped ZnO nanoparticles. Mittal et al.®* gener-
ated nanosized undoped and copper (Cu) doped thioglycerol
(TG) capped ZnO nanoparticles (NPs) by a co-precipitation
method at different pH levels. The produced nanoparticles
used as a catalyst to investigate the photodegradation of CV dye,
representing an organic component, under UV-visible irradia-
tion. The intensity of absorption spectra diminishes as the
exposure duration extends from 0 to 3.5 hours. The strength of
the first peak diminishes owing to the deterioration of the CV
dye. The variation in concentration of CV dye as a function of
irradiation duration for the dye derivative, both in the absence
and presence of undoped and Cu (1.0-5.0%) doped ZnO
nanoparticles. The percentage reduction in the concentration of
CV dye over time under various settings. Only 25.2% of CV dye
dissolved in water is eliminated after 3.5 hours of UV-visible
light exposure without the presence of a photocatalyst. The
reduced degradation of CV dye may be attributed to the inter-
action between hydroxyl radicals produced from water and the
CV dye. 48.19% of CV dye was destroyed using undoped ZnO
nanoparticles. The photocatalytic activity of undoped ZnO
nanoparticles arises from defect states induced by donor and
acceptor states, including oxygen vacancies, interstitial zinc
atoms, zinc vacancies, and interstitial oxygen. Interfacial elec-
tron transfer occurs between donor states and the CV dye. They
demonstrated degradation rates of 51.5%, 60.7%, 78.7%,
75.7%, and 59.4% of CV dye with Cu (1.0%), Cu (2.0%), Cu
(3.0%), Cu (4.0%), and Cu (5.0%) doped ZnO nanoparticles
produced at pH 8.0 when subjected to UV-visible light for 3.5
hours. The degradation of CV dye increases from 51.5% to
78.7% at Cu doping concentrations of 1.0% to 3.0%, after which
it declines at higher Cu concentrations. This is due to ZnO
functioning as a generator of electrons and holes [Fig. 6].

5.1.2.1.7 Cupric molybdate nanostructures. Solar-driven
degradation provides a sustainable and economical method
for wastewater treatment by harnessing the plentiful and
renewable energy of sunlight. It diminishes dependence on
artificial illumination or external energy sources, rendering the
process more ecologically sustainable and financially
feasible.'* This approach facilitates extensive applications,
particularly in areas with elevated solar intensity, and

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

Irradiation time (minutes)

(a) Decrease in intensity, (b) linear plot and (c) mechanism of dye degradation of CuMoO, nanostructures.*?

contributes to reducing operational expenses. Moreover, solar
radiation may effectively activate photocatalysts, facilitating the
degradation of dye molecules without producing detrimental
by-products, hence adhering to the principles of green
chemistry.">****

Aswin et al' reported that the CuMoO, nanostructures
were used for CV degradation under solar radiation, they
significantly contribute to the photodegradation of the dye by
generating active species. CuMoO, nanostructures were studied
for their photocatalytic activity in aqueous solutions using
a photodegradation anionic dye (CV) at 60 ppm. The absor-
bance intensity maxima and linear CV plots for CuMoO,
nanostructures exposed to solar radiation over time at 550-
600 nm [Fig. 7]. CuM0O, nanostructures in aqueous dye solu-
tions reduced the intensity of deteriorated peaks with increased
solar irradiation time. After 120 min of sun exposure, the
highest percentage of CV degradation was 96.96%. The Long-
muir-Hinshelwood model was used to explain the photo-
degradation kinetics in the catalyzed process.”® The band gap
energy (Eg) was 2.45 eV.

Adding CuMoO, nanostructures to a reaction mixture under
solar radiation lead to dye photodegradation, resulting in the
generation of active species. When sunlight struck the surface
of CuMo0O, nanostructures, electrons moved from the VB to the
CB, forming electron-hole pairs. Photocatalytic degradation
enhanced electron transmission and recombination on
CuMoO, nanostructures. When electron-hole pairs reacted
with electron donors (H,O and hydroxyl ions), the hydroxyl
radical was formed. Superoxide radicals were formed during the
multi-electron reduction process when one electron became
bound with oxygen molecules. The radicals underwent conver-
sion to form hydroxyl radicals. Active species interacted with
aqueous dye molecules, producing H,0, CO,, and broken-down
mineral compounds [Fig. 7].

5.1.3 Copper-doped trimetallic nanocatalyst

5.1.3.1 Au/CuO/ZnO trimetallic nanoparticles. Dobrucka
et al.¥” demonstrated the biological production of Au/CuO/ZnO
trimetallic nanoparticles with Vitex agnus-castus extract. Bio-
logical techniques use specific benefits of plant extracts,
including accessibility, safe manipulation, and diversity of
metabolites. Moreover, plant extracts function as reducing and

RSC Adv., 2025, 15, 27995-28020 | 28007


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04003e

Open Access Article. Published on 06 August 2025. Downloaded on 1/13/2026 4:52:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

capping agents in nanoparticle formation and exhibit signifi-
cant catalytic activity in the presence of dye. Atomic force
microscopy investigation revealed nanoparticles ranging from 5
to 25 nm in size. The TEM pictures revealed the existence of
locally agglomerated spherical trimetallic nanoparticles. The
synthesized Au/CuO/ZnO nanoparticles exhibited significant
catalytic efficacy in the reduction of CV. The UV-vis absorption
spectra of crystal violet reduction by Au/CuO/ZnO trimetallic
nanoparticles synthesized with V. agnus-castus extract during 36
minutes. The peak absorbance of CV was observed at 590 nm.
After 36 minutes of sunlight exposure, the absorbance intensity
peak of CV reduction was shown to decline rapidly and move
towards the higher wavelength region.

