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The world faces threats that the United Nations has classified into 17 categories with different objectives as
solutions for each challenge that are enclosed in the Sustainable Development Goals (SDGs). These actions
involved the widespread use of science and technology as pathways to ensure their implementation. In this

regard, sustainability science seeks the research community's contribution to addressing sustainable

development challenges. Specifically, nanotechnology has been recognized as a key tool to provide
disruptive and effective strategies to reach the SDGs. This review proposes the application of bimetallic
nanoparticle substances capable of providing possible solutions to achieve target SDG 3: good health
and well-being, SDG 6: clean water and sanitation, and SDG 12: responsible consumption and

production. Furthermore, the term green nanotechnology is introduced in each section to exemplify
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how green synthesized bimetallic nanoparticles have been used to resolve each target SDG. This review

also outlines the current scenario regarding the utilization of metallic nanomaterials in the market,
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1 Introduction

In September 2015, 193 states adopted the United Nations (UN)
2030 Agenda for Sustainable Development." This agenda is
a comprehensive policy blueprint that aims for all nations to be
economically prosperous, socially inclusive, environmentally
sustainable, and well-governed by 2030. To achieve these
objectives, 17 Sustainable Development Goals (SDGs) were
established and divided into four main pillars: social,
economic, environmental, and governance.” The social pillar
comprises the first seven goals of the agenda, focusing on
tackling poverty, bad nutrition, a deficit in ensuring healthy
lives, deficiency in education systems, gender inequality, and
lack of clean water and sanitation and aims to provide access to
sustainable energy. The economic pillar encompasses goals 8 to
12, which involve decent work, economic growth, innovation,
infrastructure, income inequalities, sustainable cities, and
responsible consumption and production. Goals 13 to 15
comprise the environmental pillar and target how to take care of
our planet in terms of climate, life underwater, and land,
respectively. Finally, the governance pillar comprises goals 16
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together with the upscaling challenges and the lack of understanding of the long-term effects and
hazards to the environment regarding bimetallic nanoparticles.

and 17 related to promoting peace and strong institutions and
partnerships, respectively, aligned with the previous SDGs.

To accomplish the SDGs, the UN established the need to
mobilize resources from a variety of financial and technological
sources, among other means of implementation.’ For this reason,
the UN Department of Economic and Social Affairs published the
Global Sustainable Development Report (GSDR) 2019: The Future is
Now - Science for Achieving Sustainable Development.* In this report,
the scientific and technological contributions are defined as the
pathway to sustainability transformation and technological
innovation to shifting away from the creation of business-as-usual
together with the action of scaling up applications of scientific
knowledge.* It also identifies science, technology, and innovation
as central tools for SDG implementation and explains how tech-
nology is usually already available. Finally, it recommends
prioritizing the strategic deployment of novel technologies to
minimize the issues to achieve the goals.*

Over the past few years, reports have shown how nano-
structured materials (or nanomaterials) can make a difference
in applications in health and well-being, water treatment and
sanitation, and responsible consumption and production of
resources. An example is how metal-based nanostructures have
been implemented in environmental remediation, electronics,
gene therapy, and drug delivery solutions; this is because of
their remarkable characteristics, like their higher surface area,
surface energy, and chemical reactivity concerning macroscopic
materials.® Specifically, bimetallic nanoparticles (BMNPs) have
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caught attention lately due to their enhanced features
compared to monometallic nanostructures, including improved
optical and catalytic properties.*” Given these reasons, it has
been identified that BMNPs can adopt a problem-focused and
solution-oriented perspective toward SDGs 3: good health and
well-being, SDG 6: clean water and sanitation, and SDG 12:
responsible consumption and production.®*™*°

Although there exist reported studies that imply the use of
metallic nanoparticles in the Sustainability Agenda affairs, there
are still no review articles that directly link the use of these
nanostructures towards accomplishing the SDGs."*** Taking into
account the enhanced properties that BMNPs exhibit towards
a wide variety of applications and that nanomaterial-based prod-
ucts have been available in the market since the past decade’ and
the need for more sustainable synthesis methods as well as long-
term risks and hazards that these nanomaterials may cause, this
review outlines the green synthesis trends of BMNPs whose
application aligns with SDGs 3, 6, and 12. We describe the prop-
erties and characteristics of the NPs depending on their structure,
possible chemical composition, and way of synthesis to indicate
their advantages and disadvantages. Furthermore, we present case
studies of bimetallic nanostructures synthesized by traditional
and green synthesis methods to display their potential application
in relation to the mentioned SDGs, highlighting the advantages
and feasibility implications of the latest. Finally, we give
a perspective on the importance of the synthesis method in rela-
tion to the intended applications, together with the metallic NPs
positioned in the market and their implications in the sustain-
ability agenda.

2 Properties of metallic nanoparticles

Plasmonic behavior is one of the main enhanced properties that
metallic nanostructures manifest.’® For example, AgNPs can
interact with light in different ways depending on their size and
structure.'® When interacting, the incident wavelength of light
makes the conduction electrons located in the surroundings of
the NP oscillate in an ordered way, generating what is called the
localized surface plasmon resonance (LSPR)."” This phenom-
enon has been used for electromagnetic enhancement of
spectroscopic signals, e.g., surface-enhanced Raman scattering
(SERS), which has led to the development of nanostructured
systems for detecting chemical and biological molecules.'®
Apart from detection methods, Ag NPs and Au NPs can be used
in the biomedical field, specifically in the antibacterial activity
towards anticancer therapies.”® In the work of Soliman et al.,*
results showed that Ag NPs and Au NPs could be further used as
active antibacterial, antimicrobial, antibiofilm, antioxidant,
and anticancer agents.

Metallic nanostructures are also well-known for their cata-
lytic activity, which can introduce improved performance in the
degradation of environmental contaminants. Copper (Cu) is
a low-cost and abundant metal;*® therefore, Cu NPs have been
used as promising materials for the degradation of water
pollutants like Congo red (CR) and Methylene blue (MB).?° The
Cu NPs have shown better catalytic properties in the reduction
mechanism of the pollutants compared to NaBH,, a common
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reducing agent, leading to faster and complete removal of CR
and MB.* Apart from the degradation properties, Cu NPs can
also reduce CO,-saturated aqueous solutions at ambient pres-
sure and temperature via electrochemical methods.*

2.1 Comparison between mono- and bimetallic
nanoparticles

Bimetallization strategies lead to materials that combine two
different metals exhibiting enhanced and modified properties
with respect to a monometallic system. BMNPs have distinctive
advantages compared to their monometallic counterparts.*® First,
bimetallization increases the catalytic properties of the system in
comparison to their monometallic counterpart, i.e., monometallic
nanoparticles (MNPs).” For instance, electronic transitions in
nanowires (NWs) are facilitated with bimetallic systems like Pd-
Ni, Pt-Ag, and Pd-Au NWs, which have exhibited desirable
stability and a larger surface area, and hence a favorable electro-
chemical performance.”” Then, the presence of two different
metals produces a synergistic effect due to the combination of
electronic, mechanical, functional, and structural modifications.”
These interactions set off controlled optical, electronic, plas-
monic, thermal, and magnetic properties, increasing their func-
tionality and widening their application compared to MNPs.*72¢
Yang et al™ investigated the thermal properties of a BMNP-
incorporated conductive ink by analyzing its decomposition
temperature vig differential scanning calorimetry (DSC). The
results showed that Cu/Ag NPs give the ink a higher decomposi-
tion temperature compared to the sole Ag NP-incorporated one by
around 30 °C. Apart from this, it was shown that this thermal
stability may be controlled in a versatile mode by modifying the
Cu: Ag weight ratio. A similar approach was carried out by Anjo
and team,” where the plasmonic and magnetic properties of Fe/
Ag NPs synthesized via a laser ablation method were tested. As
in Yang's work, the Fe:Ag composition ratio was varied, and
noticeable differences in their UV-vis spectra were observed. By
having a greater Fe: Ag composition ratio, the maximum absor-
bance wavelength was red-shifted gradually, owing to both the
composition of the system and its particle morphology. In the case
of magnetic properties, all the prepared samples were found to
have a superparamagnetic behavior, but the system correspond-
ing to an Fes,:Ags, composition ratio showed the optimum
(higher) magnetic properties. An Fe-Ag nanosystem was also re-
ported by Malik and colleagues, and the reduction capacity of Fe
NPs is combined with the catalytic activity of Ag NPs, which may
lead to the catalytic reduction of pollutants like nitroaromatic
compounds.* Therefore, by adding transition metals like Cu and
Fe to noble metal-based systems, low-cost solutions with
enhanced thermal, plasmonic, magnetic, and catalytic properties
may be achieved and systematically modified. Lastly, they show
chemical stability and easy functionalization.” Biomarker detec-
tors, like glucose ones, can acquire an enhanced lower limit of
detection (LOD) via nanobranched bimetallic structures, like
AuCu, which leads to acceptable selectivity and stability.”® Due to
these enhanced features, it is expected that BMNPs could signify
a more efficient path toward achieving sustainability agenda
affairs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2 Structure and characteristics of bimetallic nanoparticles

The structure, architecture, and composition of bimetallic
systems play an important role in determining their classifica-
tion.*” According to the structure, BMNPs are labeled as mixed
or segregated (Fig. 1). Mixed structure BMNPs, concomitantly,
are classified in two depending on their atomic architecture. On
the one hand, if the BMNP has a random configuration of its
atom constituents, it is known as an alloy structure® (Fig. 1A).
On the other hand, if its atomic configuration has an ordered
pattern, it is known as an intermetallic structure*® (Fig. 1B).
Furthermore, segregated structured BMNPs are composed of
two different metals and can have a subcluster or core-shell
architecture.” In the subcluster architecture, or Janus configu-
ration, two different metals have a common interface (Fig. 1C),
and in the core-shell BMNP, one metal (core) is surrounded by
another metal (shell)* (Fig. 1D). The metals involved in both
structures may be transition and/or noble metals. According to
their composition, BMNPs composed of noble metals can
exhibit strong plasmon resonances due to their electronic
configuration, which is also responsible for their high catalytic
properties.*® In addition, the most commonly used metals for
bimetallic systems are gold (Au), cobalt (Co), iron (Fe), nickel
(Ni), and Ag.** These metals’ magnetic and catalytic properties
result from their outermost ns electrons and their unsaturated
(n — 1)d electron shell.* Lastly, incorporating transition metals
into noble metals reduces the cost of BMNPs as the latter's
abundance in the earth's crust is low, and the distribution is
dispersed,* making them highly costly.

