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Chapter

Synthesis, Characterization,
Applications, and Toxicity of Lead
Oxide Nanoparticles

Amra Bratovcic

Abstract

Over the past few years, the interest of material scientists for metal and metal
oxide nanoparticles (NPs) is increasing dramatically because of their unique
physicochemical characteristics such as catalytic activity and optical, electronic,
antibacterial, and magnetic properties which depend on their size, shape, and
chemical surroundings. Recently, several new routes of synthesis of lead monox-
ide (PbO) nanoparticles have been used, such as chemical synthesis, calcination,
sol-gel pyrolysis, anodic oxidation, solvothermal method, thermal decomposi-
tion, chemical deposition, laser ablation, and green methods. Essentially, for the
structural characterization of lead oxide nanoparticles, several spectroscopic,
microscopic, and thermogravimetric methods of analysis are used. Lead oxide
has been widely utilized in batteries, gas sensors, pigments, ceramics, and glass
industry. Furthermore, lead oxide nanoparticles are graded as toxic and danger-
ous for the human health and environment. Therefore, there is an urgent need to
develop new approaches and standardized test procedures to study the potential
hazardous effect of nanoparticles on the human health and environment. The
aim of this chapter is to provide an overview of the recent trends in synthesis
of lead oxide nanoparticles, their characterization, possible applications, and
toxicity.

Keywords: lead oxide nanoparticles, synthesis, characterization, applications,
toxicity

1. Introduction

Today nanotechnology has become a top research field in the world.
Nanotechnology is an interdisciplinary study which allows us to develop materials
with new, interesting, and useful properties [1]. Nobel laureate Richard P. Feynman
gave a lecture in 1959 at the annual American Physical Society meeting under title
“There’s plenty of room at the bottom,” where he considered the possibility of direct
manipulation of individual atoms as a more powerful form of synthetic chemistry
than those used at that time [2]. Nanotechnology produced materials of various
types at nanoscale level. Nanoparticles (NPs) are a large class of materials that
include particulate substances having one dimension less than 100 nm at least [3].
Nanoparticles possess different properties and behave differently to the classical,
larger building blocks of substances.
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The world of nanotechnology is not new to mankind. The history of noble metal
colloids can be traced back to ancient times. Cosmetic uses of lead-based chemistry
were initiated in ancient Egypt about 4000 years ago [4].

Figure 1 illustrates an increase in the number of published papers on
ScienceDirect by searching the keyword “PbO nanoparticles” on November 28,
2019, indicating that researchers’ interest toward PbO nanoparticles continually
increases since 2010.

Over the past few years, the interest of material scientists for metal nanopar-
ticles has been booming because of its unique physicochemical characteristics such
as a high specific surface area and a high fraction of surface atoms. The special
properties of metal and metal oxide nanoparticles such as catalytic activity and
optical, electronic, antibacterial, and magnetic properties [5-8] depend on their
size, shape, and chemical surroundings [9] which can be designed by controlling
the dimensions of these building blocks and their assembly via physical, chemi-
cal, or biological methods [10]. In particular, lead oxide electronic properties, i.e.,
bandgap and hence color, depend largely on the lead to oxygen ratios and crystal
structures of various polymorphs.

Lead has a lot of oxide forms including PbO, PbO, (a, , and amorphous), Pb,0;,
and Pb;O,. Among them, lead monoxide (PbO) has been studied the most. Lead
oxide is known as an important industrial material, which has been widely utilized
in batteries [11], gas sensors [12], pigments and paints [13], ceramics [14], and glass
industry [15] and as a catalyst in synthetic organic chemistry [16].

Different morphologies of lead oxide nanoparticles can play crucial roles
in their properties. Lead oxide may appear in a various forms including nano-
plates, nanostars and nanodendrites [17], nanorods [18], nanopowders [19], and
nanosheets and nanotubes [20]. The color of tetragonal crystalline structure is
red with a-PbO form known as litharge and a bandgap of 1.9-2.2 eV, which has
shown to be stable at room temperature, while orthorhombic crystalline structure
is yellow with p-PbO form known as massicot and a bandgap of 2.7 eV, which
seems to be stable at high temperatures, above 488°C [21]. The conversion phase
of a-PbO to B-PbO occurs at approximately 490°C. PbO yellow nanostructure
possesses photoconductive properties. a-PbO and p-PbO adopt similar open-
packed rock salt-like structures which arise from the stereochemically active lone
pair of Pb** but with different orientations and distortions of PbO, pyramid units
(Figure 2).

Pb atoms are shown as blue spheres and O atoms in red. The distances of adja-
cent Pb layers are drawn with lines for contrast [22].
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Figure 1.
The results of published papers on ScienceDirect by searching the keyword “PbO nanoparticles.”
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Figure 2.
Crystal structures of a-PbO and p-PbO.