5.1.3.2 CuCr,0,/Sn0O, hetero-system. Lahmar et al.*® investi-
gate the physicochemical properties of the spinel CuCr,0, and
its photoactive effect in the hetero-system CuCr,0,/SnO,. This
characteristic facilitates the synthesis of the CuCr,0,
compound and its evaluation as a photocatalyst alongside SnO,
for the degradation of CV dye under solar light irradiation. The
improved photoactivity is ascribed to the transfer of electrons
from the CuCr,0,-CB sensitizer, stimulated by solar radiation,
to SnO,-CB, resulting in the breakdown of organic compounds
owing to the prolonged lifespan of charge carriers, which
facilitates high mineralization.

The spinel CuCr,0, exhibits a direct band gap (E;) of 1.39 eV,
demonstrates stable resistance to photo-corrosion, and gener-
ates a cathodic photocurrent indicative of p-type conduction,
consistent with the chronoamperometric profile. The flat band
potential (Vg = —0.27 VSCE) was ascertained through capaci-
tance measurement. At natural pH, the degradation of CV
(15 mg L") is nearly complete with CuCr,0,/SnO, under
sunlight after 90 minutes. The degradation follows pseudo-first
order kinetics with an apparent constant 0.012 min .

5.1.4 Reusability for degradation. The reusability of nano-
particles in dye degradation is a crucial parameter that directly
influences the environmental and economic viability of waste-
water treatment processes.'”* Efficient reuse not only reduces
the overall cost of nanoparticle synthesis but also minimizes the
generation of secondary pollutants, aligning with the principles
of green chemistry."”® Reusable nanoparticles demonstrate high
structural and catalytic stability, maintaining their degradation
efficiency over multiple cycles, which is essential for long-term
application.'*® Somnath et al.’* reported that after the catalytic
breakdown of CV by KA@CP-S, the material was thoroughly
washed with ethanol many times until all dye molecules were
removed, dried, and subsequently utilized for photocatalytic
analysis. The feasibility of regeneration and reusability of
KA®@CP-S, after five cycles, the KA@CP-S retained its original
catalytic activity with just a tiny decline in CV degradation
efficiency. CV degradation efficiency ranged between 75.8% (1st
cycle) and 56.4% (5th cycle). The structure of KA@CP-S
remained mostly unaltered after five photocatalytic cycles.
Accordingly, the recycling experiments revealed that the
KA@CP-S was stable and could be used as photocatalysts for CV
deterioration for at least five cycles.

Mahmood et al.®* illustrated that under ideal circumstances,
the produced catalytic copper selenide composite was recovered
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and used again for subsequent batches. This was accomplished
by rinsing the produced composite with deionized water and
ethanol/methanol in a 1:1 ratio for the last sixth cycle the
degradation efficiency was about 71.4 percent.

Initially, active sites on nanoparticle surfaces may get
occluded by adsorbed dye molecules or intermediates, hence
reducing catalytic effectiveness over time. Furthermore,
recovery processes—such as centrifugation or filtration—may
lead to physical loss or structural modifications, including
aggregation or fragmentation, which further diminish perfor-
mance.'” A further practical concern is to the scalability of
laboratory methodologies. While fundamental washing and
drying suffice for small-scale studies, industrial applications
require continuous or semi-continuous regeneration systems.
Inefficient recovery or prolonged downtime between cycles may
diminish the benefits of reuse. Moreover, certain nanoparticles,
especially when unsupported, may excessively agglomerate or
disperse, complicating recovery and compromising reactor
design.””® Industrial wastewater often contains complex
mixtures of dyes, salts, and organic waste. These variables can
unpredictably affect the stability or regenerative effectiveness of
nanoparticles. Laboratory results are frequently obtained under
ideal conditions; nevertheless, performance may decline in real
effluents. Pilot-scale testing is essential to determine if nano-
particles will retain their stability and efficacy throughout
extended operation." In conclusion, whereas the reutilization
of nanoparticles offers notable environmental and economic
advantages—such as reduced waste, improved cost-efficiency,
and compliance with green chemistry principles—it still faces
limitations. Declining efficiency due to fouling and structural
deterioration, challenges in large-scale recovery, problems with
unsupported particle treatment, and uncertainty in complex
waste streams require precise technological solutions and
extensive pilot testing."*°

5.1.5 Mechanism of degradation. The degradation mech-
anism in dye removal refers to the chemical and physical
processes through which dyes are broken down into less
harmful or colorless compounds, typically involving photo-
catalysis, redox reactions, or adsorption.”” In nanoparticle-
assisted degradation, reactive species like hydroxyl radicals or
superoxide ions are generated often under light irradiation
which attack the dye molecules, breaking their complex struc-
tures into simpler, non-toxic substances such as water, carbon
dioxide, or small organic acids."**"***

CuO/Cu,0-C heterostructures exhibit photocatalytic activity
when exposed to visible light. When exposed to visible light,
many holes and electrons are created. The charge transfer
process in CuO/Cu,O-C heterostructures was investigated by
determining CB and VB values for each semiconductor. The
calculated edge potential for the VB of CuO and Cu,O is
2.055 eV. CuO and Cu,O have CB edge potential values of
0.525 eV and —0.208 eV, respectively. Cu NCs create a hetero-
junction, transferring electrons from Cu,O's lower potential to
CuO's higher potential. Similarly, holes move from CuO's
higher potential to Cu,O's lower potential.*

Cu-Ni hybrid NPs are used as a catalyst for CV dye degra-
dation. When exposed to UV light, the NPs excite electrons. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transition from the valence band (VB) to the conduction band
(CB) involves leaving a positively charged hole (h*) in the VB.'**
That hole (h") oxidizes CV dye molecules to reactive interme-
diates due to its high concentration. Hydroxide radicals (‘OH)
are formed when oxidative potential or water molecules react
[Fig. 10]. The electron converts molecular oxygen to the super-
oxide anion radical ("O,). The radicals, in turn were responsible
for the breakdown of CV dye.*®

