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Overview of the plant-based synthesis of metal and metal oxide
nanoparticles and their potential application in the formation

of protective coatings

Przeglad opartych na surowcach roslinnych metod syntezy nanoczastek metali i tlenkow metali
oraz ich potencjalne zastosowanie do otrzymywania powtok ochronnych

Technologies for the production of nanomaterials have been
developed for many years. Despite the remarkable achievements
in this field, nanotechnologies contribute to serious environmental
pollution. One of the interesting directions in the search for new,
green solutions limiting their harmful impact on nature is the use of
plant extracts as substrates in the techniques of synthesis of metal
nanoparticles and metal oxides. This article briefly reviews the current
state of knowledge on the preparation of metallic nanoparticles via
green chemistry synthesis methods. The general mechanism of these
processes is presented in an accessible way. In addition, current trends
in the field of their use in the formulation of paints and varnishes with
antifouling properties and as components of protective coatings
preventing corrosion are discussed. A noteworthy way of using metallic
nanoparticles in agriculture as a factor inhibiting the negative effects
of salinity on the growth of crops was also mentioned. Despite the
constantly growing number of scientific reports on these issues, this
topic still requires a comprehensive discussion along with a detailed
analysis of the synthesis processes. A comprehensive approach will
certainly contribute to a better knowledge and understanding of this
subject and the improvement of the quality of works devoted to the
green synthesis of metallic nanoparticles.

Keywords: biosynthesis, nanomaterials, powder metallurgy, paints,
varnishes, protective coatings, green chemistry

lakierowych oraz kompozytéw polimerowych.

Technologie wytwarzania nanomateriatéw sq rozwijane od wielu
lat. Pomimo niezwykfych osiggniec¢ w tej dziedzinie nanotechnologie
przyczyniajq sie do powaznego zanieczyszczenia srodowiska. Jed-
nym z interesujgcych kierunkéw poszukiwania nowych, zielonych
rozwiqzan ograniczajqcych ich szkodliwy wptyw na przyrode jest
wykorzystanie ekstraktéw roslinnych jako substratéw w technikach
syntezy nanoczqstek metali i tlenkéw metali. W artykule dokonano
krdtkiego przeglgdu obecnego stanu wiedzy na temat otrzymywa-
nia nanoczqstek metalicznych z uzyciem metod syntezy biologicznej.
W przystepny sposéb przedstawiono ogdlny mechanizm przebiegu
tych proceséw. Oméwiono ponadto aktualne trendy w zakresie ich
wykorzystywania w recepturowaniu farb i lakieréw o witasciwosciach
przeciwporostowych oraz jako sktadnikéw powtok ochronnych zapo-
biegajqcych korozji. Zwrdécono réwniez uwage na kwestie zastosowa-
nia nanoczqgstek metalicznych w charakterze zwiqzkéw hamujqcych
negatywny wptyw zasolenia na wzrost roslin uprawnych. Pomimo
stale rosnqcej liczby doniesieri naukowych dotyczqcych tych zagad-
niert wcigz wymagajq one kompleksowego omdéwienia wraz ze szcze-
gbtowq analizq przebiegu proceséw syntezy. Catosciowe ujecie z pew-
nosciq przyczyni sie do lepszego poznania i zrozumienia tej tematyki
oraz publikowania prac o wysokiej jakosci.

Stowa kluczowe: biosynteza, nanomateriaty, metalurgia proszkéw,
farby, lakiery, powtoki ochronne, zielona chemia
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Fig. 1. Number of scientific reports on the production of metal and metal oxides
NPs via green synthesis methods using plant raw materials published in the last
10 years

Rys. 1. Liczba opublikowanych w ciggu ostatnich 10 lat doniesiern naukowych
dotyczacych zielonej syntezy nanoczastek metali i tlenkéw metali z wykorzysta-
niem surowcow roslinnych

1. Introduction

Regardless of tremendous advances in the field of nanotechno-
logy that have been made throughout past decades, new methods
for nanomaterials production are still sought. Thus, the develop-
ment of eco-friendly strategies for nanoparticles (NPs) formation
has gained a lot of interest recently. The main reason for this can
be attributed to their exceptional properties such as small size,
diverse structure, and various application possibilities [1]. Among
many well-known raw materials classified as NPs, metal and metal
oxides can be distinguished. At present, metallic NPs are produced
mainly via chemical reduction methods, which unfortunately re-
quire the use of harmful and often toxic substances. This, in turn,
contributes to the adverse impact on the environment due to the
influence of its pollution or the need for large energy consump-
tion during the synthesis processes [2]. Fortunately, in the world
of science, a trend has emerged in conducting the processes of
obtaining NPs via green chemistry methods, among which green
approaches using plant extracts as reaction substrates should be
mentioned. The undoubted advantages of plant-based synthe-
sis methods are their safe nature, neutrality for the environment,
low production costs, and the possibility of using a wide range of
naturally derived materials. Replacing the classic methods of ob-
taining metallic NPs with plant-based synthesis allows for signific-
antly reducing or even completely eliminating the use of chemicals
(acids, alkalis, organic solvents) that are dangerous or toxic to the
environment [3]. Moreover, the final material can be usually formed
in a facile process of chemical reduction, sometimes combined
with the thermal decomposition of the intermediate product. Such
methods are mostly used for the development of metal and metal
oxide NPs which hold great potential for application as antimicro-
bial agents, biosensors, chemical tools in various catalytic reactions
(i.e. light-activated processes, pharmaceutical synthesis, green hy-
drogen production), or corrosion resistant coatings [4].

Despite the abovementioned advantages and undisputed pos-
sibilities of the brought up subject, the detailed mechanisms of
plant-based syntheses are still not entirely understood [2], and thus
some disadvantages still need to be eliminated. At present, the ma-
jor bottleneck in this topic is often the low efficiency of the pro-
cesses, which limits the use of the obtained products on a larger
scale. Nevertheless, given the growing interest in the improvement
of green approaches to the production of metallic materials, this
problem may be overcome soon. This can be confirmed by a graph
showing the constantly increasing number of scientific reports on

biosynthesis green chemistry

paints & varnishes

plant based synthesis

powder metallurgy

protective coatings 2nticorrosion

Fig. 2. Green synthesis of metal/metal oxide NPs — keywords cloud

Rys. 2. Zielona synteza nanoczastek metali i tlenkdéw metali - chmura stéw klu-
czowych

this topic (Fig. 1). The graph was prepared based on searching for
the phrases “green synthesis” and “plant-based synthesis” followed
by “metal/metal oxides nanoparticles” in the ScienceDirect data-
base and collecting the data from the year 2012 till 2022.

This article presents a brief description of the methods for metal-
lic NPs formation along with a review of hitherto scientific achieve-
ments in the field of metal/metal oxide NPs green synthesis. Areas
of application of the discussed materials as additives to paints and
varnishes as well as raw materials for anticorrosive purposes
and plant cultivation are introduced. This short review — based on
scientific reports published since 2012 - is focused on the develop-
ment of a green approach for the manufacturing of metallic NPs.
The selection of the most relevant keywords made it possible to
prepare an overview of research articles. Academic research data-
bases such as ScienceDirect, Scopus, and PubMed were used for
the search of appropriate publications. Keywords related to the dis-
cussed topic were collected and presented in Fig. 2.

2. Methods for plant-based NPs formation

Green synthesis of plant-based NPs has been under extensive
discussion in material science since it holds many advantages over
conventional physical or chemical methods of NPs formation. The
application of plant extracts has become a unique technology for
the synthesis of NPs, as they exhibit dual nature of reducing and
capping agents in these processes [5]. Currently, metallic NPs can
be usually obtained via two main routes: top-down and bottom-up.
The top-down approach is based on physical methods of obtaining
materials in the nanoscale by grinding metallic powders with the
use of mechanical or electrical energy. Among them, high-energy
ball milling, laser ablation, melt mixing or inert gas condensation
can be distinguished. Despite the undoubted advantage of these
methods, which is the lack of the use of toxic chemicals, they are
extremely energy consuming and often require the use of special-
ized equipment which leads to very high production costs. In addi-
tion, controlling the properties of the final material is not easy [6].

