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Environmental pollution has become a major issue since chemical species from different sources (e.g.,
textile industries, paper industries, dye industries, etc.) have been introduced into our living environment.
If these chemical species are not properly treated, they will be highly toxic and hazardous to living organ-
isms. Thus, it is important to remove the chemical species before discharge into the environment.
Varieties of techniques, such as degradation, adsorption, photocatalysis, etc., have been employed to
remove the chemical species. In recent years, metal and metal oxide nanoparticles, which exhibit high
degradation and adsorption performance, have been widely used in environmental treatment. Here we
provide a detailed overview of the environmental applications of metal and metal oxide nanoparticles,
particularly in water treatment. The metal and metal oxide nanoparticles possess immense potential in
environmental applications, however, challenges such as agglomeration, toxicity concerns, and cost-
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effectiveness are acknowledged. Through a comprehensive analysis of existing literature, this review sys-
tematically integrates critical research data. And it presents relevant research findings, aiming to explore
environmentally sustainable nanomaterials with superior contaminant removal efficiency and broad
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1. Introduction

Chemical species, such as dyes and heavy metals, and toxicity,
mainly stemming from textile dyeing, printing, manufacturing,
etc.,, have become a significant global environmental
concern.’™ These pollutants can seriously impact the ecologi-
cal environment and public health when discharged into
aquatic systems or the atmosphere without treatment.>® The
continued presence of pollutants in the environment will
disrupt the balance of the ecosystem, harm organisms, and
even pose a threat to human health. Hence, effective and
enduring solutions to treat pollution are desirable.

Metal and metal oxide nanoparticles (NPs) are widely used
in various fields, such as optics, electronics, thermodynamics,
catalysis, etc., since they possess unique characteristics.” '® As
illustrated in Fig. 1, the number of publications focusing on
the environmental applications of metal and metal oxide NPs
has demonstrated a consistent annual increase. Notably,
research articles and review articles constitute the predomi-
nant publication types, accounting for 96.14% of the total lit-
erature. Generally, NPs possess a high surface area and thus
exhibit good adsorption performance, which renders them
suitable for addressing environmental pollution.*'""* In
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recent years, research has shown that the exceptional photo-
catalytic, degradation, and adsorption capabilities of the NPs
have made them widely used in the removal of dyes, heavy
metals, and toxic substances.>*'*™'® Therefore, metal and
metal oxide NPs are a promising tool in the fight against
environmental pollution.

In this review, we provide a detailed introduction to the
environmental applications of metal and metal oxide NPs. We
aim to delve into the physical-chemical properties, synthesis pro-
cesses of the NPs, and the removal mechanism of the pollutants.
Practical applications and research have confirmed the practical-
ity of these NPs, but at the same time, some challenges have also
arisen. Exploring metal and metal oxide NPs for environmental
applications provides us a with better understanding of the
removal process of the pollutants and holds the potential to offer
new insights into leading-edge research.

Metal and metal oxide NPs facilitate environmental reme-
diation through three primary mechanisms: adsorbents (see
Table 1), catalysts (see Table 2), and sensors for hazardous
substances (see Table 3). The tables systematically consolidate
case studies of environmental remediation using metal and
metal oxide NPs, categorized by type of pollutants and NPs
and other critical parameters.

This review focuses on recent research progress regarding
metal and metal oxide NPs in environmental applications. It
systematically summarizes synthesis methods, key pollutant
removal mechanisms, and critical influencing factors."

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Statistics of articles published in the past 10 years on the topic “Metal NPs & environmental application”, “Metal oxide NPs & environmental
application”, source: Web of Science (search performed in April 2025).

Table 1 Metal and metal oxide nanoparticles adsorbents utilized for environmental remediation

Type of pollutants Type of NPs Size (nm) Morphology Capacity (mg g7") Ref.
Cd(u)/Pd(u)/Co(u)/ ZnO (using casein as biogenic agent) 10 Quasi-spherical 156.74/194.93/67.93/ 4
MB/Congo red 115.47/62.19
Cd(u) TiO, (a sol-gel method) 19.29-26.72  Anatase phase 29.28 18
Cr(1m)/Cr(vi) Fe (nZVI in borohydride reduction) 1-2 Necklace-like 453.5/372 93
Cr(vi) Fe (using leaves extracts) 20-80 Spherical 34 83
Cu(u) Fe;0, (chemical method) 20-50 Spherical 28.12 169
Divalent metallic ions MgO (using bio-compatible acacia gum) 40-78 Flower shaped 134
Phosphate MgO (using PSS as agent) 2-250 Spherical/nanoflakes 75.13 146
Tetracycline ZrO, (using plant extracts) 5.9-8.5 Spherical 30.45 17
Tetracycline ZrO, (using leaves extracts) 15 Spherical 526.32 161
Congo red MgO (chemical method) 500 Microrods 160 137
MB/cresol red Fe;0, (chemical method) 250 Spherical 44.38/11.22 168
MB ZrO, (using pericarp extracts) 10 Spherical 23.26 155
MB Ag (loaded on activated carbon) 15-80 Semi-spherical 71.4 44
Cocktail dye Ag (protein mediated) 10 2.5 Spherical 547.5 45
Fluoride Fe;0, (using jojoba defatted meal) 51.48 Spherical and rectangular ~ 34.48 170
Fluoride TiO, (biological method) 24.33-91.49  Anatase, anatase mix 0.85 183
rutile and rutile phase
Bioaerosols Ag (loaded on activated carbon) 12-16 Spherical Complete inhibition 38
Table 2 Metal and metal oxide nanoparticles catalysts utilized for environmental remediation
Type of pollutants Type of NPs Size (nm) Morphology Capacity (mg g7") Ref.
Azo dyes Ag (bacterial method) 11.2-39.0 Spherical 541.4-969.2 14
MB Au (loaded on surface of Hap) 2-6 Elongated 522 58
MCB Fe (using tea extracts) 20-40 Spherical 67.5 82
MO Fe (using leaves extracts) 43-220 Spherical 900 84
MB/MO ZnO (using leaves extracts) 10-16 Spherical 430/422 16
MB TiO, (chemical method) 135-155 Cup-like/spherical 181
MB/MO TiO, (chemical method) 91-103 Hollow spherical 182