Microwaves can reduce the electric work function of micro-
wave catalysts in two ways. Microwave irradiation can have
a significant impact on dielectric polarization, leading to dipole
ordering and a decrease in the electric work function of the
catalyst.” Microwave energy generates thermal energy, which

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

may be used to heat the catalyst to reduce its electric work
function. Microwave electromagnetic waves may directly excite
catalysts, resulting in electron-hole pairs (e, ~hyp,'), known as
the ‘photoelectric effect’.’*® Catalysts absorb photons from
electromagnetic waves, generating electronics (e., ) and elec-
tron holes (hy,") on the surface of copper oxide@ activated
carbon (CuUO@AC) and CuO-CeO,. CuUO@AC h,;," interacts with
absorbed H,O and OH on the catalyst surface to produce
hydroxyl radicals, which are the primary source of ‘OH
production. In e.,  combines with H,0, and O, to generate ‘OH
and superoxide radical anion (0*7).

Solar light excited electrons from Cu,Ni; ,Fe,0, CB to
higher energy levels, leaving positive holes behind. Cu®" in
Cu,Ni,; ,Fe,0, traps electrons, which were then caught by the
highly conductive surface of CNTs.*® These electrons reacted
with oxygen molecules on the photocatalyst surface, producing
superoxide radicals. Holes from the CB combined with H,O
molecules to produce hydroxide radicals. The redox process
converted primary reactive species (electrons/holes) into
secondary reactive species (*O */*OH~). These secondary
species attacked the dye molecules (CV), producing CO, and
H,O0.

hv + Cu,Ni,_,Fe,04/CNTs — ¢~ + h* (5)
e — CNTs(e") (6)

e +0, > 072 7)

H,O + h* —-OH" (8)

‘024 CV - CO, + H,0 9)

-OH™ + CV - CO, + H,O (10)

Some studies suggested that oxidants such as H,0,, O,, and
ClO, could enhance degradation in microwave-assisted proce-
dures for the generation of oxidizing species under microwave
irradiation. The quantities of hydroxyl radicals ("OH) generated
during the microwave catalytic oxidation degradation (MCOD)
process utilizing CuO@AC were adequate to promote the
breakdown of C, coupled with the probable reaction pathway for
this degradation method employing the CuO@AC catalyst
[Fig. 8]. No additional H,O, or other oxidants were supplied to
augment deterioration in the MCOD process.*

The (e /h") pairs generated on p-CuCr,04 when the catalyst
was irradiated with an energy superior to E,, migrated to the

RSC Adv, 2025, 15, 27995-28020 | 28009
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Table 2 Synthesis protocol of copper nanomaterials with CV adsorption
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opposite poles of the surface, reacted with the adsorbed CV
molecules, and gave the electrons to generate intermediate
species of “OH free radicals. The electrons reacted with oxygen
to form superoxide and hydroperoxide radicals, and hydrogen
peroxides, which will then break down into hydroxyl radicals
according to the following reactions.*

Sanakousar et al.*” demonstrated the influence of cadmium
ion doping on the structural, optical, electrochemical imped-
ance, and photocatalytic characteristics of ZnO and Cd-ZnO
nanoparticles. Mass spectrometry indicates that CV-dye has
entirely deteriorated and fragmented into minor mass signals
after 30 minutes (C;5sH;,N and C;5H;gN,) at pH 10-12. Cd-ZnO
compounds may be effectively utilized to decompose cationic
dyes [Fig. 9].

The holes reacted with reducers giving rise to strong
oxidizing radicals ("OH), which were responsible for the oxida-
tion of the CV through the mineralization according to the
following reactions®-*%”

H,O + h" - HO" + H* (11)

OH™ +h" - HO" (12)

C,H,04 +10, + 2h™ — 4CO, + H,O +2H * (13)
CV+h" - cv* (14)

HO® + CV'* - CO, + NO, + H,0 (15)

5.1.5.1 Critical analysis. The results indicate the efficacy of
several copper-based nanomaterials in degrading CV dye,
demonstrating notable advancements in photocatalytic appli-
cations. CuO/Cu,0-C nanocomposites produced with wheat
grass extract exhibited improved activity owing to efficient
heterojunction formation; however, high catalyst loading
impaired performance due to aggregation.'” Biofunctionalized
Cu,O nanoparticles exhibited efficacy in the presence of NaBH,
but demonstrated restricted independent activity, suggesting
reliance on co-reagents. CuS nanoparticles had modest efficacy,
constrained by dose-dependent factors such as turbidity and
particle aggregation. Copper-coordinated polymers demon-
strated commendable photocatalytic efficacy and structural
innovation; nonetheless, their restricted surface area and scal-
ability may hinder practical use. Bimetallic systems, as Cu-Ni
hybrids, demonstrate potential for photodegradation under
solar irradiation through bandgap modulation, however their
efficacy was limited without prolonged exposure. Cu-Se
composites combined with polyaniline exhibited significant
degradation efficiency under sunshine; however, elevated dye
concentrations diminished efficacy due to site saturation and
decreased light penetration. The ternary nanocomposite Cu,-
Ni, ,Fe,0,/CNTs exhibited enhanced performance due to
synergistic charge transfer and adsorption, while intricated
production and expense persist as issues. CuMoO, nano-
structures exhibited significant deterioration under solar illu-
mination due to the formation of active radicals, hence
endorsing their use in visible-light technologies. Microwave-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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assisted systems such as CuO@AC and CuO-CeO,@AC
provided rapid and efficient degradation in the absence of
oxidants, indicating a viable and environmentally friendly
method; nevertheless, infrastructural prerequisites may
constrain scaling. CuFe,O, demonstrated rapid disintegration
under microwave radiation; nevertheless, the mechanisms of N-
demethylation and intermediate stability required more scru-
tiny. Cu-doped ZnO nanoparticles exhibited enhanced degra-
dation up to an ideal doping concentration, beyond which
activity diminished, underscoring the necessity for meticulous
doping regulation. Trimetallic Au/CuO/ZnO nanoparticles
exhibited swift catalytic activity through plant-based produc-
tion; yet, issues regarding reusability and nanoparticle dura-
bility persisted. The CuCr,0,/SnO, system facilitated effective
sunlight-induced degradation by charge separation and trans-
fer; however, its reliance on pH and precise dye concentrations
constrained wider use. Although these materials demonstrated
significant degrading efficiency, more efforts were required to
address scalability, stability, cost-effectiveness, and evaluation
in actual wastewater systems for practical use.