In the case of the bottom-up approach, chemical methods and
biosynthetic processes can be mentioned. In chemical synthesis,
NPs are mainly obtained by sol-gel, hydrothermal, chemical reduc-
tion, or precipitation reactions [7]. Such techniques are efficient
and easily scaled up, but they require the use of often toxic and
environmentally dangerous substrates. Although many reports
also discuss easy control over the properties of the obtained NPs in
chemical processes, green solutions are constantly being sought.
Hence, a trend has emerged in the use of raw materials of natural
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Fig. 3. The scheme for the green synthesis of metallic NPs with the use of plant extract

Rys. 3. Schemat zielonej syntezy nanoczastek metalicznych z wykorzystaniem ekstraktow roslinnych

origin as a replacement for hazardous chemical reductants and sta-
bilizers. Biosynthesis uses microorganisms (i.a. bacteria or fungi),
biomolecules (i.a. enzymes, carbohydrates), or plant extracts (de-
rived from fruits, vegetables, or flowers). Among them, the easiest
in terms of safety conditions and process efficiency is the use of
plant extracts as bioreductans [6].

The great advantages of using the plant-based synthesis of
metallic NPs are its simplicity, energy saving or availability, and low
costs of the raw materials. The general mechanism for the synthe-
sis of metallic or metal oxide NPs from plant extracts is based on
the reduction of metal ions by molecules originating from plants
such as i.a. polysaccharides, flavones, anthocyanidins, or phe-
nolic acids. The above-mentioned compounds can be easily ex-
tracted from almost every plant part - seeds, leaves, roots, stalks,
fruits, or flowers — which gives countless possibilities for their use
as substrates in the biosynthesis of NPs [2]. Moreover, it is worth
mentioning that plant extracts can hold capping, stabilizing, or
chelating functions, thanks to which the obtained materials are
often characterized with better chemical resistance compared to
NPs obtained via chemical methods [1]. The plant-based metallic
NPs formation covers three main stages, among which reduction,
growth, and stabilization are distinguished. The reduction stage
is occurring when metal ions (derived from their salt precursor)
undergo reduction through their interaction with compounds
contained in plant extracts. Here, hydroxyl groups originating from
plant extracts play the main role in the coordination of metal ions
and donation of electrons, leading to the reduction process. In
the growth stage, the coalescence of small metal NPs into larger
particles is occurring. This process is a so-called Ostwald ripening
and involves the formation of NPs by heterogeneous nucleation
and particle growth followed by further reduction of metal ions.
This aggregation is observed due to the stronger bond energy
between the atoms of the formed metal compared to the bond
energy between the atom and the solvent used in the synthesis
(most commonly ethanol, methanol, or water). In this process,
the thermodynamic stability of NPs is increased. In the last stage
of NPs formation, particles are stabilized. Here, NPs are converted
to the most energetically favorable conformation due to the abil-
ity of plant extracts to stabilize metallic NPs. The biological activity
of compounds contained in extracts increases the stability of the
created particles thanks to the presence of groups such as C-C,
C=C, C-0, C=0, or O—C=0 in their chemical structure. In addition,
extracts show capping abilities, thanks to which further growth of
particles is limited in the stabilization stage, and the formation of
aggregates from metal NPs is prevented [7]. The general scheme
for the green synthesis of metallic NPs is presented in Fig. 3.

3. Plant-based synthesis of metal/metal oxide NPs - scientific
overview

The development of environmentally friendly methods for the
fabrication of metal and metal oxide NPs is an essential step in

increasing the importance and changing nano-
technology. In the past decade, many attempts at
the plant-based synthesis of metallic NPs were re-
ported in the scientific literature [3]. The growing
interest in this field is caused not only because of
scientific curiosity and the exquisite properties
of obtained materials but also because of the
many possibilities given by such methods. How-
ever, the undoubted disadvantage of the rapid
increase in the number of publications on this
topic is the fact that the research is not always
discussed in detail. Often there is a lack of thor-
ough and in-depth discussion that includes the
synthesis processes optimization or analysis of the impact of reac-
tion conditions on the properties of the obtained materials. Here,
a short review based on recent academic reports on the plant-
-based synthesis of metal and metal oxide NPs will be presented.
The green synthesis of materials such as Ag, Au, Pd, Cu, CuO, ZnO,
TiO,, SnO,, ZrO,, Al,05;, MgO, or Ce0,, as well as a few examples of
bimetallic composites, will be included. The most important factors
such as morphology and particle size of materials developed in the
discussed publications are summarized in Table 1.

Yazdi et al. [8] presented research on AgNPs synthesis with the
use of the aqueous flowering shoots of Allium giganteum extract.
AgNO; was applied as a metal precursor. The process was carried
out at room temperature (RT) and resulted in the fabrication of
spherically shaped NPs with a size stated at 4+35 nm. The reaction
has been induced after the extract has been added to T mM AgNO,
aqueous solution. The color change of the reaction mixture to light
brown (indicating the AgNPs formation) occurred after 24 hours. The
obtained material was tested for antimicrobial and photocatalytic
activity. It was shown that the biosynthesized AgNPs exhibit great
antibacterial activity against Staphylococcus aureus, Bacillus subtilis,
Escherichia coli, and Pseudomonas aeruginosa bacteria strains.

Okaiyeto, Hoppe and Okoh [9] presented studies on AgNPs de-
velopment via biosynthesis with the Salvia officinalis aqueous leaf
extract as a reductive agent and AgNO, as a metal precursor. Results
of morphology analysis revealed the spherical shape of AgNPs with
a size of ca. 40 nm. Here, cytotoxicity against human cervix adeno-
carcinoma cells and antiplasmodial activity against Plasmodium
falciparum were investigated. In this study, obtained AgNPs
demonstrated good antiplasmodial activity and mild cytotox-
icity. It was stated that this material can be applied for the develop-
ment of novel antimalarial drugs and further studies on its activity
mechanisms needs to be undertaken.

In the report from Kyziot et al. [10] research group, an eco-
-friendly synthesis of AuNPs with the aqueous extract of Rosa dam-
ascene and HAuCl, - 3H,0 (metal precursor) was performed. Reac-
tions were carried in different temperature conditions: at RT and
at 40°C. In both cases, obtained particles were mostly spherical,
however, their average size varied from 8+32 nm for AuNPs syn-
thesized at RT and 10+45 nm for AuNPs synthesized at 40°C. In vitro
cytotoxicity was investigated and it was proved that the use of ob-
tained AuNPs increases the damage process of cancer cells and can
be successfully used for medical applications.

Another study on AuNPs plant-based synthesis was done by Ali
et al. [11]. Here, NPs were synthesized with the use of the stalk of
an Ayurvedic medicinal plant - Tinospora cordifolia — and analyzed
for the activity against Pseudomonas aeruginosa biofilm formation.
Obtained AuNPs were spherically shaped and their average particle
size was stated at ca. 16 nm. It was shown that with the increasing
concentration of discussed NPs, the Pseudomonas aeruginosa biofilm
formation decreased which confirmed their potential as antibiotics.

An eco-friendly synthesis of PANPs using Filicium decipiens leaf
extract was presented by Sharmila et al. [12] research group. An
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aqueous solution of PdCl, was mixed with plant extract and kept
in RT for 4 days. The PdNPs formation was confirmed by UV-Vis
analysis. Morphology tests showed that obtained PdNPs occurred
spherical with size from 2 nm to 22 nm. Results showed that
phytochemicals (comprising of amide or amine functional groups)
contained in Filicium decipiens leaf extract influenced the reduc-
tion reaction of Pd precursor resulting in the development of NPs
that hold a great antimicrobial activity against Gram-positive and
Gram-negative bacteria strains.

Another worth-mentioning research on PdNPs biosynthesis was
published by Kalaiselvi et al. [13]. Here, an aqueous solution of
Pd(OAc), was mixed with alcohol-based Catharanthus roseus leaf
extract and stirred at 60°C for 10 hours. The reaction mixture was
analyzed via UV-Vis spectrophotometry in 1 hour intervals and it
was stated that the highest yield in PANPs formation was recorded
at 2nd hour of the performed process. The average particle size
was stated at 38 nm and morphology tests confirmed their spher-
ical shape. The presented study showed that the reaction time has
a significant influence on the NPs formation and that functional
groups contained in plant extract have a critical role in the reduc-
tion process and stabilizing the PdNPs.

In the investigation performed by Rajeshkumar et al. [14], CUNPs
were synthesized using a rare medicinal plant Cissus arnotiana as
a reducing agent. It was stated that this extract was used for the
first time for the plant-based synthesis of NPs. The prepared plant
extract was added to CuSO, solution and stirred at RT for 4 hours.
Here, spherical shaped particles with a size of 60+90 nm were ob-
tained. The biosynthesized CuNPs showed antibacterial activity
against the Gram-negative bacteria (Escherichia coli).