Furthermore, the review presents the size and morphological
characteristics of NPs prepared via different methods, provid-
ing valuable insights for researchers in nanoparticle fabrica-

This journal is © The Royal Society of Chemistry 2025

tion.”® Additionally, it discusses current research trends, chal-
lenges, and future perspectives on the use of metal and metal
oxide NPs in environmental remediation.>*
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Table 3 Metal nanoparticles sensors utilized for environmental remediation

Type of pollutants Type of NPs Size (nm) Morphology Detection limit Ref.
Pb>* Au (capped with NDTM) 29+7 Spherical 0.35pmol L™ 62
NO, gas Cu (functionalized with RGO) 7-29 Spherical 100 ppm 96
p-NT Cu (using chemical method) 5 Cluster 0.1 pmol L™" 100

2. Metal nanoparticles
2.1 Noble metal nanoparticles

Noble metals include silver (Ag), gold (Au), platinum (Pt),
rhodium (Rh), ruthenium (Ru), palladium (Pd), and so on.*?
Among all noble metals, Au and Ag NPs are most extensively
studied due to the well-established synthesis routes, their rela-
tively higher content in the Earth’s crust, and better safety
profile.”> > Noble metal NPs in optics, electronics, thermo-
dynamics, and catalysis with unusual performance are widely
used in various fields.”'***3°

2.1.1 Silver nanoparticles. Silver nanoparticles (Ag NPs),
due to their unique properties,">*'*> are considered some of
the most effective materials in environmental areas.'™**3* A
major function of Ag NPs is as a fungicide, attributed to the
antibacterial properties of silver. Research demonstrates the
biocidal activity of Ag NPs against Gram-negative bacteria,
viruses, and fungi.>*~” Its antibacterial properties can be used
to exploit for air and water disinfection. In addition, Ag NPs
can also be used to remove some harmful gases from the
environment by reacting with them.?®

The general mechanism of removing contaminants from
water with Ag NPs includes adsorption and photocatalytic
degradation.>" Photocatalysis is the main mechanism of dye
wastewater treatment, wherein electrons are excited from the
valence band to the conduction band upon irradiation, result-
ing in electron-hole pairs (Fig. 2b).>° These electron-hole
pairs undergo redox reactions with water and oxygen, leading
to the formation of hydroxyl radical (-OH) and an anion
radical (-0,7).*® The hydroxyl radical acts as a strong oxidant
and completely degrades the dye to a harmless product (CO,,
H,O, etc.) (Fig. 2a)."

The biological methods of Ag NPs synthesis using biologi-
cal entities like bacteria, yeast, fungi, and plants were reported
to be clean, nontoxic, cost-effective, and environmentally
acceptable.”™* Temoor Ahmed et al.'* prepared Ag NPs using
the bacterial strain Bacillus marisflavi TEZ7. It can be found
that the Ag NPs are helpful in the degradation of textile dyes
and harmful effluents. More specifically, the photocatalytic
degradation efficiency of biogenic Ag NPs for three azo dyes
(such as direct blue-1, methyl red, and reactive black-5) is rela-
tively high. Moreover, it is proven that the degradation inter-
mediates are non-toxic to rice plants. Therefore, using these
Ag NPs to treat textile dyes and harmful effluents is efficient,
and the process is environmentally friendly.

The adsorption capacity of Ag NPs was confirmed by several
studies. The study assessed the usability of Ag NPs loaded on
activated carbon for the removal of methylene blue (MB) mole-
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cules from aqueous solutions.** And the results showed the
maximum adsorption of 71.4 mg g ' for the adsorbent. In
another study, the Ag NPs fabricated with nano-silica powders
were applied to adsorb dyes such as Congo red, Eosin yellow.*’
The results showed 99% removal of dyes at an initial concen-
tration of 50 mg L™'. Moreover, a novel composite of Ag NPs
with polymers was reported to have efficient adsorption of MB
and its catalytic reduction.*®

Another way to use the valuable properties of Ag NPs is the
elimination of microbiological contamination of the air.”°
Activated carbon filters (ACF) containing Ag NPs were prepared
through an electroless deposition method.*® It is used in
heating, ventilating, and air-conditioning (HVAC) to filter
outdoor air and suppress microbial activity attached to the
filter. The antimicrobial ACF filters can remove bioaerosols,
including viruses, bacteria, fungi, and all varieties of living
materials, so as to achieve the effect of purifying the air.
Filtration and antibacterial tests of the filters were performed
in an experimental setup designed for filtration tests, as
shown in Fig. 3. Bioaerosols were measured by using an aero-
dynamic particle sizer (APS) upstream and downstream of the
test filter. Results proved that silver-coated ACF filters were
effective in cleaning the air and reducing the harm of microor-
ganisms in the living environment.

The unique properties of Ag NPs have attracted the atten-
tion of many industries, especially those with a particular
need for bactericidal effects.>®>® Moreover, the shape of Ag
NPs as well as the detailed exploration of adsorption kinetics
of Ag NPs onto different biological macromolecules need to be
further investigated to improve the performance of Ag
NPS.13’47

2.1.2 Gold nanoparticles. Gold nanoparticles (Au NPs)
have properties like photocatalytic performance,*® efficient
adsorption capacity,” and environmental friendliness,”® etc.
These properties make it show broad prospects in photo-
catalytic degradation, clean energy, and gas sensors.>' ™ With
the further development of technology and the deepening of
material research, the application of Au NPs in the field of
environmental protection will be more extensive and in-
depth.>*~>°

Surface plasmon resonance (SPR) is a crucial optical
phenomenon possessed by plasmonic Au NPs. This phenom-
enon is produced by electromagnetic radiation, in which the
free electrons of the metal surface are excited. In the visible
region of the solar spectrum, the excitation results in the col-
lective oscillation of surface electrons in Au NPs. Due to their
plasmonic properties, they can effectively absorb sunlight,
thereby improving the photocatalytic performance of the nano-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Schematic diagram of photocatalytic degradation dyes.'® (b) Band structure of Ag NPs and its photocatalytic mechanism.® (c) Mechanism
of waste removal utilizing plasmonic Au NPs based photocatalysts.>® Reproduced from ref. 58 with permission from the Royal Society of Chemistry.