6. Adsorption method

Adsorption was a phenomenon gas or liquid molecules, atoms,
or ions adhere to the surface of a solid body."*® Surface associ-
ation occurs when molecules develop weak van der Waals or
chemical interactions with active areas. The adsorption process
is the adhesion of a gaseous, liquid, or solid material known as
the substrate to the surface of a solid or liquid known as the
sorbent or adsorbent. There are two types of adsorption
systems: liquid-liquid and liquid-gas."*® The interfacial layer
known as a film, micelle, or emulsion forms when a liquid
substance acts as an adsorbent. Since the adsorbent is a solid
substance, the interfacial layer model is the authorized mech-
anism for the adsorption process in the other system, which is
solid-liquid or solid-gas. The equilibrium between the bulk
phase and the adsorbent is described by the interfacial layer.*®
The substrate binds to the sorbent surface in the first region,
while the sorbent's surface layer is in the second.

Table 2 outlined the synthesis conditions—temperatures
marginally above room temperature (= 60 °C), reaction times of
about 3 h, and particle sizes between 10 and 70 nm—enabling
researchers to understand the consistent fabrication of these
nanoparticles and the influence of these parameters on final
characteristics such as surface area and catalytic activity.
Smaller nanoparticles often offer a greater surface area, hence
enhancing dye removal efficiency. The predominance of
adsorption studies aligning with the Langmuir isotherm and
pseudo-second-order kinetics suggests that adsorption onto
CuO and doped-CuO follows a consistent monolayer develop-
ment on uniform surfaces, dictated by chemisorption. These
models offer precise assessments of adsorption capacity and
kinetics, crucial for the design of wastewater treatment systems
and the transfer of laboratory findings to real-world scenarios.
Comprehending the necessity for alkaline conditions provides
a vital mechanistic insight: although CV is cationic, increasing
the pH amplifies the negative surface charge on the adsorbent,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hence strengthening electrostatic attraction and improving
removal efficacy. This clarity enhances the optimization of
treatment protocols and ensures consistency across several
laboratories. Ultimately, distinguishing between dark adsorp-
tion and UV-vis-assisted photocatalysis reveals that researchers
concentrate on both passive removal and active degradation.
The requirement for light profoundly influences practical
application: it determines energy needs, reactor design, and
overall feasibility. This categorization, which includes nano-
particle production, size effects, adsorption models, pH condi-
tions, and light dependency, provides a systematic framework.
It allows researchers to quickly identify critical elements,
uncover current shortcomings (e.g., long-term stability, regen-
eration), and develop more efficient, scalable, and robust dye-
removal techniques.

6.1 Monometallic

Abbasi et al.*** showed CuBTC (BTC = 1,3,5-benzenetricarbox-
ylate) metal-organic frameworks (MOFs) were synthesized
using solid-state conditions and ultrasound irradiation and CV
absorption. The size, shape, and volume of the pores have
a direct impact on CuBTC's capacity to carry out the intended
function in a given application. A complicated 3D channel
system is formed by the face-centered crystal lattice of Fm3m
symmetry formed by the copper-benzene carboxylate units.'*®
The various adsorption isotherm types, these pores display
distinct adsorption behaviors. Stated differently, the
ultrasound-assisted techniques provide a reduction in surface
area as determined by the decreased capacity for nitrogen
adsorption. Guest molecules can be encapsulated in either M-
CuBTC or U-CuBTC MOFs. The bulk structure with the
absorption and release characteristics of the two distinct
CuBTC MOF samples with regard to the two dyes, CV.**” The
host's absorption of the guest is most likely controlled by
hydrogen bonds and other supramolecular interactions with
the secondary building unit (SBU). The technique was favored
because the visitor's adsorption was spontaneous and the
entropy rose as the guest was adsorbed. Aqueous molecules
envelop CuBTC and guest species in solution, interacting with
them. Many of these interactions need to be interrupted for
binding to take place. The solvent molecules in the solution
gain greater freedom when the host and guest solvent mole-
cules are removed, which raises the entropy and causes solvent-
solvent bonds™*** to form both TGA and UV/vis spectroscopy
were used to assess the dye concentration. As contact time
grows, CuBTC's sorption capacity rises as well.