3 Green synthesis trends of bimetallic
nanoparticles

Since Norio Taniguchi coined the term nanotechnology in
1974, this technology has been implemented in new
processes, materials, components, and systems, giving new
applications in the fields of health care,*® food,*® materials,*”
and energy.*® This has impacted our lives and the way we
propose innovative solutions to the challenges that the world

D)

three-layer nanoparticle

AglAu-NPs 40:60|

Fig. 1 Bimetallic nanostructures. (A) Alloy. Reproduced from ref. 32
with permission from MDPI, copyright 2022. (B) Intermetallic. Repro-
duced from ref. 24 with permission from Elsevier, copyright 2021. (C)
Janus. Reproduced from ref. 33 with permission from John Wiley and
Sons, copyright 2020. (D) Core—shell. Reproduced from ref. 34 with
permission from American Chemical Society, copyright 2007. Green
and gray colors indicate different types of metals.
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is currently facing. In 2005, Barbara Karn, actual co-founder
and Executive Director of the Sustainable Nanotechnology
Organization (SNO), stated that “nanotechnology can help with
sustainability issues such as climate change, resource depletion,
population growth, urbanization, social disintegration, and
income inequality”.** This statement at that time seemed to
link nanotechnology to the term sustainability science,
a discipline that aims to direct a sustainable society.™
Nowadays, sustainability science is a field that seeks to
understand the fundamental character of interactions
between nature and society and to encourage those interac-
tions along more sustainable paths.*® In other words, it is
a term for the research community's contributions to
addressing the challenges of sustainable development.*
According to the Global Sustainable Development Report
2019, the world now needs more sustainability science and
proposes two modes of scientific engagement towards the
SDG to cover this need.* The first mode, referring to the 2030
Agenda, means to assess the impact of human-environmental
dynamics and provide a better understanding of complex
causal chains driving the phenomena that affect multiple
dimensions of sustainable development.* The second model,
labeled guided by the 2030 Agenda, refers to exploring solu-
tions and possible pathways to achieve the SDG.* Based on
this last mode, it has been identified that BMNPs can be
adapted to the problem-focused and solution-oriented
perspective toward SDGs 3, 6, and 12.

Even though chemically synthesized BMNPs have pre-
sented favorable results towards SDGs 3, 6, and 12, as pre-
sented in Table 1, their safety profile has been limited by toxic
chemicals used for their synthesis. For example, sodium
borohydride (NaBH,), a common reducing agent in synthe-
sizing metal NPs,*"*** has been classified as harmful if inhaled
or absorbed through the skin.*® The use of toxic substances in
synthesis is relatively common as they generally afford reac-
tions that are either kinetically or thermodynamically favor-
able.”” Even though this may be considered acceptable to
obtain high yield percentages or reproducibility in the case of
metallic NPs, the chemical transformation in most cases
impacts the products' overall toxicity profile and represents
a health and environmental hazard.*® Attending to these
problems, green nanotechnology focuses on using non-
hazardous agents for the environment and emphasizing
biological raw materials as sources of reagents in the
synthesis of nanomaterials.*®

In general, BMNPs are synthesized by two general
approaches, i.e., the top-down and the bottom-up methods.*®
The first approach is usually achieved through physical
methods, and the second by chemical and biological
methods.* In the top-down approach, the bulk material is
fragmented into nano-sized structures in the presence or
absence of a catalyst.’* In contrast, the bottom-up methods
include extending atomic and molecular precursors to the
nanoscale.’® The chemical synthesis by co-reduction of two
ionic species, a bottom-up method, is one of the most
commonly used chemical strategies to synthesize noble
metal-based BMNPs, while transition metal-based BMNPs are
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Table1 Traditionally synthesized bimetallic nanoparticles (T-BMNPs) with potential applications towards SDGs 3, 6, and 12. M1/M2, M1@M2, and
M1M2 notations denote alloy, core—shell, and BMNPs with undefined structures, respectively. NS: not specified

NPs Synthesis method Size (nm) Morphology Application SDG  References

Pd/Cu  Surfactant-directed aqueous method 3 Nanowires Quantitative determination of 3 22
organophosphate pesticides in
vegetables and fruits

Fe/Pd NaBH, reduction 155 NS Degradation of soil-sorbed 3 41
trichloroethylene

Fe/Ag NaBH, reduction 80 Spherical Dechlorination and oxidative 3 43
degradation of 4-chlorophenol

FeCu NaBH, reduction 100 NS Debromination of 2,2',4,4’- 3 26

FeNi tetrabromodiphenyl ether (BDE-47)

FePd

FeAg

FePt

FeAu

Fe/Pd NaBH, reduction 3-6 Spherical Dechlorination of excess trichloroethene 3 42

Fe/Ni before aquifer spread

Fe/Cu

Fe/Ag

Ag/Ni NaBH, reduction 20-25 Quasi-spherical Reusable catalytic system for efficient 3,12 45
reduction of p-nitrophenol to p-
aminophenol

Ag/Cu  NaBH, reduction NS NS Reduction of 4-nitrophenol to 4-amino- 3,6 44
phenol

CuAg NaBH, reduction 59 Spherical Reduction of nitrophenols and organic 3,6 65

CuNi 68 dyes

Cu@Fe NaBH, reduction 70 Spherical irregular Removal of cesium from contaminated 6,12 66
water

Ag/Au NS 9.6 Spherical Detection of Cr(vi) ions in water 6 30

Fe/Ni NaBH, reduction 100 Spherical Antibiotic tetracycline removal 6,3 67

Ag/Cu NS <100 NS Packaging material for food preservation 12 68

Ag/Cu NS <100 NS Active chicken meat packaging 12 69

Ag/Cu NS <100 NS Active chicken meat packaging 12 70

CuNi NaBH, reduction 3.9 Spherical Hydrogen evolution from ammonia 12 71

synthesized using thermal decomposition due to the inability
of the NPs to crystallize at room temperature.” The size,
shape, and stability of NPs can be adjusted by controlling the
thermodynamic and kinetic conditions in the synthesis.>

Green nanotechnology overcomes the main restrictions of
traditional physicochemical approaches, integrating the prin-
ciples of green chemistry to create eco-friendly and safe
synthesis processes using biological sources® and to incorpo-
rate large-scale manufacturing and industrial use of nano-
materials with less environmental degradation and potential
risks of human health hazards.®> BMNPs that can be synthe-
sized in an environmentally friendly fashion following a green
chemistry approach that incorporates at least three factors: the
use of nontoxic capping agents, less hazardous reducing agents,
and the selection of environmentally benign solvents.*® Thus,
applying these green chemistry principles to the synthesis of
nanomaterials made possible the emergence of the field of
green nanotechnology.* In this sense, the introduction of green
nanotechnology to sustainability science in the synthesis and
the application of BMNPs have shown effective results towards
soil and water contamination as well as an effective antibacte-
rial activity against pathogen bacterial strains in the health
sector and food industry.

54 | Nanoscale Adv.,, 2024, 6, 51-71

borane hydrolysis

Bacteria, fungi, plants, algae, and organic waste such as fruit
peels and the biomolecules that compose them are biological
sources generally used as reducing and stabilizing agents®
(Fig. 2). In both bacteria and fungi-mediated synthesis, metallic
salts can be reduced in an intracellular or extracellular envi-
ronment.® Bacteria-mediated green synthesis of BMNPs can
generate zero-valence metallic structures, which can be imple-
mented in biomedical and technological applications.®
However, fungi-mediated syntheses are preferable to bacteria-
mediated ones since the first ones can be used in scaled-up,
faster processes.’®** The plant-mediated syntheses of metallic
NPs are some of the most commonly used processes. Usually,
these processes start with preparing a liquid extract of the plant,
which results in a fine powder, which must then be washed and
dried before the synthesis.® These reactions are favorable since
plant leaves comprise several functional groups and phyto-
chemicals acting as stabilizing and reducing agents.®* Poly-
ethylene glycol®® and starch® are some of the commonly used
materials to achieve a biomolecule-mediated synthesis of
metallic NPs. Lastly, waste material-mediated synthesis is one
of the less explored types of synthesis.® Nevertheless, its
implementation in scale-up processes can highlight circular-
economy-based models. Generally, the type of waste used

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 General methodology for the synthesis of BMNPs via green chemistry methods. Reproduced from ref. 54 with permission from American

Chemical Society, copyright 2010.

comes from agricultural wastes, such as fruit peels and organic
waste materials. Compared to traditional (also known as
“physicochemical”) methods, a remarkable advantage is that
green synthesis involves fewer reactants, since, in most cases,
reducing and stabilizing agents are the same substance.*
Furthermore, green nanotechnology presents the advantage of
energy efficiency and cost-effectiveness as the synthesis carried
out following its principles is low in energy consumption and,
consequently, low cost. In addition, they are clean and easy and
show a decrease in the production of greenhouse gasses and
wastes, as well as a minimal consumption of non-renewable raw
materials.”>** BMNPs listed in Table 2 are examples of nano-
particles synthesized by green chemistry methodologies.

The following sections will describe the applications of
traditionally and green-synthesized BMNPs (T-BMNPs and G-
BMNPs, respectively) towards SDGs 3, 6, and 12. In some
cases, one bimetallic nanosystem can be classified into two or
more SDGs.

4 Case studies of bimetallic
nanoparticles in relation to SDG 3:
good health and well-being

SDG 3 prioritizes the assurance of healthy lives and promotes
well-being for all ages.” Within the specific targets to achieve
this aim, targets 3.3 and 3.9 can be approached by applying
BMNPs as a possible solution. On the one hand, target 3.3 aims
to end the epidemics of AIDS, tuberculosis, malaria, and
neglected tropical diseases, as well as combating hepatitis,
water-borne diseases, and other communicable diseases by
2030. Target 3.9, on the other hand, points to substantially

© 2024 The Author(s). Published by the Royal Society of Chemistry

reducing the number of deaths and illnesses produced by
hazardous chemicals and contaminants in polluted air, water,
and soil.*® Target 3.9 is important as chemicals used in
everyday life goods can greatly affect humans and the environ-
ment.'*" Fig. 3 summarizes the latest applications of T-BMNPs
and G-BMNPs as potential tools for environmental remedia-
tion and identification of hazardous chemicals, which will be
discussed in the following sections.