Copyright © 2020 Elsevier B.V. All rights reserved.
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Fig. 3 Schematic diagram of experimental setup for the filtration tests.*® Copyright © 2008, American Chemical Society.

material.>”

Therefore, if the nanomaterial containing Au NPs
is used in wastewater treatment, these photoelectric properties
can accelerate the photocatalytic oxidation reaction, and the
process of removing pollutants from wastewater is done more
efficiently.

Sudip Mondal et al®® reported a hydrothermally syn-
thesized Au-loaded hydroxyapatite (HAp) NPs with mesoporous

structures and a large surface area. The Au NPs were incorpor-

This journal is © The Royal Society of Chemistry 2025

ated in different concentrations at the surface of HAp NPs,
which seem to act as initializer and mediator of electron trans-
fer for the oxidation reactions. In the visible range of solar
light, the HAp supported Au NPs are involved in the photo-
catalytic oxidation, and the product is H,0, CO,, etc., as shown
in Fig. 2c. The experiment shows that the modeled MB
removal efficiency will get a significant increase when treated
by Au-loaded HAp NPs under visible light illumination (up to
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32.47% in 9 h). Therefore, it is effective for the decomposition
and removal of MB in a specially designed photocatalytic
reactor containing Au NPs.

On the other hand, Au NPs based chemosensors have been
developed for the colorimetric detection of heavy metals.*>°
Moreover, Au NPs can be conjugated with other compounds to
provide better stability, functionality, and biocompatibility.®**

The research shows that rapid colorimetric sensing of Pb**
ions in water samples induces the aggregation of
N-decanoyltromethamine (NDTM) loaded Au NPs, as shown in
Fig. 4.%% The color change from pink to violet in the presence
of Pb>" is caused by the aggregation state of NDTM-Au NPs,
and in this process, the average size of the NDTM-Au NPs
increases from 34.5 nm to 57.5 nm measured by particle size
analyzer.

Au NPs are actively employed in environmental appli-
cations, and they can be one of the potential applications for
novel environmental applications. The performance of Au NPs
is mainly controlled by the coating, size, and shape, and all
these factors depend on the synthesis method and conditions
such as time, temperature, pressure, PH, etc.>**° Therefore, in
the future, good control of the reaction parameters will
provide a way to improve the advantages of the potential appli-
cations of Au NPs,>*2403:64

2.2 Transition metal nanoparticles

Transition metals refer to a series of metal elements in the d
region of the periodic table, including Fe, Co, Ni, Cu, Mn, etc.
Transition metals of different shapes and structures have been
synthesized by various techniques since the 1960s.°>"®” These
metal NPs exhibit excellent catalytic, optical, and electronic
properties compared to bulk materials.®*”7° At present, the
superior performance of Fe and Cu NPs is widely used in
environmental remediation.

2.2.1 TIron nanoparticles. In the past decades, iron and
iron-based NPs have aroused researchers’ great interest due to
their wide range of applications, such as environmental,”" bio-
medical,”” textiles,”® healthcare,”* food industry,” elec-
tronics,’® renewable energies,”” etc. So far, an increasing
number of iron NPs, including green synthesized iron nano-
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particles (Fe NPs),”® nanoscale zero valent iron nanoparticles
(nzv1),”® and iron containing core-shell nanoparticles
(CSNs)®® have been fabricated for environmental applications.
Generally, heavy metals like plumbum (Pb), chromium (Cr),
and toxic dyes are released from industries into the environ-
ment.®" Using iron and iron-based NPs is a useful way to
improve the environment, since these NPs can effectively
remove the heavy metals, chlorinated organic compounds,
dyes, etc.”®

Green synthesized iron nanoparticles. Green synthesis
methods are generally accepted because of their non-toxic and
low-cost characteristics. Kuang et al®* synthesized Fe NPs
using tea extracts for the degradation of monochlorobenzene
(MCB). It was found that Fe NPs synthesized by green tea
extract have a degradation efficiency of 69% because of the
existence of polyphenols/caffeine in the tea extract. Fe NPs pre-
pared by Eichhornia crassipes leaf extracts show good perform-
ance of Cr removal (Fig. 5a), and the efficiency reached 89.9%,
which is higher than Fe NPs synthesized by other methods.*
Harshiny et al® synthesized spherical Fe NPs from
Amaranthus dubius leaf extract, which is a cubic phase struc-
ture with a diameter ranging from 43 to 220 nm (Fig. 5b).
During the synthesis process, BFeNPs were prepared using a
NaBH, solution, whereas DFeNPs were synthesized without
this reagent. The process of synthesizing Fe NPs did not
produce any other toxic by-products. The results show that it
had a Methyl Orange (MO) degradation efficiency of 81%
(Fig. 5c). Therefore, the green synthesis method of Fe NPs is
feasible in environmental applications.

Nanoscale zero valent iron nanoparticles. The application of
nZVl particles in the environment has significant potential
and wide application prospects, especially in groundwater
remediation,® soil pollution control,®® and pollutant degra-
dation,”” etc. By injecting a suspension containing nZvI into
formations, these NPs migrate in groundwater and induce
redox reactions,®® which can react with contaminants to
remove them. In addition, because of its small particle size,
the nZVI can be injected deep into formations where microbes
cannot degrade to remediation the environment.?® The techno-
logy is cost-effective and considered more environmentally
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Fig. 4 Structure of NDTM and schematic representation of Pb?* sensing by NDTM-AuNPs.5? Copyright © 2020 Elsevier B.V. Al rights reserved.
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friendly than traditional methods. This method has been suc-
cessfully applied to the degradation of many pollutants, such
as chlorinated organic compounds,®® Cr,”" and so on. What’s
more, the nZVI particles perform well in the reduction
process, reacting with dissolved oxygen (DO), sulfates (SO,*"),
nitrates (NO; ), etc.”

On the other hand, a synthesis method of resin-supported
nanoscale zero-valent iron (R-nZVI) was reported.”> The SEM
images of resin without and with nZvI are shown in Fig. 6a
and b, respectively. Fe®" undergoes the process of ion
exchanged with resin, then reacts with BH,™ to form R-nZVI
(Fig. 6¢). R-nZVI can simultaneously remove chromium ions,
including Cr(vi) and Cr(m). Moreover, the removal mechanisms
of Cr(vi) and Cr(m) are different. At optimum conditions, the
Cr(vi) removal efficiency was 84.4% when the initial concen-
tration of Cr(vi) was 20.0 mg L™".