Li et al.'® reported one of the metal-organic frameworks
(MOFs), copper coordination polymer with dithiooxamide (H,-
dtoaCu), for its possible use in the adsorption removal of CV
from solution. Strong covalent interactions****' bind metal
ions to a range of rigid, rod-like organic ligands to form MOFs,
which are crystalline nanoporous materials. CV removal onto
H,dtoaCu as a function of adsorbent concentration. As the
adsorbent concentration rose, it was found that the percentage
of dye removal increased, reaching equilibrium at 1.2 mg mL™".
The increase in the surface area of the adsorbent, increase the
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Fig. 11 Plots of (a) pseudo-first-order and (b) pseudo-second-order
kinetic models for CV adsorption onto H, and Cu at various starting
dye concentrations.**®

number of adsorption sites that are accessible for adsorption.***

The dye concentration and volume remain constant, the
amount of dye adsorbed on H,dtoaCu decreases as the adsor-
bent concentration rises. This could be brought on by adsorp-
tion sites overlapping or aggregating, which would reduce the
overall adsorbent surface area available to dye and lengthen the
diffusion path. Two kinetic models, pseudo-first-order and
pseudo-second-order, used to study the adsorption process to
determine the mechanism and possible rate-controlling
processes involved in the adsorption of CV onto H,dtoaCu.
The pseudo first order eqn (16) pseudo second order eqn (17)

K
log(g. — ¢;) = log g — ml (16)
t 1 t
— = 4+ — 17
9 Kg? g (a7)

g. = the amount of dye adsorbed at equilibrium (mg g™ ¢, =
the amount of dye adsorbed at time ¢ (mg g~ ') K; = pseudo first
order rate constant (min~') K, = pseudo second order rate
constant (g (mg min) ).
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These equations showed that the correlation coefficients (R?)
for the pseudo-first-order kinetic model, acquired at various
initial dye concentrations, fell between 0.8658 and 0.9616. This
kinetic model yielded a wide range of theoretical and experi-
mental equilibrium adsorption capabilities. The pseudo-first-
order kinetic model is unable to explain the adsorption of CV
on H,dtoaCu."® The pseudo-second-order kinetic equation
showed outstanding conformity with the kinetic data. Excellent
linearity was demonstrated by the graphs of t/q, against ¢ of
various initial dye concentrations. The correlation coefficients
for the pseudo-second-order kinetic plots were all significantly
higher than 0.9984 (R* > 0.9984), and the computed values of g,
coincided with experimental values quite well. The pseudo-
second-order model's best correlation for the system indicates
that chemisorption may be the rate-limiting phase for CV's
sorption onto H,dtoaCu. It was probable that valence forces
would be involved in the adsorption behavior through the
adsorbent and adsorbate sharing or exchanging electrons.**
The pseudo-second-order rate constants for CV adsorption over
H,dtoaCu (3.7 x 10 x —6.1 x 10 g (mg min *)™") are
greater than those for the majority of the other adsorbents that
have been reported, such as manganese oxide-coated sepiolite
(0.15 x 107°-1.47 x 10~* g (mg min ")), palm kernel fiber
(0.35 x 107 g (mg min~")™"), and Cu(n)-loaded montmoril-
lonite (3.5 x 10~% g (mg min~*)""). The initial CV concentration
rises, the kinetic constants over H,dtoaCu marginally decrease.
Comparable patterns of CV adsorption on palm kernel fiber and
manganese oxide-coated sepiolite have been reported [Fig. 11].

Khani et al.*** investigated Cu nanoparticles made from Z.
spina-christi fruit extract can eliminate CV from aqueous solu-
tions. After adding 0.1 M HCI or NaOH solution to bring the pH
of this solution down to 9.0, 80 mg of the adsorbent (Cu-NPs).
For 7.5 min, the solution is agitated to help the CV adhere to
the Cu-NPs. Design-Expert version 7.0.0 software is used to
perform an analysis of variance at a 95% confidence level to
statistically evaluate the empirical model. The impact of the
process factors on the percentage of CV removal from aqueous
solutions by the Cu-NPs was investigated using eqn (1). The
ANOVA data for the target dye indicates that the second-order
polynomial model is very noteworthy and fits the experi-
mental results well, as indicated by the models' P-value of <
0.0001 (P < 0.05) of CV. The three-dimensional response surface
and contour graphs were created by solving the second poly-
nomial equation. The regression equation used to get the best
values for the variables. The combined effect of the dye's
starting concentration and the pH of the solution on CV
removal effectiveness at an adsorbent dosage of 80.0 mg. As the
dye concentration decreased, the removal efficiency
increased.’ The Adsorbent's surface's increased number of
binding sites. When the pH rises from 5.0 to 9.0, the elimina-
tion percentage increases. At all concentration levels, the
maximum adsorption occurs at pH 9.0. As the solution's pH
increases, more negatively charged sites appear. The adsorption
of dye cations increases because of electrostatic attraction.
Because the large dye ions became more mobile, extending the
stirring time from 4 to 8 minutes enhanced CV's removal effi-
ciency.”***” The amount of dye sorption rises with stirring time

© 2025 The Author(s). Published by the Royal Society of Chemistry
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due to increased affinity of dye sites or an increase in the
number of binding sites on the absorbent. Because of its tiny
particle size and high specific surface area, the adsorbent's
percentage removal increases as dose increases. At higher
levels, the rate of adsorption increased considerably due to
increased surface area and the availability of more active
adsorbing sites.**

Shukla et al.*** employed a novel nanobiocomposite adsor-
bent, which is made by impregnating copper nanoparticles in the
natural polymer chitosan, to remove color from aqueous media.
The maximal monolayer adsorption capacity’® (q.,) of copper
nanoparticles impregnated in biocomposites (Cu/chit-NBC) was
determined to be 84.75 mg g~ ' by the Langmuir isotherm. The
computed corresponding Langmuir adsorption constant (K ) was
0.352 L mg ', falling between the permissible range of 0 and 1.
The predicted constants for the heterogeneity factor (1/n) and
Freundlich adsorption isotherm (K) were 0.616 and 5.291 mg g™ *,
respectively. The sorption capacity is indicated by the K¢ value,
and the process's favorability or surface heterogeneity is predicted
by the slope (1/n) of the Freundlich isotherm.'***** 1/n should have
a value between 0 and 1. Greater surface heterogeneity is indi-
cated by a value nearer zero. The computed “1/n” value showed
that the produced nanobiocomposite had a moderate level of
surface heterogeneity.’® The Temkin isotherm model's linear
fitting is shown. The Temkin parameters RT/br and AT, which
stand for the enthalpy of adsorption and equilibrium binding
constant, respectively, were calculated to be 17.958 k] mol * and
1.914 L g~ '.*% The Frisch isotherm model was found to be a good
fit for the current study based on a comparison of the regression
coefficient (R?) for the three model.