In the research from Mali et al. [15], eco-friendly green syn-
thesis of CuNPs using Celastrus paniculatus leaves extract was
conducted. The reaction mixture was prepared by mixing CuSO,
aqueous solution with an extract solution. The morphology of
obtained material appeared spherical shaped NPs with a size be-
tween 2 nm and 10 nm. Moreover, it was confirmed that the syn-
thesized CuNPs can be applied as antifungal agents since they
showed great antifungal activity against Fusarium oxysporum.

Veisi et al. [16] showed a report on a green approach for CUONPs
formation using an herbal tea Stachys lavandulifolia flower extract.
The compounds contained in the extract were used as the reduc-
tant without applying harsh chemicals. Cu(OAc), was applied as
Cu precursor and it was mixed with prepared extract solution at
80°C for 100 min. The formation of CUONPs was confirmed by the
change in the color (from yellow to dark brown) of the reaction
mixture. The analysis of the chemical composition of the extract
showed the occurrence of flavonoids, triterpenoids, steroids,
cardenolides, or alkaloids. These, in turn, influenced the reduction
of Cu®* ions to CUONPs. Moreover, it was shown that mentioned
extract holds a potential as a capping agent which prevents the
agglomeration of NPs during the synthesis process. Obtained NPs
were spherical with a size of 15+25 nm.

Naseer et al. [17] presented research on a green route to syn-
thesize ZNONPs. Leaf extracts of medicinal plants Cassia fistula and
Melia azedarach were used as reducing agents and Zn(OAc), - 2H,0
was used as ZnO precursor. Analysis of the extract’s chemical com-
position showed the presence of bioactive functional groups that
are responsible for the reduction of Zn(OAc), - 2H,0 to ZnONPs.
The change in the reaction mixture color (from brown to white)
confirmed NPs formation. Imaging of prepared powders indic-
ated the spherical shape of particles with a size of 3+68 nm. What's
more, the ZnONPs exhibited antimicrobial activity against clinical
pathogens which suggests their potential for use in versatile and
eco-friendly biomedical product development.

Srinivasan et al. [18] work shows the attempts for the biosyn-
thesized TiO,NPs via the reduction of TiCl; using Sesbania gran-

diflora leaf extract. Analysis of extract composition confirmed the
presence of alkynes, alkanes, flavonoids, and secondary alcohols
which are compounds believed to be involved in the reduction of
metal precursors in the formation of NPs. The size of obtained NPs
was in the range of 43+56 nm. Moreover, synthesized TiO, samples
were studied for their impact on toxicity in zebrafish embryos. It
was stated that biosynthesized TiO,NPs have a great potential ap-
plication for the use against bacterial pathogens.

An interesting approach for ceramic oxide NPs was reported by
Manimaran et al.[19]. In theirinvestigation, SnO,NPs via microwave-
-assisted green synthesis with aqueous Solanum nigrum leaf ex-
tract were prepared. Sn precursor — SnCl, - 2H,0 - was mixed with
extract solution and subjected to microwave exposure in a domes-
tic microwave oven. The obtained powder was then calcinated at
600°C for 6 hours in order to remove residual post-reaction impur-
ities. Morphology analysis revealed spherical shapes of obtained
particles with the average size stated at 45 nm. Further research has
shown a protein-like shell surrounding the SnO, particles that are
responsible for their stabilization.

Da Silva et al. [20] study focused on the development of the green
synthesis of ZrO,NPs using Euclea natalensis plant extract. Optimiz-
ation of reaction parameters covering plant extract and metal pre-
cursor concentration, and calcination temperatures was done for,
as claimed by the authors, the first time in the literature. The NPs
obtained under most optimized conditions were characterized by
spherical shape and average particle size of 6+9 nm.

Detailed research on the influence of different reaction condi-
tions on the properties of green synthesized NPs was also presented
in the report presented by Roostaie et al. [21]. Here, mesoporous
y-Al,O; was obtained with the use of Morus alba leaf extract. The
plant extract was used not only as a reducing agent but also as
a biotemplate for the synthesis of the leaf-inspired y-Al,O;. A sol
solution of AI[OCH(CHs),]; was first prepared and then mixed with
Morus alba extract at different conditions (atmospheric pressure,
short and long time contact, vacuum and sonication parameters).

Another metal oxide NPs synthesis was done by Ahmad et al. [22]
an eco-friendly method for synthesis in an aqueous environment
with the use of Leucophyllum frutescens extract was proposed. Ob-
tained NPs occurred to have a particle size of around 34 nm and
a cubic structure. Further analysis of the properties of MgONPs
showed that they can be considered as green resources for multi-
faceted environmental (wastewater treatment) and biological (anti-
microbial agent) applications.

Sabouri et al. [23] developed a procedure for CeO,NPs formation
via sol-gel reaction with Ce(NO;); - 6H,0 (metal precursor) and Rheum
turkestanicum leaf extract (reducing and stabilizing agent). The reac-
tion was carried out by mixing aqueous solutions of Ce precursor and
prepared extract for 24 hours at 80°C until the light yellowish color
of the solution was acquired. After the process, obtained powders
were calcinated at different temperatures (400°C, 500°C, and 600°C).
The influence of the temperature of post-reaction calcination on the
NPs average size was investigated. It was shown that with increased
temperature, the average particle size is also increasing. The CeO,NPs
average size was stated at ca. 12 nm, 24 nm, and 33 nm for calcina-
tion at 400°C, 500°C, and 600°C, respectively. This research presents
interesting findings on the Rheum turkestanicum plant application as
a biobased substrate for NPs formation.

A worth mentioning topic in the field of metallic NPs formation is
the development of procedures for bimetallic composite synthesis.
Emerging interest in this subject is mainly caused by the unique na-
ture of bimetallic NPs which is determined mainly by their complex
structure and the occurrence of electronic interactions between
metals. Moreover, they stand out with exquisite catalytic, elec-
tronic, or optical properties. Thus, bimetallic NPs hold great poten-
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Table 1. Overview of the green synthesis of metal/metal oxide and bimetallic composites NPs with the use of different plant sources
Tabela 1. Zielona synteza nanoczastek metali, tlenkéw metali i kompozytéw bimetalicznych z wykorzystaniem réznych zrédet roslinnych

Particle size
Plant Metal precursor Synthesized NPs Morphology (i Ref.
Allium giganteum shoots AgNO, Ag spherical 4+35 [8]
Salvia officinalis aqueous leaves AgNO; Ag spherical ca. 40 [9]
8+32(RT)
Rosa damascene flowers HAuCl, - 3H,0 Au spherical [10]
10+45 (40°C)
Tinospora cordifolia stalks AuCly Au spherical ca. 16 [11]
Filicium decipiens leaves PdCl, Pd spherical 2+22 [2]
Catharanthus roseus leaves Pd(OAc), Pd spherical ca.38 [13]
Cissus arnotiana leaves Cuso, Cu spherical 60+90 [14]
Celastrus paniculatus leaves CuSO, Cu spherical 2+10 [15]
Stachys lavandulifolia flowers Cu(OAc), CuO spherical 15+25 [16]
Cassia fistula and Melia azedarach leaves Zn(OAc), - 2H,0 ZnO spherical 3+68 [17]
Sesbania grandiflora leaves TiCly TiO, triangular,riscqalljare, sphe- 43456 [18]
Solanum nigrum leaves SncCl, - 2H,0 SnO, spherical ca.45 [19]
Euclea natalensis roots ZrOCl, - 8H,0 ZrO, spherical 6+9 [20]
Morus alba leaves AI[OCH(CH,)]5 Al,O4 leaf template ca. 20 [21]
Leucophyllum frutescens leaves MgNO, MgO cubic structure ca. 34 [22]
ca. 12 (400°C)
Rheum turkestanicum leaves Ce(NO,); - 6H,0 CeO, spherical ca. 24 (500°C) [23]
ca. 33 (600°C)
CuSO, + AgNO; Cu-Ag spherical ca. 59 [25]
Ginger rhizome powder CuSO, + Ni(NO,), Cu-Ni spherical ca. 68 [25]
Ni(NOs), + AgNO; Ni-Ag spherical n/a [25]
Caccinia macranthera plant ) Mg%l:l‘g\iia)‘zl Hi(H)ZS/:—gNQ Ag doped ZnO-MgO spherical ca.26 [26]
Sambucus nigra L. shoots CuCl, + Zn(CH,CO0), CuO-ZnO hexaggnal (ZnO phase), 20+130 [27]
spherical (CuO phase)

tial in applications for catalysts, sensors, nanoelectronic devices,
biomedical tools, or biosensors [24].