Furthermore, the nZVI can effectively remove As(v) from
water without prior oxidative treatment or the use of additional
chemicals.? The adsorption takes place at quite high efficien-
cies in a short time. The concentration of As(v) fell from 10 to
2.3 mg L' after 60 min of contact, as shown in Fig. 7a. After
the treatment with the nZVI, 77% As(v) removal was achieved.
In later biological experiments, no lethal effects were observed.
The nZVI-treated group exhibited significantly enhanced survi-
val rates of Rhinella arenarum larvae compared to the control
(Fig. 7b).

This journal is © The Royal Society of Chemistry 2025

In the future, more detailed studies need to be performed,
providing a clear description of the biomolecules and their
role in mediating NPs synthesis. The aim is to influence the
synthesis rate and improve the stability of the NPs.”* Another
development direction is the environmental remediation
technology based on nZVI, since it is a valuable and novel
technology. However, it is important to understand how nZvI
particles interact with cells, so that the toxicity of nZVI can be
reduced. Besides, we also need to find a cost-effective and
large-scale production.®’

2.2.2 Copper nanoparticles. The applications of copper
nanoparticles (Cu NPs), which possess some interesting physi-
cal and chemical properties,” have generated a great deal of
attention.”®*° Because Cu is a 3d transition metal and it has a
wide range of accessible oxidation states (Cu(0), Cu(i), Cu(u),
and Cu(m)), Cu-based nanomaterials can promote a variety of
reactions via both one- and two-electron pathways. In recent
years, researchers have focused on sustainable approaches for
environmentally friendly catalytic processes to detect chemical
species.?8100:101

Volatile organic compounds (VOCs), such as ammonia,
hydrogen sulfide, hydrogen peroxide, are harmful to the
101,192 By monitoring level of VOCs, it can be con-
firmed that industrial production complies with safety regu-
lations and that living things are not exposed to dangerous
environment. Generally, Cu NPs have been used as a sensor

environment.

Nanoscale, 2025, 17, 15068-15085 | 15073


https://doi.org/10.1039/d5nr01973g

Published on 30 May 2025. Downloaded on 1/29/2026 3:47:32 AM.

Review

View Article Online

Nanoscale

S3400N 15.0kV 7.0mm x50 SE

OResin Fe** OBH; @nZVI OnNp* OCrIl)  Cr(VI) (QCrFe,(OH);

Fig. 6 (a) SEM images of resin without nZVI. (b) SEM images of resin with nZVI (c) Schematic of Cr(v)) and Cr(i) removal mechanism by R-nZV1.%*

Crown Copyright © 2013 Published by Elsevier Ltd. All rights reserved.

~
1
~

As(V) concentration (mg L)

] 10 20 k1 40 %0 &
Time (min)

B
100 @+ @@ o @ @ g
E ﬁ**
o o & < < 9
A Ps(Wk=10mgL-1.n0 n2V
& [As(WL=10mgL™.n2VIR €0
= . . @ n2VIR80min (no AS)
= %93 T.E n2M(noks)
3 jos
5 ES
5 40 .
2] ;
7Y
204 @3- ] =] |,
T
B.. o
[ T
0 100 200 300

Exposure time (h)

Fig. 7 (a) Time profile of As(v) concentration during the treatment with nZVI. (b) Survival curves for Rhinella arenarum larvae under continuous
336-hour exposure to As(v) at varying nZVI concentrations.? Copyright © 2018 Elsevier B.V. All rights reserved.

for VOCs for several years and have proven to be a reliable
method in VOCs’ detection. For example, gas sensors based on
reduced graphene oxides (RGOs) and Cu NPs have been pre-
pared, which can be used to detect the NO, gas.”®

The p-nitrotoluene (p-NT), as an intermediate in chemical
dye, leads to water pollution and eventually threatens human
health through the circulation of the ecosystem.'®® Long Chen
et al.'® designed a photoelectrochemical sensor composed of
graphite carbon nitride nanosheets (CNNS) loaded Cu NPs,
which can be applied for p-NT monitoring. In the paper, the

15074 | Nanoscale, 2025, 17, 15068-15085

mass ratio of the amount of copper added to the amount of
CNNS is 2%, and the resulting product was labeled as
CNNS-Cu 2%. After the redox reaction, p-NT species are
reduced by receiving the electrons captured via the Cu(u) NPs,
as shown in Fig. 8. In the process, the redox of Cu(u)/Cu(r)
%% The continuous consump-
tion and rapid migration of photo-excited electron-hole pairs

achieves a dynamic equilibrium.
result in an enhanced photocurrent response, which facilitates

sensitive p-NT detection. The photoelectric sensor can be used
in the chemical and pharmaceutical fields and provides a

This journal is © The Royal Society of Chemistry 2025
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reference for the development of environmental detection in
the future.'®'°® More efficient and durable materials need to
be discovered, which is of great importance to the protection
of the environment and human health.

Cu NPs have attracted a lot of attention because of their
high performance and low cost. In the future, various syn-
thesis methods will make it possible to control the size, shape,
and morphology of NPs. This is useful for the design and
development of Cu NPs with specific properties, such as elec-
trocatalysis, photocatalysis, etc.””'°71%8

Generally, metal NPs are synthesized through three
different kinds of methods: physical, chemical, and biological
(green). The size and shape of NPs strongly depend on various
experimental parameters such as reaction time, pH, temperature,
and so on.'”' Metal NPs primarily remove heavy metals
through adsorption mechanisms. The biosynthesized metal NPs
offer distinct advantages of being environmentally benign and
non-toxic."'* However, their removal capacity still requires
improvement compared to chemically synthesized counterparts.
For instance, Fe NPs (nZVI prepared via borohydride reduction)
and Fe NPs (synthesized using plant leaf extracts) demonstrate Cr
(v1) removal capacities of 372 mg g™ and 34 mg g *, respectively.
On the other hand, these NPs effectively degrade dyes through
catalytic processes. Notably, Ag NPs (produced via bacterial syn-
thesis) exhibit an exceptional catalytic degradation capacity of
969.2 mg g~ for azo dyes. Additionally, they serve as effective
detectors for hazardous substances, as exemplified by Au NPs
(capped with NDTM) and Cu NPs (functionalized with RGO or
synthesized by chemical method).