4.1 Chemical agent degradation as a pathway for avoiding
diseases

Pesticides are one of the types of hazardous chemical agents
found in soil. According to recent studies, pesticide pollution is
widespread, and its toxicity is a major global health
problem.*>'* Three million poisoning cases are reported
yearly, and between 220 000 and 250 000 deaths occur due to
pesticides, where the most common are organophosphates
(OPs), specifically malathion.'® Given these statistics and the
public health concern of pesticide residues in food,'**** Song
et al.”® developed a highly sensitive, simple, and cost-effective
acetylcholinesterase (AChE) electrochemical biosensor for the
quantitative determination of malathion in vegetables and
fruits based on palladium-copper nanowires (Pd/Cu NWs). The
morphology and size of the loaded Pd/Cu NWs on a glass carbon
electrode (GCE) showed a high-quality intertwining nanowire
morphology with no byproducts such as nanoparticles. The
effect of shape control can be attributed to the surfactant-
directed aqueous method used to synthesize the bimetallic
NWs, as similar shape control results have been reported using
this method.*” Furthermore, according to the results of elec-
trochemical impedance spectroscopy, Pd/Cu NWs could either
enhance the conductivity of the electrode interface or facilitate

Nanoscale Adv, 2024, 6, 51-71 | 55
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Table 2 Green synthesized bimetallic nanoparticles (BMNPs) with potential applications towards SDGs 3, 6, and 12. M1/M2, M1@M2, and M1M2
notations denote alloy, core—shell, and undefined BMNPs, respectively

Size (nm) and

NPs  Synthesis method Reducing agent Stabilizing agent ~ morphology Application SDG References

Au/Ag Bioreduction Barleria prionitis Barleria prionitis 10-70 not defined Antitubercular activity 3 72

Fe/Pd

Ir@Cu Chemical reduction

Fe@Ag

Au/Ag

Au@Ag

PdCo

AgAu

FeNi
Fe/Cu
Fe@Pd

Ag/Cu

Fe/Pd
Cu/Zn

Au/Pt

Ag/Au

Ag/Au

Cu@Pt

Cu/Au

Fe/Mn
Pt@Ag

Pd-Ag

Pt-Ag
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Bioreduction

Bioreduction

Bioreduction

Bioreduction

Bioreduction

Bioreduction

Bioreduction

Bioreduction

Bioreduction

Bioreduction
Bioreduction
Microwave-assisted

reduction method

Bioreduction

Bioreduction

Bioreduction

Bioreduction

Bioreduction

Bioreduction

Bioreduction

Bioreduction

Plumbago zeylanica
Syzygium cumini
Green tea
Ethylene glycol
Salvia officinalis

Tannic acid

Cinnamomum verum

Eichhorniacrassipes

Pomegranate peel
Pomegranate peel
Pomegranate peel
Carica papaya
Eucalyptus
Hibiscus rosa

sinensis
Trisodium citrate

Plumbago zeylanica

Annona squamosa L.

Agrimoniae herba

Aspergillus niger

Auxin complex
(indole-3-acetic)
Hibiscus sabdaridda

Nigella Sativa

Nigella Sativa

Plumbago zeylanica
Syzygium cumini
Green tea

PVP

Salvia officinalis

Tri-sodium citrate

Cinnamomum verum

Eichhorniacrassipes

CMC
CMC
CMC

Carica papaya

Eucalyptus

Hibiscus rosa
sinensis

Plumbago zeylanica

Annona squamosa L.

Agrimoniae herba

Auxin complex
(indole-3-acetic)
Hibiscus sabdaridda

Nigella Sativa

Nigella Sativa

90 hexagonal
10-20 spherical
20-100 spherical

1.57 spherical
48 spherical
2.9 £ 1.1 spherical

4.4 + 0.6 spherical
2.4 spherical

Trichloroethylene
degradation

Congo red dye
degradation

Reduction of the
substance 4-nitrophenol
Zika virus RNA detection

Dopamine detection and
antibacterial activity
against S. aureus and E.
coli

0.31-1.08 spherical and Biosorption of heavy

cubic

129 + 7 spherical
60 spherical

40 spherical

150 star-like

30-60 spherical
Not defined
20-40 spherical,

triangle, ellipsoidal

93 hexagonal and
spherical

30-50 diverse

30 spherical

23-199 triangular

250-300 spherical
5-6 spherical

6-7 spherical

5-6 spherical

© 2024 The Author(s). Published by the Royal Society of Chemistry

metals (Pb, Zn, Cu, and
Mn)

Antibiotic tetracycline
removal

Antibiotic tetracycline
removal

Antibiotic tetracycline
removal

Degradation of
chlorpyrifos pesticide in
water

Removal of arsenic from
natural drinking water
Antimicrobial activity in
hydrocolloid films
Antibacterial activity
against E. coli, S. typhi,
Klebsiella, E. coli and E.
faecalis

Antibiofilm activity
against E. coli, A.
baumannii, S. aureus, and
a mixed culture of A.
baumannii and S. aureus
Antibacterial activity
against B. subtilis, S.
aureus, E. coli and S. typh
Antibacterial activity
against E. coli, S. aureus,
and P. aeruginosa
Antimicrobial activity E.
coli, K. pneumonia, P.
aeruginosa, P. vulgari, S.
aureus, E. faecalis, and
fungal strain of A. niger
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Table 2 (Contd.)
Size (nm) and
NPs  Synthesis method Reducing agent Stabilizing agent ~ morphology Application SDG References
PdPt  Bioreduction Nigella Sativa Nigella Sativa 10-25 spherical Hydrogen production, 12,3 93
antibacterial and
anticancer activities
Pd-Ag Bioreduction Stevia extract Stevia extract 5-15 spherical Hydrogen production and 12, 3 94
antibacterial activity
Fe-Cr Coprecipitation with — — 20 spherical Ferromagnetic activity for 12 95
simulated industrial smart material
effluents applications
Ag/Cu Chemical reduction Ascorbic acid Chitosan 50-80 spherical Antibacterial activity 12 96
against E. Coli, P.
aeruginosa and S. typhi
Au-Pt Bioreduction Pleurotus florida Pleurotus florida 16 icosahedral Agro-waste management 12,3 97
and anticancer activity
Fe-Zn Bioreduction Citrus limon (L.) Citrus limon (L.) 126 spherical Decolorization of reactive- 12, 6 98

Burm. f. wastes

Burm. f. wastes

Fig. 3 Applications of traditional and green synthesized BMNPs
related to SDG 3: good health and well-being.

electron transfer, as was also reported by Hasanjani and
Zarei.'”® Additionally, bimetallic NWs increased the electro-
active surface area compared to the bare GCE. Finally, the
biosensor indicated an acceptable reproducibility, and its limit
of detection (LOD) was estimated to be 1.5 parts per trillion
(ppt). This result was lower than the European maximum
residue levels of malathion for courgettes, carrots, lettuces, and
oranges as well as those obtained by Liquid Chromatography-
Mass Spectroscopy method, in which pesticides at concentra-
tions lower than 1.4 part per billion (ppb) cannot be detected.*
These results show that BMNP-based biosensors can potentially
be used to comply with pesticide regulations protecting food
consumers.

One of the most persistent synthetic phenols used as pesti-
cides or herbicides is a group of chemicals produced by

© 2024 The Author(s). Published by the Royal Society of Chemistry

red 2 (RR2) dye

electrophilic halogenation of phenol with chlorine called
chlorophenols.'® Barreto-Rodrigues et al.** prepared BMNPs of
Fe and Ag immobilized in calcium alginate beads (Fe/Ag-Alg) to
test dechlorination and oxidative degradation of 4-chlor-
ophenol (4-CP). Batchwise experiments showed that Fe/Ag-Alg
completely removed 4-CP under acidic conditions (pH 3). At
low pH, BMNPs displayed a low removal of total organic carbon
(TOC), which can be explained as the dechlorination process
does not allow further degradation, and the reaction products,
such as phenols, still need additional treatment. It also pre-
sented low Fe leaching compared to bare Fe/Ag. This demon-
strates the stability and effective immobilization of Fe/Ag NPs in
alginate. Under the same conditions, H,O, was added after
dechlorination by Fe/Ag-Alg to increase the TOC removal.
Results indicated that adding H,O, completely removed 4-CP
and TOC with a relatively low Fe leaching. The results obtained
are important as TOC reflects water quality, and according to
trials, reducing TOC decreases the formation of carcinogenic
compounds such as trihalomethanes (THM)."*°

Tuberculosis (TB) is caused by Mycobacterium tuberculosis
and affects millions of people every year."'* The resistance of M.
tuberculosis strains to the four first-line drugs, such as rifam-
picin, isoniazid, pyrazinamide, and ethambutol, has become
a worldwide problem." Singh and coworkers reported the
synthesis of Au/Ag NPs mediated by three different medicinal
plants as reducing agents (B. prionitis, P. zeylanica, and S.
cumini) and the evaluation of their antitubercular activity.”
Results from preliminary screening assays showed that the
three bimetallic nanosystems inhibited mycobacterial growth
by 90%, indicating that BMNPs have a profound mycobacter-
icidal potency. Moreover, in vivo and ex vivo macrophage
infection assays showed that S. cumini-Au/Ag NPs effectively
inhibit both active and dormant mycobacteria at a low
minimum inhibitory concentration (MIC) and had a greater
specificity towards mycobacteria in contrast with the host cells.
Although the result did not show rifampicin's high selectivity,
Au/Ag NPs can be used as an attractive strategy to overcome
rifampicin drug resistance and treat tuberculosis.”” Gopinath
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et al.™** also synthesized Au/Ag NPs using Terminalia arjuna as
a reducing agent to control the malaria vector Anopheles ste-
phensi. In the larvicidal bioassay, Au/Ag NPs showed a higher
susceptibility rate in contrast with individual Ag or Au NPs.
Therefore, it was concluded that phyto-mediated synthesized
metal NPs could potentially be used to control malaria trans-
mission, diminishing long-term undesirable effects produced
by synthetic insecticides."™

4.2 Targeting human exposure to soil pollutants

Retaking the soil pollution approach, trichloroethylene (TCE) is
another health-alarming soil chemical pollutant. TCE is an
organic compound with low water solubility and one of the
most widely chlorinated hydrocarbons used in industry."** From
its whole annual production, it is estimated that 83.60% of the
TCE's annual production volume is used as an intermediate in
the manufacture of hydrofluorocarbon HFC-134a,"** which is
primarily used as a refrigerant for domestic refrigeration and
automobile air conditioners.”*"** TCE's low solubility and high
absorbance by soil organic matter (SOM) may produce a water/
soil distribution, leading to environmental contamination with
human health implications.”* According to Dumas, chronic
TCE exposure through industrial operations or contaminated
drinking water can affect vital organs such as the liver and
kidneys."®* Dechlorination of TCE using BMNPs has been
proposed as a remediation strategy to diminish its environ-
mental impact on contaminated soil and groundwater.*>**¢**”
FePd NPs stabilized with carboxymethyl cellulose (CMC) have
been used to perform TCE in situ dechlorination.*>"** Zhang
et al. studied the reactivity of BMNPs, testing TCE degradation
by spherical FePd NPs stabilized with 0.2% CMC.*' Degradation
results showed that after 40 min BMNPs led to the destruction
of nearly all the initial TCE. One of the critical aspects during
the reaction of TCE degradation is the production of toxic
intermediates. Nevertheless, the mass balance of the presented
FePd NPs indicated rapid and nearly complete TCE dechlori-
nation without the presence of vinyl chloride and dichlor-
oethenes as by-products. Besides, CMC monodentate
interaction with FePd NPs suppressed the growth of nano-
particles, maintaining a higher surface area, provided stability
against aggregation in water, and allowed NPs to pass through
and be thoroughly dispersed in the soil bed, in contrast to non-
stabilized FePd NPs, which were retained on the top of the soil
bed. These results were obtained in the presence of a surfactant,
and the evaluation of its activity was held in two different soil
matrices, and they were comparable with the ones obtained by
He et al.*?