Ismail et al. [25] performed research on the preparation of bi-
metallic composites including Cu-Ag, Cu-Ni, and Ni-AgNPs with the
use of ginger rhizome powder as a bioreductive agent. NPs were
obtained via two step route. First, the ginger powder was washed
with distilled water and dried. Then it was added to aqueous solu-
tions of CuSO, with AgNO;, CuSO, with Ni(NO;),, and Ni(NOs), with
AgNO;. Mixtures were left for 6 hours, filtered, and dried. In the
second step, obtained powders were subjected to NaBH4 solution
in order to support the reduction process. The change in color of
the powder into dark black after the contact with NaBH4 solution
indicated the formation of NPs. It was stated that the Cu®*, Ni**, and
Ag" ions were uptaken due to interactions of the hydroxyl func-
tional groups of phenolic compounds found in the ginger pow-
der. The average size of nanocomposites was stated at 59 nm and
68 nm for Cu-Ag and Cu-Ni, respectively. There is no mention of the
particle size for obtained Ni-AgNPs. Considering the stated proper-
ties, such as excellent absorbance of metal ions, the surface distri-
bution of NPs, outstanding reusability, and stability, such materials
have great potential for many industrial applications.

Composite bimetallic nanomaterials synthesis was also pre-
sented by Sabouri et al. [26]. Here, Ag-doped ZnO-MgONPs were
obtained via a green synthesis approach for the first time in the
scientific literature. Caccinia macranthera extract was applied
as a reducing agent in a reaction with the following metal salts
Zn(NO;), - 6H,0, Mg(NO;), - 4H,0, and AgNOs;. First, solutions of
Zn and Mg metal salts were mixed in a 1 : 1 ratio for 15 minutes
and then 5 wt% of AgNO; was added and stirred for 30 minutes.
In the second step, plant extract solution was added dropwise and
the obtained mixture was stirred at 80°C for 6 hours. The final prod-

uct was calcinated at 700°C for 2 hours. The average particle size
of synthesized material was stated at ca. 26 nm and morphology
analysis revealed spherical shaped particles. The obtained compos-
ite was extensively tested for its potential application as a photo-
catalyst (for organic dye degradation), cytotoxic agent, or a novel
biosensor for Pb’* ions detection.

Cao et al. [27] developed an eco-friendly procedure for another
bimetallic composite of CuO-ZnO using Sambucus nigra L. ex-
tract. NPs were formed in a simple method by mixing the aqueous
solution of plant extract with CuCl, and Zn(CH;COO), at 70°C for
3 hours and then calcinating raw material at 400°C for 6 hours. The
morphology analysis results showed that obtained NPs contained
polygonal ZnONPs with hexagonal phase and spherical CUONPs
with monoclinic phase. The size of ZnO-CuO composite particles
varied from 20 nm to 130 nm, depending on the oxide phase.
What's more, anticancer activity was also confirmed for the ob-
tained powders.

4. Application potential of green synthesized metal/metal
oxide NPs

4.1. General knowledge

While metal NPs (i.a. Ag, Au, Pd, Cu) are most often analyzed as
agentsforantimicrobial, cytotoxic, orantiplasmodial applications [1],
metal oxide NPs are also investigated for their applications as vari-
ous catalysts, biosensors, or even in tools for electronic devices [3].
Furthermore, one of the widely discussed fields of application of
metal and metal oxide NPs is their use as raw materials or additives
for the fabrication of protective coatings [28]. Materials derived from
natural resources are under constant consideration as green alterna-
tives for anticorrosion or antifouling agents. Plant extracts rich in
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biologically active compounds hold great potential in this field [29]
and their use in the formation of nanomaterials can enhance
the protective properties of metallic NPs. Other worth mentioning
and rapidly emerging fields for metallic NPs usage are agriculture
and plant cultivation. That is because of the stabilization initiated by
the compounds contained in the plants, thanks to which, metallic
NPs can also exhibit biological activity. This in turn opens the way
for their use as inhibitors of the salinity stress in plants [30].

Here, recent advances in the use of biosynthesized metal/metal
oxide NPs for the constitution of protective coatings will be briefly
discussed. Their application as paint and varnishes components, as
well as raw materials for corrosion inhibition will be presented. In
addition, a few reports dedicated to the investigation of their inhib-
iting abilities in plant cultivation will be shown.

4.2. Paints and varnishes

An interesting direction of application of metal/metal oxides NPs
produced in the processes of green syntheses is their use as coat-
ing materials or components of paints and varnishes with bioactive
and/or anti-corrosion properties. A special case of such solutions are
the so-called antifouling coatings. The use of these coatings is aimed
at inhibiting or a decrease in the formation of biofilm by aquatic
organisms, mainly algae, and crustaceans, on the parts of ships
underwater. Currently, in industrial practice, mainly Cu-based paints
are encountered. Even worse, formulas containing compounds such
as mercury and arsenic have also been used in the past. Due to their
confirmed harmfulness, solutions that have less impact on the flora
and fauna of the seas and oceans are sought [31]. Some of the recent
studies covering mentioned topics are presented below.

Alarif et al. [7] presented the research on the antifouling activ-
ity of TIO,NPs synthesized using natural marine extracts. Extracts
of two red algae (Bostrychia tenella and Laurencia obtusa), a green
alga (Halimeda tuna), and a brown alga (Sargassum filipendula)
along with a marine sponge sample identified as Carteriospongia
foliascens were used in the processes of obtaining ceramic par-
ticles. The collected algae and marine sponge were air-dried and
extracted with methanol. Subsequently, the extracts were filtered,
frozen overnight at —10°C, freed from fats, and evaporated to dry-
ness. Titanium (IV) butoxide was used as a Ti precursor, which was
mixed with ethanol and aqueous solutions of dried extracts at 50°C
for 2 hours, then aged for 24 hours. The resulting gel was dried for
12 hours at 100°C and ground in a mortar, then calcined for 2 hours
at 500°C in a muffle furnace. The TiO,NPs obtained in this way were
introduced into the paint formula based on a pigmented mixture
of oil binder with Fe;0,, ZnO, and polyvinyl chloride (PVC), diluted
in xylene. The prepared paint was applied to the steel panels using
commercially available paint as reference material. The painted
panels were immersed for 108 days in seawater (Eastern Harbor of
Alexandria, Egypt) during the spring-summer season. Paints con-
taining TiO,NPs obtained with B. tenella and C. foliascens extracts
demonstrated an excellent antifouling performance while panels
coated with commercial paint were colonized by barnacles.

The above observations were confirmed in the review by Gu et
al. [32]. The authors in this article explain that the extracts used by
Alarif et al. [7] not only enable the green synthesis of nanomaterials
but also inhibit the formation of biofilm. In numerous publications,
it is stated that many natural substances of both plant and animal
origin have an antifouling effect. It is worth mentioning here: ter-
penoids, steroids, carotenoids, phenolics, furanones, alkaloids,
peptides, and lactones.

The authors also emphasize the influence of the photocatalytic
properties of ceramic nanomaterials on increasing the antifouling
capacity of the coatings. Nanocrystalline TiO, is a material com-
monly used to modify protective coatings. Due to its ability to
generate reactive oxygen species when irradiated with sunlight,

it intensifies the antifouling effect of coatings and improves their
mechanical strength. This concept was used by Selim et al. [33] by
conducting a broad photocatalytic analysis of coatings for ship
hulls with TiO,NPs embedded in a polydimethylsiloxane (PDMS)
matrix. Selim et al. [34] continued work on nanoceramics for anti-
fouling applications by developing advanced nanocomposite
coatings based on silicone with f-MnO, nanorods. The addition
of nanowires into the PDMS polymer matrix resulted in obtaining
a coating with low surface energy and superhydrophobic proper-
ties that prevent the deposition of organisms on its surface.