6.2 Bimetallic

Abdel-Aziz et al.*** produced bimetallic nano zero-valent iron-
copper (Fe®~Cu), algae-activated carbon, and their composites
(AC-Fe’~Cu) for use as adsorbents. Synthetic adsorbents are
synthesized and evaluated for their capacity to adsorb and
eliminate soluble cationic CV dye. The effect of synthetic
adsorbents on the adsorption and elimination of soluble
cationic CV dye, utilizing UV-vis spectroscopy across varying pH
levels (3-10), time intervals (15-180 minutes), and starting dye
concentrations (50-500 ppm). Untreated algae demonstrate
a remarkable 96.64% removal effectiveness under the specified
conditions: pH 7, a contact duration of 180 minutes, a rotating
speed of 120 rpm, a temperature range of 25 °C to 30 °C,
a concentration of 300 ppm in the CV dye solution, and an
adsorbent dosage of 4 g L™" of raw algae. The optimal removal
efficiencies of raw algae Fe’~Cu and H;PO, chemical AC-Fe’-Cu
are 97.61% and 97.46%, respectively, at a pH of 7, a contact time
of 150 minutes, a rotational speed of 120 rpm, a temperature
range of 25-30 °C, a concentration of 75 ppm of CV dye solution,
and doses of 1.5 g L™ " for raw algae Fe’~Cu adsorbent and 1 g
L™ for H;PO, chemical AC-Fe®-Cu adsorbent.

6.2.1 Critical analysis. The investigations collectively illus-
trate the efficacy of copper-based materials for the removal of CV
dye, while also highlighting significant limits. Li et al.*** H,dtoaCu
exhibits robust chemisorption characterized by pseudo-second-
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order Kkinetics; nevertheless, efficiency diminishes at elevated
adsorbent concentrations due to aggregation and a decrease in
active surface area. Khani et al'** Cu-NPs demonstrate rapid
removal and great efficacy at pH 9; nevertheless, their brief
contact duration and restricted pH range pose questions
regarding practical application. Shukla et al*** Cu/chitosan
nanobiocomposite  demonstrates  substantial  adsorption
capacity and reusability, exhibiting a favorable isotherm fit;
nevertheless, considerable surface heterogeneity and the absence
of interference studies may restrict its practical use. Abbasi et al.**!
CuBTC metal-organic frameworks, although providing intricate
porous architectures and entropy-driven adsorption, encounter
difficulties related to surface area reduction during ultrasonic
synthesis and possible instability under fluctuating circum-
stances. In summary, although these materials show potential,
more efforts are required to overcome their operating constraints,
compatibility with actual wastewater, and long-term durability.

7. Mechanism of adsorption
7.1 Electrostatic attraction

Electrostatic interactions are fundamental forces that arise
from the attraction or repulsion between particles carrying
electric charges. These interactions are governed by Coulomb's
law, which states that the force between two point charges is
directly proportional to the product of their charges and
inversely proportional to the square of the distance between
them.'®* Such forces are central to numerous phenomena in
physics, chemistry, and biology. In the realm of materials
science and nanotechnology, electrostatic interactions are har-
nessed to manipulate and assemble nanoscale structures. For
example, electrostatic forces are utilized in the design of elec-
troadhesive devices, where an electric field induces adhesion
between surfaces. This principle is applied in various technol-
ogies, including robotic grippers and electronic displays.'*>'%®

Functional groups containing oxygen are present in Fe’~Cu,
which will raise the surface charge density and enable the
creation of hydrogen bonds with reactive oxygen. CV and the
adsorbent surface interact electrostatically. The negatively
charged surface of Fe®~Cu nanocomposites encourages elec-
trostatic attraction to the cationic CV through an ion exchange
adsorption mechanism."

7.2 T-m stacking interactions

-7 stacking, also known as pi stacking, refers to noncovalent
interactions between aromatic rings, primarily driven by the
overlap of their w-electron clouds. Contrary to the term “stack-
ing,” which might suggest a direct superimposition of rings
(sandwich configuration), such arrangements are often elec-
trostatically repulsive due to the alignment of like-charged
regions. Instead, more stable configurations involve offset
arrangements, such as parallel-displaced or T-shaped geome-
tries, where electrostatic attractions between partial charges on
hydrogen and carbon atoms enhance stability.**”*¢
Additionally, adsorption is facilitated by the m-m stacking
interactions between the nanoparticle’s surface and the
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aromatic rings of CV, especially with Fe’~Cu nanopatrticles that
have a large surface area because of which about 20% of the dye
was eliminated.'®

Shukla et al.** state that the probable mechanism of CV dye
adsorption by the produced nano bio composite was assessed
using the chemical composition of the nano bio composite,
kinetics, and adsorption isotherm discovered during the
experiment. The Cu/chit-NBC surface was dominated by nega-
tively charged functional groups such as carboxylate and
hydroxyl, as confirmed by FT-IR peaks. At pH > 7, they remained
in an ionized form as well. Adsorbed H" ions would be negli-
gible. The presence of comparatively stronger connections
between dyes and nanobio composite (NBC) molecules, such as
electrostatic contact, H-bonding, or w-m interaction, was indi-
cated by pseudo-second order kinetics of dye adsorption. The
cationic dye CV was trapped on the surface of the Cu/chit-NBC
nano bio composite by interactions enhanced by -OH
(hydroxyl), -COOH (carboxylic), -NH, (amine), or -NH-CH-
(imine) groups surface or within its pores.