3. Metal oxide nanoparticles

Metal oxide nanoparticles, including titanium dioxide (TiO,), zinc
oxide (ZnO), iron oxide (Fe;0,4), copper oxide (CuO), magnesium
oxide (MgO), cerium oxide (CeO,), etc., possess good character-
istics (high surface area, good stability, and durability)."*>™"

This journal is © The Royal Society of Chemistry 2025

These metal oxide NPs are widely used in water treatment,’
electrochemical environmental monitoring,"” bio-nanotechno-
logy,"® etc. Through mechanisms like photocatalytic degradation
and adsorption, these NPs efficiently break down complex dye
molecules into simpler, less harmful byproducts. However, appar-
ent problems of using metal oxide NPs need to be addressed
properly, such as the aggregation of NPs, toxicity problems, and
cost-effectiveness."™

3.1 Zinc oxide nanoparticles

Zinc oxide (ZnO) is a semiconductor material with a direct
wide-band gap (about 3.3 eV)'*® and has high chemical and
thermal stability."*" These characteristics make ZnO stable at
ambient conditions and hard to degrade. In the realm of the
environment, ZnO nanoparticles (ZnO NPs) play a pivotal role
in wastewater treatment, gas sensors, and ultraviolet (UV)
detectors, because of their exceptional photocatalytic activity,
good electrical conductivity, and optical transparency.'>*'*?

Wastewater, which contains a significant number of
organic pollutants such as textile dyes, pesticides, and
pharmaceutical waste, should be treated before being dis-
charged into the environment.">* The ZnO NPs show excellent
performance in the catalytic degradation of organic pollu-
tants.'®® They can act as catalysts to promote the degradation
of organic pollutants, thereby improving water quality."*® In
addition, they are able to effectively remove heavy metal ions
in wastewater, because of their high specific surface area and
good adsorption properties.'?”>°

Siripireddy Balaji et al'® carried out spherical ZnO NPs
mediated by Eucalyptus globulus leaves extract under ambient
conditions. TEM analysis revealed spherical nanoparticles
with an average diameter of 11.6 nm (Fig. 9a). The ZnO NPs
exhibit efficient photocatalytic activity in degrading MB and
MO dyes (Fig. 9c and d). When ZnO NPs are illuminated under
UV light, they produce electron-hole pairs. Further, these elec-
tron-hole pairs undergo redox reactions with water and
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Fig. 9 (a) TEM images of ZnO NPs at 20 nm. (b) Antioxidant activity of ZnO NPs by DPPH scavenging assay. Time-dependent photodegradation
profiles (% of photodegradation vs. time) of (c) methylene blue and (d) methyl orange, presented as pie charts.*® Copyright ©® 2016 The Society of
Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder Technology Japan. All rights reserved.

oxygen, leading to the formation of ~OH and -0,"."° The MB
and MO are degraded and the end product is CO," and NO;™.
Synthesized ZnO NPs also exhibit high antioxidant activity
against DPPH (1,1-diphenyl-2-picryl hydrazyl) molecule, in the
antioxidant activity experiments (Fig. 9b). Moreover, the ZnO
NPs synthesized from Cassia fistula leaves perform well in
photodegradation of MB with an efficiency of 96.26-98.71% in
the pH range of 2-4."*°

Casein based biogenic-synthesis of ZnO NPs can be used to
simultaneously decontaminate heavy metals, dyes, and patho-

® Metal ® IonicDyes @ Pathogenicbacteria @ ZnONPcs \ UV source ROS

genic microbes from wastewater.® Casein as a capping agent
contributed a highly negative charge to the surface of ZnO
NPs, which enhanced the adsorption efficiency of cationic
metals. The cationic metals, including divalent cadmium,
cobalt, and plumbum ions [Cd(u), Co(u) and Pb(u)] were pre-
pared by dissolving the required amounts of salts in Milli Q
water. The metals, dyes, and microbes were adsorbed on the
ZnO NPs surface (Fig. 10). After the adsorption, dyes were
photo-degraded under UV irradiation. The ZnO NPs show
maximum adsorption efficiency of 85.63% and 71.23% for Cd

Metals adsorbed
ZnONPcsseparation .

Treated water

ROS generated

Fig. 10 Schematic representation of how ZnO NPs can be used for systematic decontamination of wastewater containing metals, dyes, and

microbes.* Copyright © 2018 Society of Chemical Industry.
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() and Co(u), and 95.35% for Pb(u) at pH of 8.0. Furthermore,
the ZnO NPs possess antibacterial properties and can inhibit
the growth of bacteria vis ROS mediated oxidative stress."”'
The ZnO NPs used in the experiments were eventually recycled
for reuse, which could be an economically promising strategy
for wastewater treatment.

It is confirmed that ZnO NPs exhibit deleterious effects
within aquatic ecosystems.'®> Notably, research has demon-
strated that plants exhibit a certain degree of tolerance to ZnO
NPs. However, when soil concentrations exceed 800 mg kg ",
prolonged exposure may adversely affect plant defense
systems, particularly antioxidant enzymes, ultimately inducing
phytotoxicity.">® Although ZnO NPs have many advantages,
further research is needed to solve the biological toxicity
problem before large-scale application.

3.2 Magnesium oxide nanoparticles

The properties of magnesium oxide nanoparticles (MgO NPs),
such as biocompatible, excellent adsorption, low heat capacity,
high melting point, and highly stable nature,"'”"**""*® make it
a suitable candidate for use in a wide range of
applications.”**"* The MgO NPs can be prepared through
different chemical, physical, and biological routes, such as
sol-gel,"*® hydrothermal,"*" vapor deposition method,'**> and

Negatively charged surface
groups in nanoflower

n-MgO

\\\; 7

MgO nanoparticles

View Article Online
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plasma irradiation."*® In general, these techniques require
high energy and robust equipment to obtain MgO NPs.
Therefore, biological (green) synthesis is the best substitute,
because of its simple, economical, and environmentally
friendly processing strategy.