Another worth-mentioning study on antifouling behavior by
green metal/metal oxide NPs was proposed by Lakhan et al. [35].
In their article, they evaluated the antibacterial and antidiatom
activity of AgNPs synthesized in a clove bud extract environment.
The plant extract was prepared by pouring distilled water and boil-
ing the ground flowers for 20 minutes, then cooling them to room
temperature and filtering them through paper filters. The obtained
extract was stored at 4°C. For the synthesis of AgNPs, the Ag pre-
cursor in the form of AgNO; was used, and its aqueous solution
was mixed with the clove bud extract. After 24 hours of storage in
the dark, the mixture was centrifuged for 10 minutes at 8000 rpm
and washed with distilled water. The precipitated AgNPs were
dried overnight at 60°C. The antibacterial properties were tested
using the disk diffusion method, and the activity against Nitzschia
closterium diatoms was assessed by microscopic determination of
the number of microalgae cells on a hemocytometer. The authors
showed that AgNPs synthesized in the environment of clove bud
extract are capable of inhibiting the multiplication of marine bac-
terium community and Nitzschia closterium diatom.

The use of nano-sized ceramic particles as paint components
were also proposed by Solano, Patifo-Ruiz and Herrera [36]. In this
paper, they presented research on the use of an aqueous lemon-
grass extract in the synthesis of TiO,NPs and ZnONPs. The prepar-
ation of the solution proceeded as follows. Cleaned and crushed
lemongrass leaves were packed in linen bags and macerated in
distilled water for 6 hours. The obtained extract was stored at 4°C.
Titanium tetraisopropanolate was used as a Ti precursor. Next,
a prepared aqueous extract of lemongrass was added dropwise
to the precursor and subjected to ultrasonic treatment for about
30 minutes. The NPs were washed several times with distilled water
and ethanol, then centrifuged at 5000 rpm for 30 minutes. The
powder was calcined at 550°C for 3 hours to obtain TiO, with an
anatase structure. Zinc chloride was used as a precursor of Zn, which
was dissolved in water extract of lemongrass during 20 minutes of
magnetic stirring in a ratio of 80 : 320 v/v. A 5 M sodium hydrox-
ide solution was added to the prepared solution to adjust its pH
to 12. The suspension was sonicated and centrifuged at 4000 rpm
for 10 minutes. The resulting precipitate was washed with distilled
water and ethanol, then finally calcined at 550°C for 5 hours. Ceramic
NPs prepared in this way were dispersed in an organic diluent and
introduced in concentrations of 2%, 3.5% and 5% w/v% for com-
mercially available enamel paint. The prepared paints were applied
to substrates in the form of carbon steel, aluminum, and wood. The
authors showed that low concentrations of NPs provide a barrier to
corrosion processes. In addition, paints enriched with the addition of
TiO,NPs and ZnONPs have self-cleaning properties and are capable
of degrading impuirities in the form of methylene blue. Antibacterial
activity was confirmed only for ZnONPs.

A different approach, representing composites with green
metallic NPs with a ceramic matrix, was presented by Gol et al. [37].
In their work, they proposed the synthesis of AgNPs using black
tea (Camellia sinensis). The plant extract was obtained in the mi-
crowave process by maceration of dried Camellia sinensis in
70% ethyl alcohol. Silver nitrate was used as a precursor to the
synthesis of AgNPs. The salt was dissolved in the paper-filtered ex-
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tract with distilled water and sonicated for 48 hours. The resulting
precipitate was cleaned with alcohol and air dried, then added to
the ceramic glaze. The produced NPs were subjected to microbio-
logical ana-lysis including disc diffusion assay and minimum inhib-
itors/bactericidal concentration using the broth dilution method.
Antibacterial properties of the AgNPs/glaze mixture were tested
against Escherichia coli, Bacillus subtilis, Staphylococcus aureus,
and metbhicillin-resistant Staphylococcus aureus bacteria. AGNPs in
ceramic glaze showed antibacterial activity reaching up to 90% of
lethal effects against both Gram-negative and Gram-positive bac-
teria. The discussed material has a high application potential as an
additive to protective, anti-corrosion, and bioactive ceramic coat-
ings.

4.3. Protective coatings

Although the practical use of green synthesized NPs is still in the
development phase, their application as anticorrosion inhibitors
is often discussed. Growth in scientific interest in this topic leads
to the publication of more and more reports on the metallic NPs
used as corrosion inhibitors [28]. These can be used as additions
to protective coatings formation via various methods. Moreover,
metal and metal oxide are often characterized by high thermal sta-
bility and great mechanical properties which makes them useful
in different methods of plasma thermal spraying [38] or powder
metallurgy techniques [39].

El-Shamy and Deyab [40] have presented a study on biosynthe-
sized AgNPs for epoxy coatings applied on steel substrates for cor-
rosion inhibition in salt environments. Here, Spirulina platensis ex-
tract was applied for the formation of AgNPs with AgNO; as a metal
precursor. The reaction was carried out by mixing AgNO; with
a prepared extract in a neutral environment (aqueous solution) at
RT. Then, the reaction mixture was kept in the dark for 48 hours.
Obtained AgNPs were dispersed in epoxy resin and deposited on
steel sheet metal rods. For the anticorrosive activity evaluation,
coatings were immersed in a 3.5% NaCl solution. The corrosion
resistance of the discussed AgNPs-based coating was higher than
that of a pure epoxy coating, suggesting that it can be successfully
applied for metal protection against saline environments.

The corrosion inhibition ability of AGNPs was also confirmed by
Jothi, Balachandran and Palanivelu [41]. In their report, at first, they
prepared metallic NPs using Phyllanthus niruri leaf extract as a cap-
ping agent in the reduction process of AgQNO;. Then, the prepared
material was incorporated into a sol-gel silane matrix and deposited
on stainless steel for the assessment of the anticorrosive abilities of
biosynthesized AgNPs in a 3.5% NaCl solution. Coatings enriched
with investigated NPS were also compared with unmodified sol-gel
films. The authors stated that such a solution was discussed for the
first time in the literature. The electrochemical impedance spec-
troscopy (EIS) studies showed that AgNPs subjected to a silane
coating on steel act as excellent corrosion inhibitors. Moreover, the
antibacterial assay was performed on Pseudomonas aeruginosa and
Escherichia colibacteria strains and it was proved that these coatings
also have a strong influence on the inhibition of bacteria growth. The
presented research shows a successful attempt at the fabrication of
protective coatings with the use of green chemistry methods which
opens the way for the new field of metallurgy development.

Saha et al. [42] employed a green approach for the sonication,
wet-chemical, and hydrothermal synthesis methods of ZnONPs. In
this study, ZnONPs were obtained using the reduction of Zn(OAc),
with the leaf extract of Psidium guajava. The resulting powders
were then incorporated in chitosan and coated on the cotton fab-
rics. A comparative assessment of the influence of the processing
method of NPs deposited on the cotton fabrics on physicochem-
ical, biological, and photocatalytic properties was prepared. It was
shown that NPs produced in a hydrothermal process exhibited

the best photocatalytic and antibacterial activity. Moreover, the
average particle size of this material was stated at ca. 12 nm. It is
believed that the size of NPs is a substantial factor that influences
their properties. Consequently, it was shown that ZnONPs not only
have a tunable nature (regarding the synthesis method and pro-
cessing parameters) but also hold great potential for application in
functional coatings to impart their protective properties.

Another interesting insight into metal oxide anticorrosive
coatings was shown by Sharma and Sharma [43]. The authors at-
tempted to obtain Cr,0;NPs using Cannabis sativa leaves extract
and assess their anticancer and corrosion inhibition activity on mild
steel substrates. The weight loss method was applied for the corro-
sion inhibition activity in HCI, HNO;, and NH; solutions. The highest
inhibition performance was observed in an acidic environment. It
is worth mentioning, that corrosion inhibition was also influenced
by the thermal conditions of measurements. With the increasing
temperature, inhibition efficiency decreased, which can be attrib-
uted to the desorption of the NPs from the metal surface. Hence,
such a solution is limited for application in coatings exposed to
high-temperature corrosion. However, green synthesized Cr,O;NPs
were stated as promising anticorrosive and cytotoxic agents in the
application for protective coatings formation.

The work presented by Elizondo-Villarreal et al. [44] aims to syn-
thesize Fe;0, (magnetite) NPs in a single step with the use of green
lemon Citrus aurantifolia residues extracts. The synthesis was carried
out by a co-precipitation method under different temperature con-
ditions. The morphology characterization showed that, depending
on the temperature, Fe;O,NPs average size was between 3 nm and
12 nm. Next, a composite of magnetite particles and graphene ox-
ide was prepared via an ultrasound-assisted process and applied to
ASTM A-662 steel samples for the assessment of their anticorrosive
abilities through electrochemical techniques. The coatings showed
great anticorrosive properties as well as resistance to abrasion.