The TCE degradation properties of BMNPs were also tested
by Smuleac et al.,” following a green synthesis method. In this
study, bimetallic Fe/Pd NPs were immobilized in a polyacrylic
acid, PAA-coated polyvinylidene fluoride membrane. First, Fe
NPs were loaded into the polymeric membrane, immersing it
into an FeCl, solution, which functioned as the precursor salt.
The reducing and capping agent utilized for the synthesis was
a green tea extract, which has proved to contain polyphenols in
a concentration that makes it suitable for the synthesis. After
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the Fe** modified membrane was prepared, it was immersed in
the green tea extract solution. The third and last step after
synthesizing the Fe NPs within the membrane was another
process of immersion, this time in a K,PdCl, solution, for the
loading of Pd into the Fe NPs. For the TCE degradation
performance study, small pieces of the membrane were cut and
immersed into a TCE solution. Studies were carried out first
with a membrane that contained only Fe NPs, and then with the
BMNP membrane. The Fe/Pd-based system showed an increase
of its kg from 0.005 to 0.008 L m ™2, reducing the concentration
of TCE to almost 35% of the orginal concentration, while the
solely Fe loaded membrane reduced it to around 60%. The
study demonstrated how the bimetallization of NPs can lead to
higher degradation activity of TCE. These results are important
due to the increasing demand for industrial refrigeration
systems across the fast-moving consumer goods sector'*® and,
as a consequence, the use of TCE.

4.3 Treating industrial wastes

Other persistent organic pollutants in the environment are
polybrominated diphenyl ethers (PBDEs). PBDEs are toxic
halogenated aromatic compounds used in different industries
that generally lack safety precautions in their management and
disposal.™® In addition, its high potential for long-range envi-
ronmental transport can easily produce bio-accumulation in
food chains, generating critical adverse health effects in
different sectors of the population.”® Wang et al.”® studied the
debromination mechanism of 2,2/,4,4-tetrabromodiphenyl
ether (BDE-47) by six different bimetallic systems Fe/M (M: Cu,
Ni, Pd, Ag, Pt, and Au). The first important factor they identified
was that all the metal additive powders were unreactive toward
BDE-47 in the absence of Fe. Therefore, the strong reductive
capability of Fe is the primary source of these systems'
enhanced activity. Second, the debromination rates of BDE-47
in all the bimetallic systems at the same concentration of metal
additive decreased in the following order: Fe/Pd > Fe/Ag > Fe/Cu
> Fe/Ni > Fe/Au > Fe/Pt = n-ZVI. Third and last, debromination
pathways are different for each system. Fe/Ni, Fe/Pd, and Fe/Pt
systems have an H-transfer dominant mechanism and generate
BDE-17 as the final product. The Fe/Ag system follows an
electron-transfer dominant mechanism with BDE-28 as the final
product. Finally, Fe/Cu and Fe/Au systems presented a combi-
nation of the two mechanisms generating BDE-17 and BDE-28
as final products. This work contributed to understanding
debromination and proposed a solution for PBDE pollution to
promote well-being. Important to mention is that pre- or post-
natal exposure to PBDEs may cause long-lasting behavioral
abnormalities, particularly in motor activity and cognition.***
Apart from PBDEs, synthetic phenols are persistent chemicals
that show toxicity.”® An example of this is the study performed
by Yang et al,"*> who found that the exposure of zebrafish to
synthetic phenolic antioxidants in a range concentration
between 5 and 200 uM produced morphological deformities
and abnormal pigmentation in their bodies.

The reduction of nitroaromatic (NA) compounds, another type
of industrial waste pollutant, can be performed by BMNPs. For

© 2024 The Author(s). Published by the Royal Society of Chemistry
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instance, Antony et al.** and Zhang et al.** proposed the prepara-
tion of nanocomposites to reduce nitrophenols (NPh). In the work
of Antony et al., a recoverable and reusable catalyst was prepared.*
The composite was made of Ag/Ni NPs anchored to a core-shell
structure Fe;O,@chitosan (CS) as a magnetic support (Fe;0,@CS-
Ag/Ni). The heterogeneous catalyst in the presence of NaBH,
turned the yellow solution of p-nitrophenol into a colorless solu-
tion, confirming the thermodynamically favorable p-nitrophenol
reduction. Additionally, the reaction at the optimal catalytic dose
was performed in less time compared to its monometallic coun-
terpart (Fe;0,@CS-Ag), which was attributed to the synergistic
effect of BMNPs present because of the changes occurring in the
geometric, electronic, and morphological properties of Ag NPs
during the formation of BMNPs with Ni. Furthermore, the
composite proved to have a high percentage of conversion and
selectivity for a considerable range of nitroarene compounds at
room temperature in the presence of NaBH,. Finally, it was
observed that amino groups of Fe;0,@CS inhibit the leaching of
Ag/Ni NPs, maintaining the catalytic activity after seven catalytic
runs. Similar leaching inhibition by non-toxic polymers was re-
ported by Barreto-Rodrigues.*® On the other hand, Zhang et al.**
developed a composite to chelate Ag/Cu NPs (PP-g-EDA@Ag/Cu
NPs and PP-¢g-DEA@Ag/Cu NPs) using polypropylene (PP)
nonwoven fabric grafted with two different organic compounds,
ethylenediamine (EDA) and diethylamine (DEA), for the reduction
of 4-nitrophenol (4-NPh). EDX mapping results demonstrate that
Ag NPs and Cu NPs homogeneously decorate the fiber surface.
Batch-type reduction experiments were performed to evaluate the
catalytic activity, in which PP-g-EDA@Ag/Cu NPs showed a reduc-
tion of high concentrations of 4-NPh (1-2 mM) compared to PP-g-
DEA@Ag/Cu, in which the BMNP load was lower (<1 mM). The
observed synergistic effect and adsorption energy corroborated
the presence of BMNPs. Moreover, the lack of metal leaching and
stability indicated that PP-g-EDA@Ag/Cu NPs could be used in
dynamic and static catalytic experiments. Ultimately, the evalua-
tion of the composite in tap water showed a catalytic reduction of
98%, and further tests showed that PP-g-EDA@Ag/Cu NPs had the
potential to treat wastewater with multi-organic substances.
Comparable reduction results were obtained by Cu/Ag NPs and
Cu/Ni NPs supported on ginger rhizome powder (GP) synthesized
by Ismail et al.®® In this work, Cu/Ni NPs-GP showed less reduction
time than Cu/Ag NPs-GP with a high reduction rate for 2-NPh and
4-NPh. Furthermore, the immobilized BMNPs showed catalytic
reduction activity towards Methyl orange (MO), Congo red (CR),
and rhodamine B (RhB). In the evaluation of the reduction of
these dyes, Cu/Ni NPs-GP presented a higher reduction percentage
compared to Cu/Ag NPs-GP. Nevertheless, in the reusability
assessment, Cu/Ni NPs-GP presented less catalytic activity than
Cu/Ag NPs-GP. This is attributed to the fact that Cu/Ni NPs-GP-
based catalysts may be oxidized during the reduction process.
Furthermore, Cu/Ag NPs-GP presented exceptional catalytic
activity after five cycles. Similar reusability was reported for nano-
hybrid bimetallic Au/Pd catalysts designed by Wang et al.**®
Congo red (CR) dye was also successfully oxidized by
utilizing Ir@Cu BMNPs in the work of Pooja and Anjali Goel.”
Core-shell Ir@Cu BMNPs were synthesized using ethylene
glycol (EG) as an effective reducing agent, together with
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polyvinylpyrrolidone (PVP) as a stabilizing agent. The obtained
BMNPs were found to have a polygonal shape and rough surface
morphology with an average size of 1.54 nm. TEM images were
used to verify the core-shell structure of Ir@Cu NPs, resulting in
an apparent Ir shell monolayer around the Cu core. The
oxidative reaction process of CR was carried out using a solution
of hexacyanoferrate(m) ((HCF)(in)), a buffer solution, and Ir@Cu
NPs. By varying the pH of the buffer solution, it was found that
the optimum pH value was 9.0, under which conditions the
maximum ionization was achieved. The kinetics study
regarding the catalytic effect of the system with respect to the
concentration of Ir@Cu NPs revealed that the oxidation reac-
tion of CR was a first-order reaction with respect to the catalyst
concentration. In the degradation test using UV-vis spectros-
copy, the absorption band at 490 nm disappeared almost
completely at a time interval of 3 h. Finally, LC-MS analysis of
the products of the RC oxidative reaction resulted in the pres-
ence of less toxic organic products, like 2,3-dihydroxybutane
dioic acid and 4-amino-3[(4-hydroxyphenyl)azenyl|napthelene-
1-sulphonic acid.

Despite the activity of BMNPs reducing 4-NPh to 4-ami-
nophenol (4-APh), the use of NaBH, as a reducing agent in
their synthesis method introduces an environmental
hazard,*® which can be overcome by implementing green
methods to synthesize bimetallic systems for this application.
Malik et al.** reported green synthesized Fe@Ag nanoparticles
using Salvia officinalis as a reducing and capping agent to
reduce 4-NPh to 4-APh. FTIR spectroscopic analysis showed
that the surface of BMNPs is predominantly composed of
polyphenols. These compounds protected zero-valent Fe from
oxidation and prevented the agglomeration and aggregation
of the NPs, maintaining the catalytic properties of Fe@Ag
NPs. The percentage of reduction of 4-NPh to 4-APh was close
to the results shown when T-BMNP Ag/Cu NPs were used,** as
well as their reusability. These characteristics made Fe@Ag
NPs an effective green catalyst to reduce 4-NPh, one of the 114
more noxious organic pollutants according to the Environ-
mental Protection Agency (EPA), to 4-APh, which is an inter-
mediate in the synthesis of paracetamol and has important
applicability in the textile, leather, and alimentary indus-
tries.** Malik et al. work is of interest due to an effective
reduction of 4-NPh, producing an industrially valued chem-
ical and promoting well-being as localized 4-NPh trans-
formation would eradicate the symptoms generated by its
chronic exposure and its genotoxicity.”” Continuing this
health approach, G-BMNPs have been reported valuable in
treating and detecting tuberculosis, malaria, and other
illnesses, like the one associated with the Zika virus.