Because of their excellent adsorption, the MgO NPs were
used to adsorb dyes, heavy metals, and other pollutants in
wastewater."*®** In order to improve the adsorption capacity,
the synthesized MgO NPs surface area should be larger. Wang
et al.’® obtained the unique porous nanosheet-assembled
structure of PS-MgO NPs and a specific surface area of 72 m?
¢~! was achieved. The adsorption capacity of Congo red has
been studied. The PS-MgO (0.05 g L™*) was added to Congo red
solutions (200 mg L"), removed almost 80% within 10 min
and completely adsorbed within 120 min.

Furthermore, the importance of MgO NPs in enabling it to
adsorb various divalent metallic species is further evi-
denced."** Flower-shaped MgO NPs were obtained using bio-
compatible acacia gum, as shown in Fig. 11c. The MgO NPs
were synthesized by a chemical precipitation method. Then,
the MgO NPs were used as adsorbents for the abatement of
divalent metallic ions [Co(u), Cd(u), Zn(u), Cu(u), Mn(u), Pb(u)
and Ni(u)] from wastewater, and the efficiency of the absorp-
tion is relatively high.

|
| o
£-4800 10.0kV 7.9 %

Fig. 11 SEM images of MgO NPs samples. (a) Low magnification SEM image, (b) high magnification SEM image.}*® (c) Mechanism of flower-shaped
MgO NPs synthesis and adsorption.’** Copyright © 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved. Copyright © 2010 Elsevier B.V. All

rights reserved.
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The production rate of phosphorous wastes has grown
rapidly in recent decades due to the manufacture of a large
number of pesticides, artificial fertilizers, and detergents. In
relation to these serious environmental problems, research efforts
have been carried out to seek effective methods of removing
phosphate ions from areas at risk."****” Zhou et al.*® prepared
mesoporous MgO NPs by precipitation and calcination using
sodium poly(4-styrenesulfonate) (PSS) as a structure-directing
agent. Then, the adsorption of phosphate ions on synthesized
MgO NPs was studied. The pore structure and SEM analysis
showed that the MgO microspheres were composed of at least
three levels of hierarchical porous organization, including small
mesopores (2-5 nm), large mesopores (10-50 nm) and macro-
pores (50-250 nm). The surface and textural morphology of MgO
NPs were observed by SEM (Fig. 11a and b). It shows that MgO
NPs are mainly composed of many interleaving petal-like nano-
flakes growing in all directions, and consequently constitute inter-
connected porous networks. Langmuir’s equation was used to
determine the adsorption capacity of the MgO NPs in pure water
and after adding 1 g L™ PSS. The results show that the nano-
composite has greater adsorption capacity for phosphorus, with
adsorption of 75.13 mg g™,

In recent years, researchers have developed new synthesis
methods to produce materials with better physicochemical
and practical properties.">>'*® However, the challenges it faces
cannot be ignored, such as high cost and low preparation
efficiency.'*® Some synthetic approaches require complex post-
processing steps, reducing the overall preparation efficiency."*’
Other synthetic methods use toxic chemicals, which may
pollute the environment."®® A very important and innovative
step is the combination of MgO NPs with widely used biopoly-
mers, which include cellulose and its derivatives,''” chitin,'*°
polyvinyl alcohol (PVA),"*" and other materials. This will give
multifunctional hybrid materials for specific applications.

3.3 Zirconium dioxide nanoparticles

Zirconium dioxide (ZrO,) is a non-hazardous, commercially econ-
omical, and sustainable metal oxide that possesses diversified
applications, such as reinforcement of structures, antimicrobial
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agent, adsorption, and photodegradation.'”"**'3>715% guch prom-
ising utilizations make it an ideal nanomaterial, and promote the
research progress in the synthesis of ZrO, nanoparticles (ZrO,
NPs). Methods for the synthesis of ZrO, NPs have been investi-
gated in some studies.">*'>” However, the conventional methods
used require toxic solvents, producing residues that are harmful
to health and the environment. Thus, the green synthesis in the
production of ZrO, NPs is promising.'”**®

Tetracycline (TC) is one of the antibiotic drugs that can be
mainly found in hospitals, rivers, and wastewater. Some
studies have reported that it can promote the evolution of anti-
biotic resistance genes.'*>'®® The ZrO, NPs were synthesized
using Euclea natalensis root extract, which exhibits a high
adsorption capacity for TC."” The ZrO, NPs were tetragonal
phase with a small particle size (5.90-8.54 nm). Factors of
extract concentration (extract C) and calcination temperature
(calcination T) are labeled from —1 to 1, which ranges from 50
to 100 ¢ L™ and 550 to 650 °C respectively, as shown in
Fig. 12a. The ZrO, NPs obtained with extract concentration of
50 g L™! and calcination temperature of 550 °C should present
the optimal performance, and it exhibits the best adsorptive
capacity of 30.45 mg g ' for TC. To improve adsorption
capacity, Debnath et al.'®" synthesized the ZrO, NPs in the
green method by the bacterial community. They optimized the
operating parameters for TC adsorption, such as pH and
contact time, and the best adsorption capacity reached the
very promising removal value of 526.32 mg g ', and solution
pH is 6.0. It further declares that the interaction is a chemi-
sorption phenomenon, as shown in Fig. 12b. As the concen-
tration of ZrO, NPs increases, the adsorption capacity of TC is
enhanced, which is due to the availability of more active sites
on the surface of the NPs.'®?

ZrO, NPs can effectively remove textile dyes such as MB and
MO by means of absorption and photodegradation. The ZrO,
NPs biosynthesized from the pericarp extract of Sapindus
mukorossi exhibit the best absorption capacity of removing
94% MB for 300 min.">® Another research shows that both MB
and MO dyes could be sufficiently degraded by green ZrO, NPs
biosynthesized from the Ficus benghalensis leaves under ultra-

® Zr atom
® O atom

© D
® H on

Fig. 12 (a) The response surface with respect to the TC adsorption that relates two factors (the extract concentration and calcination tempera-
ture).”” Copyright © 2019 Elsevier B.V. All rights reserved. (b) The schematic diagram for probable interaction between TC molecules and ZrO,

NPs.26! Copyright © 2020 Elsevier Ltd. All rights reserved.
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violet (UV) light irradiation.'® It is reported that photodegra-
dation of MB and MO up to 91% and 69% within 240 min,
respectively. Similar to other photocatalysts, the electrons (e7)
are generated in the conduction band of ZrO,, and interact
with the oxygen molecules absorbed on ZrO, to produce -O,".
The holes generated in the valence band of ZrO, act as an oxi-
dizing agent, leading to the formation of ~-OH. Dyes absorbed
on ZrO, are degraded by -OH and -O,".