7.3 Internal and external adsorbing

The Langmuir model is the best fit for the chemisorptive nature
of CV adsorption on Fe’-Cu. A pseudo-second-order kinetic

model, which further validates chemisorption. An <%) value of

0.8449 indicates that adsorption is favored, driven by sponta-
neous adsorption and an increase in entropy. CV can be
strongly adsorbed by Fe-based adsorbents.'”®'”* The remarkable
performance of nano zero valent iron (nZvI) and bimetallic Fe’~
Cu adsorbents is linked to their effective reduction capacities.
Adsorbents based on iron decrease and remove CV from solu-
tions. When compared to adsorbents made with monovalent
metals, those made with bivalent metals demonstrated a higher
adsorption affinity for pollutants. Consequently, the presence of
copper and iron ions in combination with bimetallic adsorbents
improves adsorption effectiveness, whereas the addition of
activated carbon promotes the recyclable and reusable nature of
the nanocomposites.* The adsorption capacity, kinetics,
surface reactions, porosity, and regeneration potential of
adsorbent materials are all significantly influenced by the
specific surface area. When choosing or creating adsorbent
materials for a variety of applications, a greater specific surface
area is crucial because it is usually linked to improved adsorp-
tion.”” The adsorbent and adsorbate interact during the
adsorption process. More active sites and surface reactions are
made possible by a larger surface area, which enhances
adsorption effectiveness. Furthermore, a higher specific surface
area improves desorption processes by facilitating the more
efficient removal of adsorbate molecules during heat regener-
ation, which increases the adsorbent's lifetime and
recyclability.*”

8. Antibacterials properties

The effectiveness of several widely used antibiotics against
certain infections has decreased over the past few decades,
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though, not only because many of them cause harmful effects
but also because drug-resistant bacteria have emerged.
Researching more recent medications with lower resistance is
crucial.’”® Natural source-based medications are important for
both treating and preventing human illnesses. Traditional
medicine is one of the main healthcare systems in many poor
nations. The use of herbs in traditional medicine is widespread.
Showed the release of copper ions, which stick to and damage
the bacterial cell wall and cause the lysis of the bacterial cell, is
most likely the mechanism by which Cu NCs have an antibac-
terial effect. Gram-positive and Gram-negative bacteria differ in
their cell wall thickness, which accounts for their differences in
activity.”* Using a membrane damage assay, the effects of
copper-nickel hybrid nanoparticles on the bacterial cell
membranes' integrity were investigated. Every time nano-
particles come into touch with the bacterial cell membrane,
internal components are released outside. The bacterial strains
were ultimately eliminated because damaged membranes were
unable to transport the contents of the cells.” In comparison to
the conventional antibiotic, the textiles treated with CuONPs
exhibited reduced antibacterial activity against E. coli and
increased antibacterial activity against S. aureus and K. pneu-
moniae. Khani et al.** reported using the agar well-diffusion
method on nutrient agar (NA) plates, the bactericidal activity
of methanolic and aquatic fruit extract, CuSO, solution, and
biosynthesized Cu-NPs at four different concentrations (25,
50%, 75%, and 100% v/v) is assessed. The antibacterial assay
uses Escherichia coli (Gram-negative) and Staphylococcus aureus
(Gram-positive) as references. These two treatments are used in
two replicates of the experiment. Using the sterile tip, the wells
(diameter = 7 mm) are punched over the agar plates. The sterile
cotton swab is used to swab the cultures on the test plates. After
inoculating the holes with 80 pL of each sample at different
doses, they are incubated for 48 hours at 37 °C. Following the
incubation period, the growth inhibition zones' diameter is
measured using a scale and reported in centimeters.

9. pH effect

It is observed that at all concentration levels, the greatest
adsorption occurs at pH 9.0. As the pH of the solution rises,
there are more negatively charged sites.'** Because of the elec-
trostatic attraction, this causes the adsorption of dye cations
increases.'*® The CV decoloration increased from 40.3% to
91.5% when the pH was raised from 4 to 7. The adsorption
effectiveness to 67.5% when the pH was raised to 10. This action
could potentially be the result of electrostatic magnetism or
disgust between the NBC and CV dye molecules. The adsorption
and desorption of CV molecules are significantly impacted by
the surface charges of the NBC adsorbent. The pH 7-8 range is
ideal for CV deterioration, according to most of the research.

10. Reusability

Peddada et al.”> used CuO nanoparticle for removal of CV. After
every degradation process, the catalyst was cleaned with alcohol
and double-distilled water to remove any color that had adhered

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Comparison between adsorption and degradation for CV
removal.

to the surface and it was then oven-dried for future usage. After
five cycle the catalyst remain stable and applicable for the dye
degradation.'*® Reported Fe’-Cu bimetallic for CV removal by
serving as an oxidation process catalyst, the Cu component
increases the nanocomposites' reusability. The surface charac-
teristics of the adsorbent can be altered by adding functional
groups and chemicals such as H,SO, and H3;PO,, which
increase the active sites and adsorption selectivity for the target
dye and activated carbon was a key reason for enhanced reus-
ability. Shukla et al.*** used the cu chitosan nano-biocomposite
catalyst for degradation even after regeneration, its decoloriza-
tion efficiency remained encouraging. In aqueous CV media,
even after the seventh regeneration cycle, Cu/chit-NBC main-
tained a decolorization effectiveness of over 80%. Up until the
eleventh cycle of decolorization, about 50% of the efficiency was
maintained. The above result mentioned that Shukla et al.
showed the best efficiency for the CV dye removal.