4.4 Health diagnostics

Related to mosquito transmission diseases, the Zika virus (ZIKV)
has raised international public health concerns due to its associ-
ated symptoms and syndromes. Furthermore, ZIKV diagnostic
methods face real challenges as conventional laboratory diag-
nostics can only record reliable data in the first seven days of the
onset of symptoms.” After that time, the only way to obtain
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trustable information is by intensive diagnoses. Adegoke et al.”®
built a biosensor probe for ZIKV detection in response to this
challenge. To improve the sensitivity and specificity of the
biosensor, they conjugated Au/Ag NPs (alloy) and Au@Ag NPs
(core-shell) to CdSe/CdS quantum dots (Qdots). Optical properties
confirmed the difference between the alloyed and core-shell NPs.
Au@Ag NPs showed two LSPR bands in the UV/vis absorption
spectra corresponding to the individual contributions of Ag and
Au. In contrast, Au/Ag NPs displayed a single LSPR band.
Furthermore, Au@Ag NP-Qdots presented higher colloidal
stability than their alloy counterpart. However, Au/Ag NP-Qdots
presented a lower LOD than Au@AgNP-Qdots. In the end, the
LSPR mediated fluorescence signal was stronger for the bimetallic
plasmonic NP-Qdots than that of the single metallic plasmonic
NP-Qdots, providing a reliable platform for ZIKV detection.”

Dopamine (DA) is a neurotransmitter involved in the signal
exchange within the nervous system.”® Because of the impor-
tance of DA in synaptic processes and nervous diseases, Ameen
and colleagues™ developed activated carbon (AC) supported
palladium cobalt BMNPs (PdCo@AC NPs) following a green
synthesis procedure, which was proposed to function as
a biosensor of DA. The synthesis was performed using a C.
Verum plant extract during the reaction, using PdCl, and CoCl,
as precursors. Since the proposed biosensor was based on
electrocatalytic sensing, cyclic voltammetry (CV) and differen-
tial pulse voltammetry (DPV) were performed to determine the
electrochemical behavior of PdACo@AC NPs. In cyclic voltam-
metry, the materials exhibited high sensitivity and selectivity of
the biosensor against DA since an increase in the concentration
of DA followed an increase in the current, demonstrating
a linear behavior. The same trend was observed in the DPV
studies. LOD and LQD values were found to be 5.68 pM and
17.21 pM, respectively. Apart from the biosensing properties of
PdCo@AC NPs, the antibacterial activity was tested using Gram
positive (S. aureus) and Gram negative (E. coli) bacteria, where
results showed that the BMNPs' strong inhibition properties
increased with the increase of NP concentrations. The study
showed that, as Ag@Au NPs, green synthesized PdACo@AC NPs
provide enhanced features to detection systems.

As mentioned before, target 3.3 aims to eradicate waterborne
diseases, which are caused by viruses and bacteria that are
ingested through contaminated water, food, or by coming in
contact with feces. Two of the most common bacteria related to
waterborne diseases are Escherichia coli (E. coli) and Salmonella
typhi (S. typhi). It has been detected that these two waterborne
diseases can be prevented by green synthesized BMNPs.”> 8123
These bimetallic nanosystems will be detailed in Section 6 where
SDG 12 is discussed due to their closer relation to this goal.

5 Case studies of bimetallic
nanoparticles in relation to SDG 6:
clean water and sanitation

According to van Vliet et al., water scarcity refers to the lack of

water in quantity and the deficit of water quality."® Their study
shows that currently, the world's population suffers from severe
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Degradation

Fig. 4 Applications of traditional and green synthesized BMNPs
related to SDG 6: clean water and sanitation.

water scarcity from an annual average of 40%, taking into
account both water quantity and quality.”*® Aware of the
worldwide population's strong demand for clean water, the UN
defined SDG 6 as water and sanitation.'” SDG 6 seeks to ensure
safe drinking water and sanitation for all by implementing
sustainable management of water resources, wastewater, and
ecosystems and acknowledging the importance of an enabling
environment."* Fig. 4 represents the schematic view of some of
the applications for traditionally and green synthesized BMNPs
related to this SDG, which will be discussed in this section as
a possible solution to improve water quality to achieve SDG 6.

5.1 Removing heavy metals from water bodies

Radioactive cesium (Cs) and chromium (Cr) are undesirable
metals found in wastewater industrial systems."*'** Given this
and looking for a solution toward the release of Cs derived from
the accident at the Fukushima Daiichi Nuclear Power Plant,
Shubair et al.®® synthesized Fe NPs and Cu@Fe BMNPs for Cs
removal from aqueous solutions. Sorption batch studies
showed that the Cu@Fe BMNP sorption process was kinetically
faster than that of monometallic Fe NPs. Furthermore, at low
concentrations, Cu@Fe NPs presented higher values of
maximum removal of Cs, which can be attributed to Cu coating.
The presence of Cu increases the surface area and decreases the
aggregation and agglomeration of Fe NPs as it also prevents Fe
from oxidation by O,, increasing their reactivity. In a matrix
effect evaluation, it was observed that cation ions could block
the electron transfer from nanoparticle cores, affecting Cs
removal. Nevertheless, it was also observed that Cu@Fe BMNPs
selectively adsorbed Cs in the presence of competing cations
(Na*, K', Mg,", and Ca,"), indicating that Cu@Fe NPs could be
used as efficient materials for Cs removal from contaminated
water.” Due to its high toxicity and related exposure to health
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risks, the EPA has defined 0.1 mg L' as the maximum
acceptable amount of Cr in drinking water."*® Due to this, Das
et al.* investigated the catalytic properties of AuAg NPs deco-
rated on r-cysteine functionalized reduced graphene oxide (t-
Cys-rGO) sheets toward the peroxidase mimic oxidation of
3,3,5,5"-tetramethylbenzidine (TMB) in the presence of
hydrogen peroxide (H,0,) as an easy detection of Cr(vi) in an
aqueous medium. The detection by the colorimetric nano-
structured probe was possible as Cr(vi) ions promoted the
decomposition of H,O, to "OH radicals in an acidic medium
which enhanced the oxidation of colorless TMB to its blue
colored oxidation product (0xTMB). At the end of the evalua-
tion, it was concluded that the colorimetric sensor exhibited
excellent sensitivity and selectivity toward detecting Cr(vi) ions
with an LOD value of 26.39 uM. This LOD value was lower than
the ones obtained by monometallic nanocomposites Au/L-Cys-
rGO and Ag/1-Cys-rGO.

Apart from Cr and Cs, metals like lead (Pb), zinc (Zn), copper
(Cu), and manganese (Mn) are found as pollutants in water
bodies. Adewoye et al.”” conducted a study where the afore-
mentioned heavy metals were adsorbed by green synthesized
AuAg NPs. Synthesis was mediated by E. crassipies plants, using
silver nitrate and gold chloride as precursor salts. Samples
containing metals were obtained directly from pharmaceutical
effluent collected from a Nigerian point of discharge to confirm
the adsorption properties and capacity of the synthesized
BMNPs. The obtained nanostructured particles were found to
be both spherical and cubic-shaped. For the study, different
amounts of adsorbent material powders were loaded in the
effluent sample (1 mg, 5 mg, and 10 mg). The adsorption tests
were carried out using an Inductive Coupled Plasma Atomic
Emission Spectroscope (ICP-OES), quantifying the metal
concentration of Pb, Zn, Cu, and Mn before and after the mixing
of the effluent and the adsorbent material; mixing was per-
formed for 24, 48, and 72 hours. In general, the adsorption of
metallic ions was increased with the contact time for the three
studied metals; however, a direct increase of adsorption with
respect to adsorbent material concentration in the same
amount of time was only found in Cu removal. For Zn removal,
61.13%, 34.39%, and 58.12% ionic concentrations were ach-
ieved using 1, 5, and 10 mg of AuAgNPs, respectively. The
highest removal efficiency was achieved for Pb, adsorbing
93.37% of its ions with a contact time of 72 h between the
sample and 1 mg of AuAg NPs. In the case of manganese, with
a contact time of 48 h with the NPs, remotion percentages were
51.7%, 19.60%, and 38.05% for 1, 5, and 10 mg of adsorbent
material, respectively. The study showed that the size and
morphology of bimetallic nanoparticles as adsorbent materials
are directly linked to their rate and removal capacity of metallic
wastes in water. Apart from this, the recuperation of these
nanostructured materials should be further studied to make
them feasible in real-life applications.

5.2 Pharmaceutical waste degradation

Moving on to the degradation of chemical compounds in water,
it has been detected that antibiotics from different sources have
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been released into nature, leaving an important environmental
footprint.™***** According to Dong et al,*” one of the most
commonly detected antibiotics in the environment is tetracy-
cline (TC). They reported the synthesis of FeNi NPs to remove
TC under various water conditions. Their results showed that
FeNi NPs were efficient materials for TC removal, following
adsorption and degradation mechanisms. Furthermore, it was
confirmed that these mechanisms were associated with the
active sites of FeNi NPs and that the stability of the NPs in
dispersion was due to electrostatic repulsion providing many
available sites, resulting in a fast decrease of TC at the begin-
ning of the degradation process for relatively low concentra-
tions of TC, 50 and 100 mg L™ ",

In this view, Ravikumar et al.”® synthesized FeNi NPs by
a green synthesis method and reported similar outcomes to
Dong et al.®” Both FeNi bimetallic systems showed a spherical
shape, a size between 100 and 130 nm and removed TC by
absorption and degradation mechanisms. Ravikumar et al.
showed that a Pomegranate extract could substitute NaBH, as
a reducing agent for this nanosystem. Another advantage was
that the green synthesized bimetallic system was coated with
carboxymethyl cellulose (CMC), which led to a better disper-
sion at higher pH values compared to the traditionally
synthesized FeNi bimetallic system.®””® Moreover, Ravikumar
et al. evaluated TC removal in three different matrices and
found that the lake water matrix presented the lowest
percentage of TC reduction, followed by ground and distilled
deionized water matrices. Additionally, they studied the
residual toxicity of TC by-products after interacting with FeNi
NPs. Viability results showed that TC byproducts had less
environmental toxicity than TC without BMNP interaction.” A
similar approach was reported by Gopal et al., who also used
Pomegranate peel to synthesize FeCu” and Fe@Pd®*® bimetallic
systems and their respective composites using bentonite (Bt)
as supporting materials (Bt-FeCu NPs and Bt-Fe@Pd NPs) for
antibiotic TC remediation. In both cases, bentonite compos-
ites presented a higher degree of TC reduction than pure
bimetallic systems. This behavior is due to bentonite acting as
a supporting material and effectively decreasing the aggre-
gation of BMNPs and, consequently, keeping a relatively high
surface area. Furthermore, both composites possessed higher
stability than BMNPs for prolonged times. In view of these
results, the evaluation of pH, residual toxicity, and matrix
effects was performed for Bt-FeCu NPs and Bt-Fe@Pd NPs.
Experimental results showed the two composites presented
approximately the same range of TC effective degradation at
both acidic and neutral pH. Nevertheless, a large amount of
Bt-Fe@Pd NPs was necessary to achieve this activity compared
to Bt-FeCu NPs. Moreover, the outcomes of residual toxicity
and removal studies suggested the environmental safety and
efficacy of Bt-FeCu NPs and Bt-Fe@Pd NPs for antibiotic
removal. Finally, from TC removal studies on different natural
water systems, composite Bt-FeCu NPs showed a greater
removal in lake water and Bt-Fe@Pd NPs in groundwater. This
indicates their potential use towards TC environmental
pollution.
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5.3 Pesticide removal from water

As mentioned previously, pesticide pollution is considered
a global health problem. The spread of pesticides in soil and
water systems concerns the scientific community and interna-
tional organizations. In this regard, the EPA implemented
regulations to protect the consumption of drinking water with
pesticide contamination.™ In view of this, Rosbero and
Camacho®' synthesized star-like Ag/Cu NPs by a co-reduction
method using aqueous leaf extracts of Carica papaya for water
purification applications to degrade chlorpyrifos pesticide. The
results of pesticide degradation showed that the star-like Ag/Cu
NPs converted chlorpyrifos to less toxic and non-mutagenic
degradation products, such as 3,5,6-trichloropyridinol (TCP)
and diethylthiophosphate (DETP). Conclusively, using G-
BMNPs for chlorpyrifos degradation could be considered
a sustainable environmental remediation since it can be
applied at room temperature without the need for UV light
activation.®” Furthermore, arsenic (As) is one of the compounds
present in pesticides. Lin et al.®* synthesized calcined Fe/Pd NPs
for As(m) removal from wastewater. Calcination caused an
increase in the specific surface area, which provided additional
active adsorption sites for both As(ur) and As(v). Furthermore, it
was observed that an alkaline pH and a higher adsorbent dose
improved the removal efficiency of As(m). In this study,
calcined-Fe/Pd NPs provided a complete removal (100%),
proving to be a suitable composite for As removal from
wastewater.