Due to the excellent properties of green ZrO, NPs, it is
expected to make a significant contribution to the develop-
ment of novel environmental remediation methods.®*
Ultimately, the combination of dopants with green ZrO, NPs
could expand many promising applications.'”> However, it is
generally difficult to control the interactions of green extract
with the dopants during the process of preparing ZrO, NPs
based nanomaterials."®>'®® To better understand the for-
mation mechanism and application of green ZrO, NPs, further
research about the overall interactions between ZrO, NPs and
the environment is needed.

3.4 TIron oxide nanoparticles

Iron oxide nanoparticles (Fe;0, NPs) are composed of iron
and oxygen atoms and possess an interesting crystalline struc-
ture. The Fe;O, NPs are used in wastewater treatment and
environmental remediation due to their magnetic
properties.’®” '’ Fe;0, NPs find applications in wastewater
treatment and environmental remediation due to their mag-
netic properties, which facilitate their efficient and reusable
removal from water using magnetic fields after adsorption or
catalytic degradation of impurities."””

For the removal of MB and cresol red (CR), superpara-
magnetic core-shell NPs with Fe;O, NPs as the core and carbon
(C) as the shell were synthesized.'®® The average size of NPs was
250 nm. Fig. 13a shows that the adsorption of MB and CR
increases with the increase of treating time, then gradually tends
to stabilize, and attains about 90% of adsorption capacity at equi-
librium within 2.5 h. After the adsorption, these NPs can be
easily separated by an external magnet. As shown in Fig. 13b, the
adsorption capacity of MB is higher than CR at all concentration
ranges. The maximum adsorption capacities for MB and CR of
44.38 mg g~" and 11.22 mg g~ ", respectively.
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It is reported that the Fe;O, NPs were treated with gum
arabic, and they were used for the removal of Cu(u)."*® The
chemical adsorption is efficient and fast, and the equilibrium
was achieved within 2 min. The maximum adsorption capacity
was 38.5 mg g~ for the Fe;O, NPs. In addition, the copper
ions could be desorbed from Fe;O, NPs by using an acid solu-
tion, and the Fe;0, NPs exhibited good reusability.

On the other hand, the Fe;O, NPs were synthesized using
Simmondsia chinensis (jojoba) defatted meal extract.'”® Then
the Fe;O, NPs were impregnated onto polyurethane foam
(PUF) and made into tea infusion bags. The calculated average
crystallite size of the NPs is 51.48 nm. The Fe;0, NPs-PUF dis-
played a water defluorination capacity of 34.48 mg g~ of fluor-
ide (F). The effects of different parameters (pH, contact time,
size of PUF, and initial F concentration) were verified by experi-
ments. The percentage of F removal increased with increasing
pH up to 5, while it decreased in the pH range of 5.0-9.0. The
adsorption enhances with time, and an equilibrium state is
attained after a contact time of 80 min.

While the Fe;O, NPs offer many advantages, further
research is essential to determine their biocompatibility and
long-term environmental impact.""® The research needs to be
continued to improve production processes and surface modi-
fications, which exploit their potential in different industries,
from healthcare to environmental sustainability.

3.5 Titanium dioxide nanoparticles

Titanium dioxide nanoparticles (TiO, NPs) exhibit unique
characteristics, such as excellent photocatalytic perform-
ance,'”® efficient adsorption capacity of heavy metals and flu-
oride,'® and innovative materials.’”* There are many strategies
with fine control of its morphology.’”® TiO, NPs of different
size and shape, including hollow spherical TiO, have all been
synthesized,"”®'”” and have exhibited favorable properties in
environmental applications.'®787182

The TiO, NPs can remove pollutants in wastewater by
adsorption. The TiO, NPs with a particle size range of
19.29-26.72 nm were synthesized by sol-gel method and cal-
cined at a temperature of 400 °C."® Their removal effects on
Cd() in wastewater were studied. The adsorption rate of Cd(u)
was very fast in the first 30 min, then the adsorption equili-
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Fig. 13 The effect of experimental parameters on the adsorption of dyes (MB and CR) to Fes0,/C core—shell NPs. (a) Contact time, (b) different dye

equilibrium concentrations.*®® Copyright © Elsevier B.V. All rights reserved.
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brium was reached. The maximum adsorption capacity was
29.28 mg g~ ' at pH = 6 after a contact time of 180 min.

S. P. Suriyaraj et al."®® investigated the capacity of fluoride
ions (F7) onto various phases of TiO, NPs synthesized by a
microbial synthesis method. The TiO, NPs were transformed

Fig. 14 HR-TEM images of biosynthesized NPs. (a) Native TiO, NPs; (b)
anatase NPs; (c) anatase and rutile NPs mix; (d) rutile NPs.*®% Copyright
© 2014 Elsevier Ltd. All rights reserved.
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into various phases, such as anatase, anatase mixed rutile, and
rutile, and they were characterized using a high-resolution
transmission electron microscope (HR-TEM), as shown in
Fig. 14a-d. The anatase phase of TiO, NPs showed maximum
F~ removal followed by native. The adsorption of F~ depended
on the phase of TiO, NPs obtained after calcinations. The
different phases of TiO, NPs showed the maximum F~ removal
of more than 90% at pH range of 2—4. It is revealed that micro-
bially synthesized TiO, NPs could be a viable, eco-friendly, and
green approach for fluoride removal from drinking water.

Semiconductors, for example, hollow spherical TiO, NPs
commonly used in these photocatalytic applications, are
involved in similar complex processes.'®* When exposed to UV
or visible light, the TiO, NPs generate electron-hole pairs, as
shown in Fig. 15c. The photogenerated electrons and holes
migrate to the surface and participate in reduction and oxi-
dation reactions, respectively.'’® It has been widely investi-
gated the effect of TiO, NPs morphology on its photo-
activity."””'# 8% Hollow spherical TiO, NPs show high activity
in photocatalysis applications because of their controllable
shell thickness, high surface area, and easy penetration into
the reactant.'”’