11. Circular economy

Circular economy is the use of waste materials from different
industry household and other materials into the environmental
remediation.”® It was highly recommended to use wastes as
precursors, as this promotes the circular economy by elevating
many wastes for the sustainable management of pollutants,
atrazine removal must integrate the circular economy.
Commercially available activated carbon effectively removes
contaminants from water through atrazine adsorption because
of its microporosity, a large specific surface area, and insensi-
tivity to dangerous contaminants.'”® Utilizing copper oxide
nanoparticles to break down malachite green dye offers
a potential chance to adhere to the circular economy's tenets.
The suggested method has a number of advantages over tradi-
tional color removal techniques, according to a cost-benefit
study. Using a green method to synthesize CuO-NPs from e-
waste significantly lowers the cost of acquiring raw materials.
Researchers reduce waste and production expenses by reusing
copper sulfate that is taken from discarded electronic materials.
Furthermore, using banana blossom extract as a reducing agent
lessens the requirement for pricey chemical reagents while also
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aiding in the biosynthetic process.”” A circular economy
strategy by using industrial metal scrap as a raw material to
make nanoparticles and a simple electrochemical method to
produce iron oxide nanoparticles. Iron oxide nanoparticle
particularly absorbed the Congo red dye from an aqueous
solution. Abdel-Aziz et al.'*® and Abdullah et al.®** used agro-
biomass wheatgrass extract, fava bean, Zingiber officinale
rhizome extract for CV dye removal those were green synthe-
sized and does not produce harmful product and also does
environmental remediation. Those were facile green synthe-
sized, bio compatible, cheap, ecofriendly, reusable in nature.

12. Degradation vs. adsorption

The removal of CV, a cationic dye prevalent in industrial effluents,
is crucial due to its toxicity and environmental persistence.'’®
Copper-based nanoparticles (Cu-NPs) have been extensively
studied for CV removal through two primary mechanisms:
adsorption and degradation. This comprehensive analysis
compares these methods, highlighting their mechanisms, effi-
ciencies, and practical considerations. Adsorption involves the
accumulation of dye molecules onto the surface of an adsor-
bent.””® Copper-based nanoparticles, such as copper ferrite
(CuFe,0,), exhibit high surface areas and magnetic properties,
facilitating efficient dye adsorption and easy separation from
aqueous solutions. The adsorption process is influenced by
factors like pH, contact time, and nanoparticle surface charac-
teristics.’® For instance, copper ferrite nanoparticles synthesized
via a green combustion method using succinic and malic acids
demonstrated high adsorption capacities for CV. At pH 10, the
removal efficiency reached up to 85.83%, with adsorption
capacities of 429.16 mg g *. The process followed pseudo-second-
order kinetics and fitted well with the Langmuir isotherm model,
indicating monolayer adsorption on a homogeneous surface.
Degradation, on the other hand, involves breaking down dye
molecules into less harmful substances."® Copper-based nano-
particles act as catalysts in processes like photocatalysis and
catalytic wet peroxide oxidation (CWPO), generating reactive
oxygen species (ROS) that oxidize dye molecules. For example,
under visible light irradiation, CuS nanoparticles achieved up to
84.6% degradation efficiency for CV.**" In CWPO processes,
mixed manganese-copper oxides facilitated complete degrada-
tion of CV within 150 minutes, significantly reducing chemical
oxygen demand (COD) and total organic carbon (TOC). Addi-
tionally, green-synthesized CuO nanoparticles using Ruellia
tuberosa extract demonstrated effective photocatalytic degrada-
tion of CV under sunlight [Fig. 12].

Both adsorption and degradation using copper-based nano-
particles are effective methods for the removal of CV from
aqueous solutions. The choice between the two depends on
specific treatment goals, operational capabilities, and environ-
mental considerations.® Adsorption is suitable for scenarios
where quick removal is needed and facilities are available for
handling and regenerating spent adsorbents.'” Degradation is
preferable when complete elimination of dye molecules is desired
and there is access to necessary conditions (e.g., light sources,
oxidants) for catalytic processes. In practice, a combination of
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both methods may offer a comprehensive solution, leveraging the
rapid removal capabilities of adsorption and the thorough
pollutant breakdown achieved through degradation.

13. Conclusions and future scope

Dye production and use have increased recently, leading to a rise
in environmental pollution. Different methods have been used to
get rid of dyes. Nevertheless, a workable and affordable solution
for eliminating all dyes has not yet been developed. The findings
of the aforementioned literature and the techniques used in the
study's lead to the conclusion that, for the removal of CV using
biomaterials, a collection or combination of various adsorption-
based processes produces fruitful results. However, it is also
noted that there are certain disadvantages to biosorption, as
despite their upright efficiency and applicability, an economic
consideration has limited the use of certain varieties because
regeneration processes result in a significant loss of adsorbent.
Industrial wastewater treatment has been increasingly important
in recent years, as rules have become harsher and researchers
have long demonstrated the negative effects improper treatment
may have on human health, safety, and the environment before
final release. Lastly, based on the information found in the
literature, CV removal can be partially accomplished using inex-
pensive adsorbents because they have several benefits, many of
which are renewable and readily available natural resources
currently in use. Atomically precise metal nanoclusters (NCs) are
ultrasmall particles with less than 2 nm core diameters that fall
between the atomic and plasmonic metal nanoparticles.'*'**
Such fluorescent nanoclusters are currently an active field of
research concerning dye degradation because of the extraordi-
narily high surface-to-volume ratio. The employment of nano-
clusters for the elimination of CV is not available in the literature.
More research is warranted for nanocluster-induced CV dye
removal.>® This review article illustrates dye degradation,
adsorption, mechanism, and antibacterial properties. It is hoped
that it will help young researchers who are pursuing environ-
mental nanoscience to address current environmental issues.
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