Some previously described studies embark on water and
sanitation and contribute to achieving SDG 12: responsible
consumption and production.’”®*" This is important as the
current lifestyles do not involve responsible consumption and
production patterns. Due to the relevance of this sustainable
goal, specific examples of BMNPs related to SDG 12 are going to
be discussed in the following section.

6 Case studies of bimetallic
nanoparticles in relation to SDG 12:
responsible consumption and
production

It has been detected that one of the main causes of food loss is
microbiological food spoilage, which impacts food quality and
shelf life. Food spoilage results from microbiological, chemical,
or physical changes in food products, making them unsuitable
for consumption.'®® These issues may result in a variety of
infections and/or intoxications for consumers.™*® Additionally,
the UN reported that each year, approximately 1.3 billion tons of
all food produced worldwide is lost or wasted. Concerned by
these undesirable consumption and production patterns, SDG
12.3 stated the goal to halve per capita global food waste at the
retail and consumer levels and reduce food losses along
production and supply chains, including post-harvest losses by
2030.**” In the face of this problem, BMNPs synthesized by
traditional and green synthesis methods could be taken as
a strategy to increase the shelf life, avoiding food loss. Some of
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these solutions are shown in Fig. 5 and are discussed in the
following section.

6.1 Packaging solutions

It is estimated that around 20-60% of fresh food production
suffers losses at various operational levels in the supply
chains.”®® Attending this, recent studies have focused on
designing and creating food packaging films to avoid losses in
the production chain. A case in point is the work of Arfat et al.,
who synthesized three different nanocomposite films using
agar,®® polylactide (PLA)* and linear low-density polyethylene
(LLDPE)™ as polymeric matrices and loaded them with Ag/Cu
NPs (Ag/Cu NPs-agar, Ag/Cu NPs-PLA, and Ag/Cu NPs-LLDPE,
respectively). In the case of Ag/Cu NPs-PLA and Ag/Cu NPs-
LLDPE composites, cinnamon essential oil was loaded
together with BMNPs. The results showed that adding NPs
caused a change in film opacity, impeding the transmission of
UV and visible light through the films. These changes in the
color parameters were attributed to the surface plasmon reso-
nance of the Ag/Cu NPs, making the composite films feasible as
packaging for easily-oxidizing food due to light radiation.
Furthermore, the three composites improved the oxygen barrier
properties and antimicrobial activity, which could be explained
by the release of Ag" and Cu*" ions into the bacterial membrane
and their interaction with enzymes and organelles, producing
cellular death. To corroborate the antibacterial activity in real
samples, microbial validation tests were performed in chicken
samples for Ag/Cu NPs-PLA and Ag/Cu NPs-LLDPE composites.
Both exhibited remarkable growth reduction against Listeria
monocytogenes (L. monocytogenes), Salmonella Typhimurium (S.
Typhimurium), and Campylobacter jejuni (C. jejuni). From these
three, the nanocomposites showed the greatest bacterial

plant bio-fertilize,

aree®"

Fig. 5 Applications of traditional and green synthesized BMNPs
related to SDG 12: responsible consumption and production.
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inhibition against S. Typhimurium and C. jejuni, indicating
antimicrobial effectiveness against Gram-negative bacterial
strains over Gram-positive microorganisms. Overall, the three
nanocomposite films exhibited the potential to act as an anti-
microbial packaging material to inhibit the development of S.
typhimurium as a foodborne pathogen. These results are of great
interest as S. typhimurium and other foodborne pathogens, such
as E. coli, cause post-harvest losses of fruit.**

Targeting the same food packaging aspect with a green
synthesis approach, Singh synthesized Zn/Cu BMNPs using
Hibiscus rosa sinensis flower (HRS-F) extract as a reducing,
stabilizing, and capping agent.** These synthesized BMNPs
were then loaded into a chitosan (1.5 wt%) + pectin (0.5 wt%)
hydrocolloid, a commonly used packaging material, for its
further test in antimicrobial activity. FESEM analysis of the
synthesized Zn/Cu BMNPs showed a rough surface morphology
without any sign of agglomeration, exhibiting HRS-Fs’ capacity
as a good capping agent in the wet-reduction synthesis of MNPs.
EDX analysis showed that the Zn and Cu were present as oxides
in the synthesized BMNPs, while XRD and TGA characterization
exhibited high purity, crystalline, and stable structures. In
antimicrobial activity tests, Gram-positive (Bacillus subtilis) and
Gram-negative (E. coli) were used as test samples for loading the
chitosan/pectin/Zn/Cu nanocomposite and its further evalua-
tion. The nanocomposite showed a remarkable effect against
microbial activity and growth. The surface area, morphology,
and distribution of the loaded Zn/Cu BMNPs gave the hydrogel
the capacity to interact with the cell's functional groups, which
led to killing the analyzed bacteria samples. The loading of the
green synthesized BMNPs in the hydrocolloid system was found
to be a potential enhancer of the antimicrobial activity for food
packaging and films, which could, in the long term, avoid food
losses in the chain of supply.

6.2 Food deterioration prevention

According to the FAO, 22% of the fruits and vegetables are lost
from post-harvest up to retail,** where most losses are due to
microbiological and physiological deterioration.”®® As
mentioned before, microbiological food spoilage is caused by
microorganisms' enzymes that lead to undesirable by-products
in the food.” An example that worries the FAO is food
contamination by the E. coli bacterium, as it can produce side
effects to food loss such as illness and, in severe cases, even
death.*** Yadav et al.,** Dobrucka et al.,*” Salunke et al. ** Mirzaei
et al.* and Jain et al.®® reported the green synthesis of bi- and
trimetallic NPs that could contribute to the prevention of E. coli
infections in the food supply chain. Yadav et al. synthesized an
Au/Pt BMNP-based nanofluid with a microwave-assisted green
chemical method. This study showed that BMNPs dispersed in
the fluid medium had greater antimicrobial activity compared
to nanofluids with mono-Au NPs. Furthermore, in agar disc
inhibition zone analysis, it was observed that bimetallic Au/Pt
nanofluids presented the maximum inhibition zone against
Klebsiella.** Due to frequent sources of foodborne infections,
including unpasteurized dairy products and juice,"' the
outcomes of this study could be coupled with the work of Salari

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

et al.,'* related to the use of nanofluids in thermal processing
operations such as pasteurization.

Salunke et al® synthesized Ag/Au NPs to eradicate the
formation of bacterial biofilms, which is a severe concern in the
food industry, as pathogens are capable of attaching and
growing on food surfaces and surfaces of other processing
equipments."** The bioreduced nanocomposite of P. zeylanica
and Ag/Au NPs showed an E. coli biofilm inhibition of approx-
imately 98% and higher antimicrobial activity compared to
chemically synthesized Ag/Au NPs towards other bacterial
strains.*®> Moreover, BMNPs reduce the biofilm roughness,
indicating good biofilm inhibition and disruption.*® These
results are important as P. aeruginosa can generally be found in
high concentrations in everyday food, especially vegetables.'*®
Finally, Dobrucka et al.*” and Jain et al.*® synthesized BMNPs
following environment-friendly procedures and evaluated their
antimicrobial activity. On the one hand, Dobrucka et al¥
synthesized Cu@Pt NPs using a medicinal plant, Agrimonia
eupatoria. The Cu@Pt nanoparticles exhibited maximum
activity against Gram-negative bacteria E. coli (ATCC 25922).%
With similar results, Jain et al. used the cell-free extract of the
fungi Aspergillus niger to synthesize low-cost Cu/Au NPs. In vitro,
antimicrobial assessment showed that these BMNPs had
significant antibacterial activity against E. coli (urinary tract
infection (UTI) sample) at low concentrations.®

In addition to the loss from post-harvest up to the retail, along
the farm-to-fork chain, 30% of food is estimated to be lost at the
farm level.**® Towards this challenge, nanotechnology is being
adopted in precision farming. An example is the work of Bet-
tencourt et al.,* who developed a green synthesized bimetallic Fe/
Mn NP-based plant bio-fertilizer. Similarly to Jain et al,*® they
used a bacteria-fermented supernatant as a reducing agent,
establishing an eco-friendly manufacturing technique for this
intended use. At the end of the study, it was concluded that Fe/
Mn NPs successfully stimulated the growth of maize seedlings.

6.3 Green hydrogen production

In recent years, green hydrogen production has been positioned
as one of the most promising alternative energy sources since
its global market is expected to increase by 50 million tons in
2024."” Nowadays, hydrogen can be produced by four methods:
brown, grey, blue, and green production. The first three of these
methods come along with high CO, emissions; in contrast,
green hydrogen production comprises potentially zero net
emissions since the splitting of water into hydrogen and oxygen,
electrolysis, is powered by renewable energy sources.'” Usually,
electrolysis processes are promoted via the utilization of cata-
lysts; therefore, BMNPs have been positioned as effective cata-
Iytic agents for these types of applications.®* In most hydrogen
obtention and storage studies, boron hydrides and ammonium
borane derivatives are used as hydrogen sources.” For instance,
NaBH, is a common boron hydride used in the production of
hydrogen because it shows a stable performance in alkaline
environments and has a high hydrogen density.****

In the work of Jiang et al.,”* CuNi NPs were immobilized in
a graphitic carbon nitride (g-C3;N,) network to test its catalytic
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activity for hydrogen evolution using ammonia borane (AB) as
a H, carrier. After preparing g-C;N,, it was mixed with the
precursor salts of Cu and Ni before adding NaBH, to reduce
metals and obtain the CuNi-g-C;N, product. SEM and TEM
images revealed the porous morphology of g-C3N, and how the
Cu Ni NPs, with a mean size of 3.9 nm, were accumulated in the
pores. AB hydrolysis was tested with Cu-g-C;N,, Ni-g-C3;N,, and
CuNi-g-C;N, catalytic materials. It was found that Ni-g-C;N,
was able to produce more H, than Cu-g-C;N,, showing that Ni
is a better booster for H, production. However, the bimetallic
heterostructure, i.e., CuNi-g-C;N,, increased by almost 30 mL
the hydrogen production, producing around 75 mL of H, and
showing how the synergism between Cu and Ni enhanced
catalytic activity. Important to mention is that in the case of g-
C;N,, it was found that it has negligible catalytic activity in an
AB environment. Through temperature-dependent tests, it was
possible to determine that the activation energy (E,) of the
system was 23.58 k] mol ™", which is lower than that of many Cu/
Ni reported BMNP systems.