The hollow spherical TiO, NPs were synthesized by assem-
bling SiO,/TiO, core-shell composites, with subsequent alka-
line etching to remove the SiO, core, acid treatment, and then
calcined at high temperature.’®® It provides the structure of
optimized hollow TiO, shells for efficient photocatalysts that
outperform commercial P25-TiO, in the photocatalytic
decomposition of organic dye molecules.

Furthermore, the hollow spherical TiO, NPs loaded with
plasmonic materials (Ag and Au NPs) and doped with nitrogen

(a) ) Calcination NaOH
Coating NaOH Etching Etching
Step 1. Step 2. Step 3.
SiO, core. SiO,@TiO, TiO, hollow sphere. TiO, nanocup.
®) © s,

Coated TiO, and SiO, she

oxidation
reaction

reduction
reaction

Fig. 15 Synthetic process of different types of TiO, hollow spheres. (a) TiO, nanocups.'®! (b) Ag—N/TiO, hollow spheres.’®2 (c) Schematic illus-
tration of processes involved in semiconductor photocatalysis.'®® Copyright ©® 2015 Chinese Society of Particuology and Institute of Process
Engineering, Chinese Academy of Sciences. Published by Elsevier B.V. All rights reserved. Reproduced from ref. 181 with permission from the Royal
Society of Chemistry. Copyright © Reproduced from ref. 182 with permission from the Royal Society of Chemistry.

15080 | Nanoscale, 2025, 17,15068-15085

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5nr01973g

Published on 30 May 2025. Downloaded on 1/29/2026 3:47:32 AM.

Nanoscale

View Article Online

Review

Table 4 A systematic comparison of the merits and drawbacks of noble metal, transition metal, and metal oxide nanoparticles in environmental

remediation applications

Type of NPs Advantages

Disadvantages

Noble metal NPs
degradation efficiency; biocompatibility
Transition metal
NPs environmental applications
Metal oxide NPs
applications; chemical stability

were developed.’®"'®> The well-defined anatase TiO, hollow
sphere, as an intermediate product, was synthesized for further
etching treatment using NaOH, as shown in Fig. 15a. Then, the
cup-like TiO, NPs were produced. The cup-like TiO, NPs deco-
rated with well-dispersed Au NPs exhibit relatively high conver-
sion efficiency of solar energy to photodegradation of organic
dyes. Moreover, the TiO, NPs modified via nitrogen doping and
silver loading (Ag-N/TiO,) exhibit higher activity for the degra-
dation of MB and MO under visible light irradiation than pure
TiO, hollow sphere, as is shown in Fig. 15b. These modified
nanocomposites enhanced the absorption of TiO, hollow spheres
and thus exhibited improved dye degradation activity under
visible light irradiation."®®

In environmental applications, TiO, NPs are expected to
play an increasingly critical role in large-scale pollutant degra-
dation and water purification. Future developments will likely
focus on improving their photocatalytic efficiency in different
environmental conditions, such as varying light irradiation
and catalytic reaction parameters, thus expanding their usabil-
ity in real-world scenarios.

Metal oxide NPs are synthesized and applied in a very
promising area of nanotechnology and materials science.'®”
Metal oxide NPs demonstrate remarkable capability in remov-
ing diverse contaminants (e.g., phosphate, tetracycline, Congo
red, methylene blue, Cu(u)) through adsorption mechanisms.
Biosynthesis approaches have attracted significant research
attention due to their significant advantages in reducing tox-
icity during fabrication. For instance, biologically synthesized
ZrO, NPs, after process optimization, exhibited enhanced
tetracycline degradation efficiency, increasing from 30.45 mg
g™ to 526.32 mg g~'. Furthermore, it serves as an effective
photocatalyst for dye degradation.'®® Researchers have devel-
oped innovative morphological designs, including cup-like
and hollow spherical TiO, NPs. These engineered mor-
phologies significantly increase specific surface area, thereby
improving both adsorption capacity and removal efficiency.

The following table presents a comparative comparison of
the advantages and disadvantages of different nanoparticles
(Table 4).

4. Conclusions and outlooks

In summary, metal and metal oxide NPs have great potential
in combating pollution and promoting environmental sustain-

This journal is © The Royal Society of Chemistry 2025

Unique optical and electronic properties; exceptional photocatalytic
Superior catalytic and redox activity; low-cost and abundance; versatile

Exceptional photocatalytic performance; multifunctional environmental

High cost and limited abundance

Toxicity and limited removal capacity of
biosynthesized NPs

Toxicity and environmental risks; high energy
and cost barriers

ability. Their exceptional properties, including high surface
area, degradation, and adsorption capacities, make them
potent tools for degrading and removing chemical species
from water and the atmosphere. By photocatalytic, degra-
dation, and adsorption, these NPs play a crucial role in safe-
guarding ecosystems and mitigating the harmful environ-
mental impacts of industrial activities. Especially in textiles
and dyes, the application of metal and metal oxide NPs has
achieved remarkable results in wastewater treatment. After the
treatment, the dyes, heavy metals, and toxicity are significantly
reduced, and the water is less harmful to living organisms.
The review systematically analyzes the size and morphological
characteristics of NPs synthesized via different methods,
offering critical insights for researchers in nanoparticle
fabrication.

For future research, emphasis should be placed on: (i) opti-
mized biosynthesis protocols using diverse biological sources
(plants, fungi, bacteria) and solvent systems (aqueous, ionic
liquids),"®® (ii) morphology-controlled synthesis (octahedral,
spherical, etc.) for enhanced performance,'®® and (iii) scalable
production with rigorous toxicity assessments.'** By leveraging
metal and metal oxide NPs’ unique properties, this approach
aims to explore environmentally sustainable nanomaterials
with superior contaminant removal efficiency and broad appli-
cability. Key challenges, including agglomeration, toxicity, and
cost, must be addressed through innovative solutions to mini-
mize secondary pollution and enable widespread environ-
mental applications.
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