4.4. Plant cultivation

The increasing need for the development of agricultural and
food processing technologies is mediating environmental pollu-
tion. This is caused by the wide usage of fertilizers or pesticides for
the enhancement of crop yields. Such substances are often leached
to the waterways which have a detrimental impact on the environ-
ment. Hence, novel smart fertilizers are willingly developed and the
formation of NPs synthesized via plant-based methods can be in-
cluded in this trend [30]. Although this topic covers different appli-
cation fields from the ones discussed previously, it is an interesting
direction for environmental protection and shows the diversity of
green synthesized NPs potential. A brief description of the influ-
ence of green synthesized metallic NPs on plant growth and pro-
tection against salinity stress is presented below.

Shaikhaldein et al. [45] examined the effects of biosynthesized
AgNPs on the antioxidant defense system of in vitro raised Maerua
oblongifolia under different levels of salt stress. AQNPs were synthe-
sized with the Ochradenus arabicus extract and AgNO; by stirring
their aqueous solutions at 60°C until the color of the reaction mixture
turned dark brown, indicating AgNPs formation. Obtained NPs im-
proved the growth traits and photosynthetic pigment production in
investigated plants and caused higher enhancement in antioxidant
enzyme activities. It was proved that green synthesized AgNPs aug-
mented the growth of M. oblongifolia shoots under saline conditions
and it was stated that they can be used as an eco-friendly approach
for the enhancement of salinity tolerance in plants.

Mustafa et al. [46] presented an investigation on the toxicological
effect of TiO,NPs synthesized via a green approach with Buddleja
asiatica L. leaf extract on the morphophysiological properties of
wheat plants exposed to salinity stress. NaCl was applied to sa-
linity-tolerant and salinity-susceptible wheat species in different

Ochrona przed Korozja, ISSN 0473-7733, e-ISSN 2449-9501, vol. 66, nr 7/2023

203



ARTYKUL NAUKOWY / RESEARCH ARTICLE

concentrations and after 21 days of germination, TiO,NPs were
applied for the assessment of their influence on salinity stress in
plants. After 15 days, a remarkable decrease in morphophysio-
logical attributes of selected wheat species was recorded. More-
over, improvement in plant growth, dry and fresh weight of plants,
length of shoots and roots as well as the increase in chlorophyll
contents were observed. Such material proved to be a remarkable
solution to increase the agronomic and physiological properties of
wheat under salinity.

Another article proving the possibility of green synthesized
metallic NPs application in agriculture was presented by Mogazy
and Hanafy [47]. Here, performed the comparison of the effect of
different concentrations of ZNONPs on the growth of faba bean
plants under salinity stress. ZnONPs were synthesized using Men-
tha spicata L. plant extract. The response of faba bean plants to the
foliar spray of ZnONPs alone and in combination with salt stress
was studied. Similarly to previous reports, the treatment of salin-
ity stressed plants with prepared NPs induced an enhancement in
plant growth as well as an accumulation of metabolites that help
plants overcome the negative effects of salinity.

5.Summary

Green chemistry methods have gained attention as an alterna-
tive to conventional chemical techniques for metal and metal ox-
ide NPs production. Reducing or replacing harmful to nature and
human health substances used in these processes is crucial to limit
their negative impact on the environment. One of the solutions is
the use of biosynthesis, in which raw materials of natural origin are
used as substrates in the processes of producing NPs.

This article discusses recent advances in the plant-based synthe-
sis of metal and metal oxide NPs. The performed review focuses
on discussing the mechanism of green metallic NPs formation and
a summary of the most interesting works in this field. Areas of their
applications in paints and varnishes formulations with antifouling
properties and corrosive inhibitors for functional protective coat-
ings formation were covered. Moreover, a brief description of their
use for agricultural and plant cultivation purposes was introduced.

The discussed topic is gaining more and more popularity, mainly
because it is based on the use of a green approach to obtaining
nanomaterials. Unfortunately, not all of the published to this date
works on the plant-based synthesis of NPs are consistent with the
green chemistry principles. A critical view on this issue should be
pointed out. The authors do not always focus on optimizing the
processes of obtaining NPs, and considering how many factors
can affect them — they should. Primarily, the preparation of the ex-
tracts is vital for the course of the reactions. The following factors
are worth mentioning: part of the plant from which the extract is
obtained — different parts of the plant contain different content of
biocompounds determining metal reduction, and thus may affect
the rate and efficiency of the reaction [48]. The changes in the bio-
compounds concentration in the extract can be also attributed to
the pretreatment of the plant. Information about whether the plant
was frozen, freeze-dried, or used as fresh raw material is important.
Significant differences in the chemical composition of obtained ex-
tracts can be observed also depending on the extraction technique
used and its conditions. Methods from classic maceration to ultra-
sound-assisted extraction are commonly used [49].

Apart from the preparation of the extracts, the conditions of the
reaction of NPs formation also have a substantial effect on the ef-
ficiency of the process and the characteristics of the final product.
These include the type of metal precursor and its concentration
as well as the molar ratio of applied substrates. In addition, reac-
tion time, temperature, and reaction environment should be taken
into account. Currently, among the numerous articles devoted to

plant-based metallic NPs formation, only some of them focus on
a detailed analysis of the impact of the abovementioned factors
on the obtained results. Nevertheless, due to the enormous poten-
tial of the green synthesis of metal and metal oxide NPs, the quality
of literature reports will continue to improve. This in turn may lead
to the gradual implementation of green synthesized nanomaterials
in industrial solutions in the near future.

BIBLIOGRAPHY

[11 N.T.T. Nguyen, L.M. Nguyen, T.T.T. Nguyen, T.T. Nguyen, D.T.C. Nguyen,
T.V. Tran. 2022. “Formation, Antimicrobial Activity, and Biomedical Performance
of Plant-Based Nanoparticles: A Review!” Environmental Chemistry Letters 20:
2531-2571.DOI: 10.1007/s10311-022-01425-w.

[2] S.Ying, Z. Guan, P.C. Ofoegbu, P. Clubb, C. Rico, F. He, J. Hong. 2022. “Green
Synthesis of Nanoparticles: Current Developments and Limitations.” Environ-
mental Technology and Innovation 26:102336. DOI: 10.1016/j.eti.2022.102336.

[3] G.M. Nair, T. Sajini, B. Mathew. 2022. "Advanced Green Approaches for Metal
and Metal Oxide Nanoparticles Synthesis and Their Environmental Applica-
tions!” Talanta Open 5: 100080. DOI: 10.1016/j.talo.2021.100080.

[4] J.R. Peralta-Videa, Y. Huang, J.G. Parsons, L. Zhao, L. Lopez-Moreno,
J.A.Hernandez-Viezcas, J. L. Gardea-Torresdey. 2016.“Plant-Based Green Syn-
thesis of Metallic Nanoparticles: Scientific Curiosity or a Realistic Alternative
to Chemical Synthesis?” Nanotechnology for Environmental Engineering 1(4):
1-29.DOI: 10.1007/541204-016-0004-5.

[5] G.Oza, A. Reyes-Calderon, A. Mewada, L. G. Arriaga, G.B. Cabrera, D.E.Luna,
H.M.N. Igbal, M. Sharon, A. Sharma. 2020. “Plant-Based Metal and Metal Alloy
Nanoparticle Synthesis: A Comprehensive Mechanistic Approach!” Journal of
Materials Science 55: 1309-1330. DOI: 10.1007/510853-019-04121-3.

[6] M. Yadi, E. Mostafavi, B. Saleh, S. Davaran, I. Aliyeva, R. Khalilov, M. Nikzamir,
N. Nikzamir, A. Akbarzadeh, Y. Panahi, M. Milani. “Current Developments in
Green Synthesis of Metallic Nanoparticles Using Plant Extracts: A Review.”
2018. Atrtificial Cells, Nanomedicine, and Biotechnology 46: 336-343. DOLl:
10.1080/21691401.2018.1492931.

[71  W.M. Alarif, Y.A. Shaban, M.1. Orif, M. A. Ghandourah, A.J. Turki, H.S. Alorfi,
H.R.Z. Tadros. 2023. “Green Synthesis of TiO, Nanoparticles Using Natural
Marine Extracts for Antifouling Activity.” Marine Drugs 21(2): 62. DOI: 10.3390/
md21020062.