In another study, Darabi and colleagues® synthesized Pt@Ag
NPs using a Hibiscus sabdariffa plant extract. The obtained
BMNPs were found to be spherical and with a size of 5 nm,
which is comparable to the Pt-Ag NPs synthesized by the team
of Gulbalgca.® In this study, hydrolysis reactions were carried
out in an inert atmosphere, using NaBH, as the hydrogen
precursor. Based on a NP concentration dependency study, it
was found that the hydrolysis process comprises a 1st order
reaction, showing that the amount of H, increases with respect
to the concentration of Pt@Ag NPs. The maximum amount of
obtained H, was around 30 mL, combining 9 mM NPs and
125 mM NaBH,. The nanocatalysts were found to be effective
and recyclable since the calculated reusability between the first
and the fifth cycle of hydrolysis was about 85%.

Gulbagca et al®* fabricated Pd-Ag NPs, with spherical
morphology and a particle size around 7 nm, by a green route
using a Nigella Sativa plant extract. The effects of Pd-Ag NP
concentration, temperature, NaBH, concentration, and pH of the
system were tested towards hydrogen obtention. At a constant
NaBH, concentration (125 mM), the concentrations of Pd-Ag NPs
were 2.25, 4.50, 6.75, and 9 mM, and the process was done for
30 min. Even at the lowest BMNP concentration, the system
released around 150% more volume of H, than the blank test, i.e.,
without BMNPs, showing high catalytic activity and better
performance compared to the work of Darabi,” producing 10 mL
more than the mentioned work. On the other hand, while having
a constant Pd-Ag NP concentration and varying NaBH, concen-
trations, the obtained volume of H, reached around 30 mL in
30 min, which is around three times more volume than the blank
test at the same time. A temperature test showed that the amount
of obtained H, increased with respect to the system's temperature.
This test was also useful to determine the E,, change in Gibbs
energy (AG), and change in entropy (AS) of the system, which were
24.51,27.01, and —183.15 k] mol ™", respectively. In the case of pH
studies, it was found that at lower pH values, the yield of H,
obtention was favored, with an optimum pH value of 2.82. In
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terms of reusability, the system could produce H, consistently for
five cycles, with a preservation of 98% of the production between
the first and the last cycle. In another study carried out by Lin
et al.,” where Pt-Ag NPs were synthesized with the same plant
extract, and the catalytic tests were the same as in the work of
Gulbagca,” and the team reported very similar quantitative
results, showing the replicability of using the plant Nigella Sativa
as a reducing agent.

The same reducing agent (extracts of Nigella Sativa) was used
by Aygun and colleagues,” in the synthesis of PdPt NPs. The
obtention of the plant extract was followed similarly to the
previously mentioned reports. Again, the experiments were
based on NP concentration, NaBH, concentrations, tempera-
ture, and pH as variables for the catalytic studies. This time, it
was found that using low concentrations of PdPt NPs, the
production of H, was increased around 5.7 times. In the
temperature-dependent tests, the kinetics of the system were
also analyzed. The results showed that the activation energy of
the catalyst was 13.96 k] mol ", which is significantly lower than
that in most of the previous reports where NaBH, is used as
a hydrogen precursor.” In the case of the pH-dependent tests, it
was observed that, as with Pd-Ag NPs, PdPt NPs also have
higher yields of H, production in acidic media. The referred
reports, apart from showing the effective use of a Nigella Sativa
plant extract as a reducing agent, show that Pd-based BMNPs
are promising materials for catalytic application in the obten-
tion of H, as a potential fuel source.

In another strategy, Mallikarjuna and team® synthesized Pd-
Ag BMNPs that were combined with rGO, resulting in Pd-Ag/rGO
heterostructures. As in the previous examples, the synthesis of the
BMNPs was carried out following a green synthesis route, using
a stevia leaf extract. TEM images revealed that the spherical Pd-Ag
NPs were distributed on the rGO sheets, with particle sizes
ranging from 5-15 nm. In this study, water was used instead of
NaBH, as the hydrogen source, together with methanol as
a scavenger agent. Also, the study tested the photocatalytic activity
of the synthesized nanostructures using an artificial solar light
simulator. The rGO, Pd/rGO, and Pd-Ag/rGO systems were tested,
where the sole rGO system produced the lowest yield of H, of 620
umol g~ . The presence of Pd/rGO increased this yield to around
2400 umol g~ ', while the system with the highest H, production
yield was provided by the Pd-Ag/rGO heterostructures with
around 5800 pmol g~ of produced H, due to a relatively higher
surface area, lower band gap and lower electron-hole recombi-
nation rate.* The yield of H, evolution was found to be non-linear
between doses of 2.5-10 mg Pd-Ag/rGO since it reached
a maximum value of 5802 pmol g’1 of H, product with 5 mg of
Pd-Ag/rGO, which decreased by increasing the mass of Pd-Ag/
rGO. The addition of methanol as a scavenger agent was also
tested, and it was found that the optimum concentration was
around 5% v/v, since, beyond this value, the production of
hydrogen decreases because of generated methanol byproducts.
Reusability tests were also carried out, where the Pd-Ag/rGO
photocatalytic system decreased its performance only slightly
after five cycles of use.
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6.4 Reusing industrial, agricultural and consumer wastes

Apart from target 12.3, G-BMNPs can be a solution towards
target 12.5, which aims to substantially reduce waste generation
through prevention, reduction, recycling, and reuse by 2030.'*”
This can be possible as different organic and inorganic residues
or effluents can be involved in their synthesis as reducing or
capping agents, diminishing the negative impact they have on
the environment. Ragothaman et al®® synthesized FeCr NPs
from simulated industrial effluents, which opens the opportu-
nity to take advantage of the aqueous discharge of toxic heavy
metals such as chromium, iron, arsenic, lead, mercury, copper,
cadmium, nickel, etc., and reduce life-threatening environ-
mental issues.” Other studies that report the use of residues in
an innovative way were those of Sandhya et al.™*® and Elsayed
et al®® The first one synthesized monometallic NPs using
marine isolate Exiguobacterium aestuarii and used a banana peel
extract as the growth medium. The second one leached metal-
ized acrylonitrile butadiene styrene plastic (ABS) waste to extract
nanostructured particles and synthesize mono- and bimetallic
NPs (Ag, Cu, and AgCu) with antimicrobial properties. Other
research groups have synthesized monometallic NPs using
agro-waste such as fruit peels, husk, and bagasse as reducing
agents. Around 998 million tons of agricultural waste are
generated worldwide, from which most of them are burnt on
agricultural land, producing a large number of hazardous
emissions.”” Taking this fact into consideration, Chaturvedi and
colleagues® synthesized Au-Pt BMNPs with a particle size of
around 16 nm using oyster mushroom Pleurotus florida as
a reducing agent. The biggest remark of this study is that the
mushroom was cultivated and harvested in a paddy straw
substrate, which can be found within biomass residuals, calling
this a “two birds with one stone” solution. After synthesis, the
anticancer activity of Au-Pt BMNPs was tested, where they were
able to reduce cancer cells (HCT116) to almost 10% of their
initial population. Another example of the reuse of agricultural
wastes is the synthesis of activated carbon/Fe-Zn NPs with the
help of lemon pomaces and leaves,’® which represent most of
the wastes produced by the juice industry worldwide.*® These
BMNPs synthesized by Oruc et al.*® were found to be in the
decolorization of azo-dye Reactive Red 2. These types of studies
reflect how industrial and agricultural wastes could be poten-
tially used during the process of BMNP synthesis and can act as
promising reagents in the development of circular economy
models. Fig. 5 shows the overall applications of chemical and
green synthesized BMNPs used for SDG 12.

7 Challenges and future prospects of
BMNPs and their implementation in
SDG affairs

As shown in this review, there is scientific evidence that green
synthesized BMNPs can act as antibacterial agents in food
packaging, as catalysts to reduce hazardous chemicals and
improve the sensitivity of biosensors to identify pesticides or
viruses, among other applications. However, there is no clear
path to bringing a laboratory scale into an industrial scale. In this
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view and considering the UN claims to exploit the full potential of
sustainability, there should be a transition from basic science to
a useful end-product involving a significant and green scale-up
process.* In this sense, Hebatallah et al.*** mentioned that the
production of commercial nanotechnology products requires
strict standards of reproducibility, reliability, and safety.

7.1 Metallic and bimetallic nanomaterials availability in the
market

The nanomaterials market has had a substantial development
over the past few decades. Due to this, products containing
nanoparticles have been searched and registered in official data-
bases, such as the Nanotechnology Consumer Products Inventory
(CPI) and the Nanodatabase, developed in 2005 and 2012,
respectively.”® Nowadays, the CPI lists more than 1600 products
with incorporated nanomaterials'** and reports that metallic and
metallic oxide materials are the ones that dominate the nano-
materials market, reaching around 40% of the listed products in
2015."° In the same year, the Nanodatabase inventory listed
around 1400 nanotechnology products; this number is currently
almost quadrupled, counting 5376 products nowadays.'>'*>
Although Ag-based nanomaterials have been the most frequent
type of nanomaterial found in commercial products, in the form
of dietary supplements, textiles, food packaging, cleaning agents,
surface sanitizers, and medical instruments,' there exist reports
of BMNP-based solutions that may be capable of competing with
available market products. For instance, Shan et al.**® developed
hollow NiPt nanospheres for electrochemical reduction of oxygen
applications. The resulting system was found to be more effective
in terms of reduction activities compared to a commercial Pt/C
catalyst.’ Nagpal et al.*>* developed Fe-Pd BMNPs and used
them to degrade lindane, a pesticide and persistent pollutant. The
degradation activity was found to be almost five times more effi-
cient than the commercial bulk Fe used for these purposes.***

In the patent market, BMNP systems have been developed
for potential SDG achievements. For SDG 3, Au-Cu BMNPs have
been synthesized for antibacterial applications.® In the re-
ported method, green reducing agents such as ascorbic acid,
sodium citrate, and glucose may be used to obtain the anti-
bacterial nanomaterial. The antibacterial activity of the Au-Cu
BMNPs can be released via low-energy near-infrared irradiation,
so it can be widely used in wound antibacterial sterilization and
drug resistance risk application. Attending SDG 3, a process for
reforming CO, via utilizing Ni/Pt BMNPs has also been patented
in the United States.'*® Scientists from Hunan University, China,
have developed Fe-Cu BMNPs as a material for removing Cr(vi)
from water,"” which has enhanced advantages, such as simple
operation, low cost, and short treatment preparation, can treat
high Cr(iv) concentrations, and is versatile in different pH
ranges. This patent has the potential to impact SDG 6. Finally,
SDG 13 can be targeted via responsible energy consumption.
For example, Unju Park et al. have patented a method for
producing BMNPs for their application in solar cells.®® This
patent states that the proposed method can result in different
BMNP configurations if Cu, Sn, and Zn are included in the
nanostructure.
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As seen in the above examples, BMNPs have the potential to
be incorporated into products available for their utilization in
SDG affairs. Nevertheless, the up-scaling processes may signify
drawbacks in their implementation.

7.2 Upscaling challenges

Green nanotechnology offers a solid platform to scale up the
production of BMNPs in terms of safety and reliability.
However, green syntheses have shown low reproducibility when
using biological extracts as reducing and stabilizing agents
since their exact reaction mechanisms are poorly understood.
Some studies have tried to elucidate the specific content of the
extracts to identify the reducing and stabilizing agent, e.g., the
work of Salunke et al.** However, most of the published articles
analyzed the whole extracts. These uncertainties can lead to
a lack of control in upscaling processes, e.g., the concentration
of phytochemicals (phenolic compounds, terpenes, alkaloids,
etc.) may vary depending on the season of the year in which they
are sown and harvested,'*® as well as the type of fertilizer used
during the plant growth.'*®

Finally, given that the synthesis method can define the
application of BMNPs, the goal in upscaling is not only to
perform a green synthesis per se but also to define the most
appropriate reducing and stabilizing agent to achieve the
desired application. For example, in the studies of Salunke
et al.*® and Syed et al.*® synthesized Ag/Au NPs with particle sizes
of 90 nm and 30-50 nm, respectively. On the one hand, the
former study used P. zeylanica to synthesize BMNPs. In contrast,
the latter investigation used Annona squamosa L. Comparing the
reported antibacterial results, P. zeylanica-mediated Ag/Au NPs
presented greater antibacterial inhibition against E. coli in
comparison with Annona squamosa L.-mediated Ag/Au NPs.*
These examples showed the impact of the proper selection of
the reducing and stabilizing agents in the synthesis method as
well as the importance of considering other external factors as
the final wanted application of the BMNPs, independently of
whether the synthesis follows a chemical or green methodology.

7.3 Overcoming stability obstacles

Despite metallic NPs being an interesting approach towards
real-life sustainability affairs, these systems must still be
improved in terms of long-term chemical stability.”® Since
nanomaterials’ features exhibit higher surface energies
compared to bulk materials, nano-based systems are found to
be less favored in thermodynamic parameters under standard
temperature and pressure conditions.'® The aggregation,
composition, morphology, particle size, and surface chemistry
of metallic nanomaterials may be affected with respect to time,
damaging their stability and limiting their potential for
application.***

As it is approached in this review, one route that can be
followed is the bimetallization of the systems, which is a key
factor for improving the stability of metallic nanosystems.'** As
an example, metals like Cu may be susceptible to oxidation
when exposed to air;**® hence, Jiang and colleagues developed
Cu-Au nanotubes for their application in SERS detection.'®
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These coinage metals led to an increase of intensity in the SERS
signal with respect to the sole Cu system, together with the
enhanced stability for several weeks of the system due to the
presence of Au. Stability obstacles may also be overcome by
modifying either their synthesis or implementation method. An
example is the incorporation of metallic NPs on solid
substrates, such as silica, alumina, or carbon.”® Zhuang and
colleagues'® prepared a hydrogen obtention solution based on
a carbon fiber paper with Pd-Au NPs loaded into it, using the
Eucalyptus plant as a reducing and stabilizing agent. Long-term
potential cycles and potentiostatic electrolysis were used to
confirm the stability and durability of the system due to the firm
anchoring of the NPs to the substrate. Stability may also be
achieved by incorporating a stabilizing agent in the synthesis
method,® such as PVP,”* CMC,”® and chitosan.’® Although plant-
synthesized BMNPs face reproducibility challenges and their
phytochemical nature and properties are normally not well
understood, the reducing and stabilizing agents found in the
plant extracts may show enhanced stability and low toxicity
characteristics.'® For instance, Sundarrajan et al.'®® studied
how the Artocarapus heterophyllus fruit extract could be used
both as a reducing and a stabilizing agent in synthesizing
Au@Ag NPs, and their formation mechanism was analyzed. In
this case, the mechanism involved an activation, growth, and
termination process.'®® The first consisted of the reduction of
metal ions by an electronation process, followed by an associ-
ation of metallic atoms, leading to thermodynamic stability,
due to the extract's bioactive components of the extract.'®®
Therefore, using stabilizing agents, either from plant extracts or
other agents, and comprehending the systems' mechanisms
may lead to more stable NP products.

7.4 Challenges of the implementation of BMNPs in real-life
sustainability affairs

Apart from scale-up production challenges, real-life conditions
play a major role in the effectiveness of nanomaterial-based
solutions for SDGs 3, 6, and 12. As seen before, most of the
issues related to SDG 3 are from soil remediation techniques.
Although the degradation of chemicals such as TCE, chlor-
ophenols, and nitroaromatic compounds has been enhanced by
BMNPs, the mechanisms of these nanostructured materials
may vary depending on the region and climatic conditions.'*
The latest is due to the presence of organic and metallic
compounds, as well as conditions associated with local pH and
mean temperatures of the environments to be remediated.'®”
Furthermore, nanomaterials may show adverse effects on
organisms found in soil, which may lead to negative implica-
tions in the seeking of remediation processes, aggravating soil
conditions and affecting natural processes.'®® Nanoparticles
used in water remediation processes (SDG 6) have been found to
be effective in detecting and removing pollutants. Nevertheless,
as with soil, natural conditions may affect the processes
involved in water remediation. Metallic nanoparticles, specifi-
cally the ones with magnetic properties, are found to be
unstable under acidic or alkaline conditions, which leads to the
loss of their magnetic force and a reduced time of life.'*® This

© 2024 The Author(s). Published by the Royal Society of Chemistry
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signifies a barrier in removing pollutants from contaminated
water since the presence of, for example, heavy metals tends to
reduce the pH of water.'® In addition, the recuperation of
nanomaterials in water treatment plants remains a significant
challenge, as well as residue disposal after the degradation or
adsorption of contaminants. The mentioned solutions
attending SDG 12 are mainly focused on NP-loaded food pack-
ages. Although metallic nanoparticles have shown enhanced
antimicrobial activities, human exposure to these materials is
a concern. Nanoparticles can penetrate human skin, facilitating
their interaction with human cells and tissues, which may lead
to potential health risks."”® Nanomaterials' toxicity has not been
completely understood to date, and the extent to which
nanoparticle-based products may lead to cellular damage is still
unclear.” Nevertheless, a recent study reported by Lomeli-
Marroquin et al. showed that green synthesized Ag/Au BMNPs,
in the same concentrations, may exhibit lower cytotoxic activity
against healthy human cells (human dermal fibroblast) than
the one against cancerogenic cells (melanoma).””* At the same,
the antibacterial activity tests of Ag/Au NPs showed that the
minimum inhibitory values (ICs,) were lower for BMNPs than
those of mono-MNPs (Au), i.e., the ICs, values were 4.92 and
7.02 pg L1, respectively, against MDR E. coli.'”* More of these
types of studies should be performed and published so a clear
evaluation can be done with respect to the advantages and
disadvantages of the usage of BMNPs regarding cytotoxic
effects.

In order to address the environmental safety and health issues
associated with nanomaterials, the National Institute of Occupa-
tional Safety and Health (NSIOH) has established the Nanotech-
nology Research Center (NTRC)."”> The NTRC was established,
among other goals, to research, understand, and publish results
from toxicologic tests regarding the potential of metallic nano-
materials to have long-term pulmonary effects, such as fibrosis
and lung cancer,'” while in the case of environmental damage, it
has expressed the necessary understanding of environmental fate,
exposure, and ecological effects of engineered nanomaterials.'”
Therefore, safety control studies of metal-based NPs in commer-
cial and industrial products should be performed before imple-
menting sustainability solutions. Usually, nanomaterial waste
products are disposed of in the same ways as conventional
wastes;'”” therefore, strict regulations and previous disposal
treatments should be strictly regulated in order to enable their use
as a completely sustainable practice.

With respect to the measurement of the environmental
impact of the application of BMNPs, a study reported by Ulucan-
Altuntas et al."* shows the Life Cycle Assessment (LCA) of the
production of FeCu via traditional methods, i.e., by using
NaBH, as a reducing agent. LCA shows that around 87% of the
synthesis environmental damage for producing FeCu BMNPs
comes from using NaBH, in the process.””* The authors of this
report stated that “to remove the borohydride reagent from the
method, greener synthesis should be used”, since around 1.87
m?® of wastewater with borohydride concentrations were
produced by synthesizing 1 kg of BMNPs."”* Similar results were
obtained in the study performed by Visentin et al,"” where
different production processes of metallic NPs were analyzed
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and compared. Again, NaBH, reduction was found to be the
most hazardous process, resulting in major environmental
impacts, such as human health, ecosystem quality, climate
change, and resources.'”® The study exhibited that the amount
of wastewater produced with BH, concentrations during the
production of Fe NPs was 0.702 m?, which is less than the
production of FeCu BMNPs."7%'”> Although the mentioned
studies reflect that removing NaBH, may signify a decrease in
environmental and health risks, they mainly focus on parame-
ters such as materials, energy, and water consumption during
the synthesis process. This tendency has been seen in most LCA
performed during the past few decades, excluding the output
flows (releases after production) and the end-of-life stages of
NPs.”7® Due to the mentioned reasons and the persistent
uncertainties, scale-up, reproducibility, application, and bilat-
eral risk aspects regarding end-of life toxicity related environ-
mental impacts of BMNPs, despite being green synthesized,
should be considered and further studied.

8 Final remarks

The featured BMNPs can contribute to addressing sustainable
development challenges, specifically as a possible solution for
SDGs 3, 6, and 12. Relevant results were shown by both tradi-
tionally and green-synthesized BMNPs. However, green synthesis
presented cost, energy, and safety advantages over traditionally
chemically synthesized BMNPs. It can be concluded that there
must be more significant efforts to improve the reproducibility in
green chemical routes to upscale their production and to have
more studies that show the environmental impact of the use of
BMNPs to ensure a clear path of their application towards the
Sustainable Development Goals 2030.
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