[8] M.E. Taghavizadeh Yazdi, A. Hamidi, M.S. Amiri, R.K. Oskuee, H. A. Hosseini,
A. Hashemzadeh, M. Darroudi. 2019. “Eco-Friendly and Plant-Based Synthesis
of Silver Nanoparticles Using Allium giganteum and Investigation of Its Bac-
tericidal, Cytotoxicity, and Photocatalytic Effects” Materials Technology 34(8):
490-497.DOI: 10.1080/10667857.2019.1583408.

[9] K.Okaiyeto, H. Hoppe, A.l. Okoh. 2021.“Plant-Based Synthesis of Silver Nano-

particles Using Aqueous Leaf Extract of Salvia officinalis: Characterization

and Its Antiplasmodial Activity.” Journal of Cluster Science 32: 101-109. DOI:
10.1007/510876-020-01766-y.

A. Kyziof, S. tukasiewicz, V. Sebastian, P. Kustrowski, M. Koziet, D. Majda,

A. Cierniak. 2021. “Towards Plant-Mediated Chemistry — Au Nanoparticles

Obtained Using Aqueous Extract of Rosa damascena and Their Biological Ac-

tivity In Vitro.” Journal of Inorganic Biochemistry 214: 111300. DOI: 10.1016/j.

jinorgbio.2020.111300.

S.G. Ali, M.A. Ansari, M.A. Alzohairy, M.N. Alomary, S. AlYahya, M. Jalal,

H.M. Khan, S.M.M. Asiri, W. Ahmad, A.A. Mahdi, A.M. El-Sherbeeny,

M. A. EI-Meligy. 2020. “Biogenic Gold Nanoparticles as Potent Antibacterial

and Antibiofilm Nano-Antibiotics against Pseudomonas aeruginosa.” Antibiot-

ics 9(3): 100. DOI: 10.3390/antibiotics9030100.

[12] G.Sharmila, M. F.Fathima,S.Haries,S.Geetha, N. M. Kumar, C. Muthukumaran.
2017."Green Synthesis, Characterization and Antibacterial Efficacy of Palla-
dium Nanoparticles Synthesized Using Filicium decipiens Leaf Extract.” Jour-
nal of Molecular Structure 1138: 35-40. DOI: 10.1016/j.molstruc.2017.02.097.

[13] A.Kalaiselvi, S.M. Roopan, G. Madhumitha, C. Ramalingam, G. Elango. 2015.

“Synthesis and Characterization of Palladium Nanoparticles Using Catharan-

thus roseus Leaf Extract and Its Application in the Photo-Catalytic Degrada-

tion! Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 135:

116-119.DOI: 10.1016/j.5aa.2014.07.010.

S.Rajeshkumar, S.Menon,V.S.Kumar, M. M.Tambuwala, H. A. Bakshi, M. Mehta,

S.Satija, G. Gupta, D. K. Chellappan, L. Thangavelu, K. Dua. 2019.“Antibacterial

and Antioxidant Potential of Biosynthesized Copper Nanoparticles Mediated

through Cissus arnotiana Plant Extract”” Journal of Photochemistry and Photo-
biology B: Biology 197: 111531. DOI: 10.1016/j.jphotobiol.2019.111531.

=]

—_

[14

204

Ochrona przed Korozjg, ISSN 0473-7733, e-ISSN 2449-9501, vol. 66, nr 7/2023



ARTYKUL NAUKOWY / RESEARCH ARTICLE

[15]

(el

071

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

(271

[28]

[29]

[30]

[31]

S.C. Mali, A. Dhaka, C.K. Githala, R. Trivedi. 2020. “Green Synthesis of Copper
Nanoparticles Using Celastrus paniculatus Willd. Leaf Extract and Their Photo-
catalytic and Antifungal Properties!” Biotechnology Reports 27: €00518. DOI:
10.1016/j.btre.2020.e00518.

H. Veisi, B. Karmakar, T. Tamoradi, S. Hemmati, M. Hekmati, M. Hamelian.
2021. “Biosynthesis of CuO Nanoparticles Using Aqueous Extract of Herbal
Tea (Stachys lavandulifolia) Flowers and Evaluation of Its Catalytic Activity.”
Scientific Reports 11: 1983. DOI: 10.1038/s41598-021-81320-6.

M. Naseer, U. Aslam, B. Khalid, B. Chen. 2020.“Green Route to Synthesize Zinc
Oxide Nanoparticles Using Leaf Extracts of Cassia fistula and Melia azadarach
and Their Antibacterial Potential.” Scientific Reports 10: 9055. DOI: 10.1038/
541598-020-65949-3.

M. Srinivasan, M. Venkatesan, V. Arumugam, G. Natesan, N. Saravanan,
S. Murugesan, S. Ramachandran, R. Ayyasamy, A. Pugazhendhi. 2019. “Green
Synthesis and Characterization of Titanium Dioxide Nanoparticles (TiO, NPs)
Using Sesbania grandiflora and Evaluation of Toxicity in Zebrafish Embryos.”
Process Biochemistry 80: 197-202. DOI: 10.1016/j.procbio.2019.02.010.

M. Manimaran, A. Muthuvel, N. M. Said. 2022. “Microwave-Assisted Green
Synthesis of SnO, Nanoparticles and Their Photocatalytic Degradation and
Antibacterial Activities” Nanotechnology for Environmental Engineering. DOI:
10.1007/541204-022-00297-3.

A.F.V.daSilva, A.P.Fagundes, D. L. P.Macuvele, E. F. U.de Carvalho, M. Durazzo,
N. Padoin, C. Soares, H.G. Riella. 2019. “Green Synthesis of Zirconia Nano-
particles Based on Euclea natalensis Plant Extract: Optimization of Reaction
Conditions and Evaluation of Adsorptive Properties.” Colloids and Surfaces A:
Physicochemical and Engineering Aspects 583:123915. DOI: 10.1016/j.colsurfa.
2019.123915.

T. Roostaie, M. Abbaspour, M. A. Makarem, M. R. Rahimpour. 2022.“Synthesis
and Characterization of Biotemplate y-Al,O; Nanoparticles Based on Morus
alba Leaves." Topics in Catalysis. DOI: 10.1007/s11244-022-01572-y.

A. Ahmad, M. Khan, S. Khan, R. Luque, T.M. Almutairi, A. M. Karami. 2023.
“Bio-Construction of MgO Nanoparticles Using Texas Sage Plant Extract for
Catalytical Degradation of Methylene Blue via Photocatalysis.” International
Journal of Environmental Science and Technology 20: 1451-1462. DOI:
10.1007/513762-022-04090-2.

Z. Sabouri, M. Sabouri, M.S. Amiri, M. Khatami, M. Darroudi. 2020. ,Plant-
-Based Synthesis of Cerium Oxide Nanoparticles Using Rheum turkestanicum
Extract and Evaluation of Their Cytotoxicity and Photocatalytic Properties.”
Materials Technology 37(8): 555-568. DOI: 10.1080/10667857.2020.1863573.
S.M. Roopan, T.V. Surendra, G. Elango, S.H.S. Kumar. 2014. ,Biosynthetic
Trends and Future Aspects of Bimetallic Nanoparticles and Its Medicinal Ap-
plications.” Applied Microbiology and Biotechnology 98(12): 5289-5300. DOI:
10.1007/500253-014-5736-1.

M. Ismail, M.1. Khan, S. B. Khan, M. A. Khan, K. Akhtar, A. M. Asiri. 2018.“Green
Synthesis of Plant Supported Cu-Ag and Cu-Ni Bimetallic Nanoparticles in
the Reduction of Nitrophenols and Organic Dyes for Water Treatment. Jour-
nal of Molecular Liquids 260: 78-91. DOI: 10.1016/j.molliq.2018.03.058.
Z.Sabouri,S.Sabouri, S.S.T.H. Moghaddas, A. Mostafapour, S. M. Gheibihayat,
M. Darroudi. 2022.“Plant-Based Synthesis of Ag-Doped ZnO/MgO Nanocom-
posites Using Caccinia macranthera Extract and Evaluation of Their Photo-
catalytic Activity, Cytotoxicity, and Potential Application as a Novel Sensor
for Detection of Pb”" lons”. Biomass Conversion and Biorefinery. DOI: 10.1007/
$13399-022-02907-1.

Y. Cao, H. A. Dhahad, M. A. El-Shorbagy, H. Q. Alijani, M. Zakeri, A. Heydari,
E. Bahonar, M. Slouf, M. Khatami, M. Naderifar, S. Iravani, S. Khatami,
F. F. Dehkordi. 2021. “Green Synthesis of Bimetallic ZnO-CuO Nanoparticles
and Their Cytotoxicity Properties” Scientific Reports 11: 23479. DOI: 10.1038/
$41598-021-02937-1.

M. J. Anjum, H. Ali, W. Q. Khan, J. Zhao, G. Yasin. 2020. Metal/Metal Oxide Nano-
patrticles as Corrosion Inhibitors. In: S. Rajendran, T. A. Nguyen, S. Kakooei,
M. Yeganeh, Y. Li (eds.). Corrosion Protection at the Nanoscale. Amsterdam:
Elsevier Science.

B. Kopycinski, A. Duda. 2022. ,Anthocyanins — Corrosion Inhibitors Straight
from Nature.” Ochrona Przed Korozjq 65(7): 216-221. DOI: 10.15199/40.2022.7.2.
T.M. Rabalao, B. Ndaba, A. Roopnarain, B. Vatsha. 2022. “Towards a Circular
Economy: The Influence of Extraction Methods on Phytosynthesis of Metallic
Nanoparticles and Their Impact on Crop Growth and Protection.” JSFA Re-
ports 2(5): 208-221. DOI: 10.1002/jsf2.44.

K.V.Thomas, S.Brooks. 2010.“The Environmental Fate and Effects of Antifouling
Paint Biocides Biofouling 26(1): 73-88. DOI: 10.1080/08927010903216564.

[32]

[33]

(34]

[35]

(36]

(37]

[38]

[39]

[40]

[41]

[42]

[43]

[44

[45]

[46]

[47]

(48]

Y. Gu, L. Yu, J. Mou, D. Wu, M. Xu, P. Zhou, Y. Ren. 2020. “Research Strategies to
Develop Environmentally Friendly Marine Antifouling Coatings.” Marine Drugs
18(7):371.DOI: 10.3390/md18070371.

M.S. Selim, S.A. El-Safty, M.A. El-Sockary, A.l. Hashem, O.M. Abo Elenien,
A.M.El-Saeed, N. A. Fatthallah. 2016.”Smart Photo-Induced Silicone/TiO, Nano-
composites with Dominant [110] Exposed Surfaces for Self-Cleaning Foul-Re-
lease Coatings of Ship Hulls! Materials and Design 101: 218-225. DOI: 10.1016/j.
matdes.2016.03.124.

M.S. Selim, H. Yang, S. A. El-Safty, N. A. Fatthallah, M. A. Shenashen, F. Q. Wang,
Y. Huang. 2019."“Superhydrophobic Coating of Silicone/3-MnO, Nanorod Com-
posite for Marine Antifouling”” Colloids and Surfaces A: Physicochemical and Engi-
neering Aspects 570: 518-530. DOI: 10.1016/j.colsurfa.2019.03.026.

M.N. Lakhan, R.Chen, A. H. Shar, K. Chand, A. H. Shah, M. Ahmed, I. Ali, R. Ahmed,
J. Liu, K. Takahashi, J. Wang. 2020. “Eco-Friendly Green Synthesis of Clove Buds
Extract Functionalized Silver Nanoparticles and Evaluation of Antibacterial
and Antidiatom Activity.” Journal of Microbiological Methods 173: 105934. DOI:
10.1016/j.mimet.2020.105934.

R. Solano, D. Patifio-Ruiz, A. Herrera. 2020. “Preparation of Modified Paints with
Nano-Structured Additives and Its Potential Applications” Nanomaterials and
Nanotechnology 10: 1-17. DOI: 10.1177/1847980420909188.

F.Gal, A. Aygiin, A. Seyrankaya, T. Giir, C. Yenikaya, F. Sen. 2020.“Green Synthesis
and Characterization of Camellia sinensis Mediated Silver Nanoparticles for An-
tibacterial Ceramic Applications.” Materials Chemistry and Physics 250: 123037.
DOI: 10.1016/j.matchemphys.2020.123037.

A.Duda, B. Kopycinski. 2022.“Application of Thermal Spray Technologies in An-
ticorrosive Coatings: A Short Review!” Ochrona przed Korozjg 65(2): 5-10. DOI:
10.15199/40.2022.2.1.

M.Abedi,S.Sovizi,A. Azarniya, D.Giuntini, M. E.Seraji,H. R. M.Hosseini,C. Amutha,
S.Ramakrishna, A. Mukasyan. 2023.”An Analytical Review on Spark Plasma Sin-
tering of Metals and Alloys: From Processing Window, Phase Transformation,
and Property Perspective! Critical Reviews in Solid State and Materials Scien-
ces 48(2): 169-214. DOI: 10.1080/10408436.2022.2049441.

O.A.A. EI-Shamy, M. A. Deyab. 2023. “Eco-Friendly Biosynthesis of Silver Nano-
particles and Their Improvement of Anti-Corrosion Performance in Epoxy
Coatings.” Journal of Molecular Liquids 376: 121488. DOI: 10.1016/j.mollig.
2023.121488.

K.J. Jothi, S. Balachandran, K. Palanivelu. 2022. “Synergistic Combination of
Phyllanthus niruri/Silver Nanoparticles for Anticorrosive Application.” Materials
Chemistry and Physics 279: 125794. DOI: 10.1016/j.matchemphys.2022.125794.
R. Saha, K. Subramani, S. A.K.P.M. Raju, S. Rangaraj, R. Venkatachalam. 2018.
"Psidium guajava Leaf Extract-Mediated Synthesis of ZnO Nanoparticles under
Different Processing Parameters for Hydrophobic and Antibacterial Finishing
over Cotton Fabrics”” Progress in Organic Coatings 124: 80-91. DOI: 10.1016/j.
porgcoat.2018.08.004.

U.R. Sharma, N. Sharma. 2021.“Green Synthesis, Anti-Cancer and Corrosion In-
hibition Activity of Cr,0; Nanoparticles” Biointerface Research in Applied Chem-
istry 11(1): 8402-8412. DOI: 10.33263/BRIAC111.84028412.
N.Elizondo-Villarreal, L.Verastegui-Dominguez,R.Rodriguez-Batista, E. Gdndara-
-Martinez, A. Alcorta-Garcia, D. Martinez-Delgado, E. A. Rodriguez-Castellanos,
F.Vazquez-Rodriguez, C. Gomez-Rodriguez. 2022."Green Synthesis of Magnetic
Nanoparticles of Iron Oxide Using Aqueous Extracts of Lemon Peel Waste and
Its Application in Anti-Corrosive Coatings. Materials 15(23): 8328. DOI: 10.3390/
ma15238328.

H.O. Shaikhaldein, F. Al-Qurainy, M. Nadeem, S. Khan, M. Tarroum, A. M. Salih,
S. Alansi, A. Al-Hashimi, A. Alfagham, J. Alkahtani. 2022. “Assessment of the Im-
pacts of Green Synthesized Silver Nanoparticles on Maerua oblongifolia Shoots
under In Vitro Salt Stress”. Materials 15(14): 4784. DOI: 10.3390/ma15144784.

N. Mustafa, N.I. Raja, N. llyas, M. lkram, Z. Mashwani, M. Ehsan. 2021. “Foliar
Applications of Plant-Based Titanium Dioxide Nanoparticles to Improve Agro-
nomic and Physiological Attributes of Wheat (Triticum aestivum L.) Plants under
Salinity Stress. Green Processing and Synthesis 10(1): 246-257.DOI: 10.1515/gps-
2021-0025.

A.M. Mogazy, R.S. Hanafy. 2022. “Foliar Spray of Biosynthesized Zinc Oxide
Nanoparticles Alleviate Salinity Stress Effect on Vicia faba Plants!” Journal of Soil
Science and Plant Nutrition 22: 2647-2662. DOI: 10.1007/s42729-022-00833-9.
M.S. Stankovic, N. Niciforovic, M. Topuzovic, S. Solujic. 2011. “Total Phenolic
Content, Flavonoid Concentrations and Antioxidant Activity, of the Whole
Plant and Plant Parts Extracts from Teucrium Montanum L. Var. Montanum,
F. Supinum (L.) Reichenb!” Biotechnology and Biotechnological Equipment 25(1):
2222-2227.DOI: 10.5504/BBEQ.2011.0020.

Ochrona przed Korozja, ISSN 0473-7733, e-ISSN 2449-9501, vol. 66, nr 7/2023

205