2. Synthesis

In recent years, the synthesis of nanomaterials is an important topic of research
in modern material science. For several years, scientists have constantly explored
different synthetic methods to synthesize nanoparticles. Lead nanoparticles may be
synthetized by three different methods, namely, physical, chemical, and green (bio-
logical) methods. Recently, several new routes of synthesis of PbO nanostructures
have been used, such as chemical synthesis [23], calcination [24], sol-gel pyrolysis
[25, 26], anodic oxidation [27], solvothermal method [16, 28, 29], thermal decom-
position [30-32], chemical deposition [33], microwave irradiation technique [34],
and green method [35].

Solvothermal synthesis is generally directed to crystal synthesis or crystal
growth under high-temperature and high-pressure solvent conditions from sub-
stances which are insoluble in normal customary temperature and pressure in an
autoclave.

Size-controlled preparation of semiconducting nanostructures is a major chal-
lenge in nanoscience and nanotechnology because their essential physiochemical
properties and applications are forcefully related to the size-dependent quantum
size effect. There has been a great attention of interest in developing various
techniques for controlling the nanostructure sizes and shapes. Several studies have
shown that in the course of the synthesis, a variety of factors including tempera-
ture, concentrations, the interplay between the metal ion precursors and the
reducing agent, and adsorption kinetics are strongly influenced on the sizes, shapes,
stability, and physicochemical properties of the nanostructures [36, 37].

Mathew and Krishnamurthy [38] in their study in 2018 have shown that the
average size of the nanoparticles during chemical synthesis is higher than that
during biological synthesis. The size of nanoparticles was found to be 1000 nm,
whereas during biological synthesis the particle size was found to be 100-200 nm
and above through dynamic light scattering. Using Debye-Scherrer equation, the
particle size obtained through chemical synthesis was found to be 180 nm, whereas
it was around 78 nm during biological synthesis.

The shape variation of the nanoparticles is important for several applications:
oral delivery of therapeutic drugs and diagnostic materials, creation of the anti-
bacterial coatings, and nanotoxicological research. Actually, the size, shape, and
surface chemistry of nanoparticles can greatly impact cellular uptake and efficacy
of the treatment. The results of the research carried out by Banerjee et al. [39] have
shown that spherical nanoparticles in the co-culture have lower cellular uptake
compared to rod-shaped nanoparticles regardless of the presence of active targeting
moieties. Transport of spherical nanoparticles across the intestinal co-culture was
also significantly lower than that of nanorods. This result indicates that nanopar-
ticle-mediated oral drug delivery can be improved using rod-shaped nanoparticles
instead of spherical shape.
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The laser ablation in water gives the unique ability to produce the colloids (stable
water suspensions) of spherical nanoparticles of pure metals and metal oxides. Shur
et al. demonstrated the formation of the nonspherical particles at hot water treat-
ment at a temperature above 70°C during laser ablation [40].

Method of Source and Temperature/ Particle size Reference
synthesis conditions time (°C) (nm)
Chemical reactions Pb(C,H305),,3 x H,O 90°C TEM/SEM = 99 [23]
+19 M NaOH XRD =60
Calcination Lead citrate 370°C, 20 min N,: 50-60 [24]
Pb(GHs07)xH,0 Air: 100-200
Under N, and air
Thermal Lead stearate in 80°C,2-12h 60-100 nm [41]
decomposition octanol
Lead In vacuum a-PbO =30 [34]
hydroxycarbonate at90°C,2h B-PbO = 38
Urea and lead nitrate Calcined at
Under microwave 400-600°C,2h
Lead oxalate Precursor: 60°C, 20-30 [42]
(PbC,04) 7h
Calcined at
425°C,3h
Laser ablation Lead plate that has Nd:YAG laser [43]
99.99% purity with laser energy
of 400 m]J/pulse,
with 1064 nm
wavelength, 9 ns
Pb of 99.99% purity 2D NPsand 3D [40]
NPs
Micron and
submicron
diameter
Sol-gel Lead nitrate 60°C, 30 min TEM = 45 [44]
Gelatin 90°C
Calcined at:
500-600°C
under air, 2 h
Lead acetate 80°C 18-43 [26]
(2.5 wt%) Calcined at
Polyvinyl alcohol 500°C,5h
(8 wt%)
H,O/EtOH
(40/60V/V)
Green/biosynthesis Pb(NO;3), 90°C,2h 10-20 [45]
Gelatin Calcined at
450-600°C,
90 min
Lead acetate, Papaver 60°C,2h 23 +11 [46]
somniferum Calcined at
500°C,2h
Lead nitrate Microwave 40-150 [35]
Extract cyminum 700 W 87
5 min XRD = 35.8-
4541

Table 1.
An overview of the methods of synthesis and the main properties of Pb-NPs.
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Table 1 shows an overview of the methods of synthesis and the main properties
of Pb-NPs.

It is noticeable from Table 1 that the particle size decreases starting from
chemical synthesis to sol-gel and green synthesis. It is possible to note that in the
nitrogen atmosphere, the particle size is smaller (50-60 nm) than that done in air
(100-200 nm). By changing the calcination temperature, it is possible to tune the
ratio a-PbO and B-PbO and consequently change the final properties of synthesized
material. By using microwave instead of heating, it is possible significantly to
reduce the reaction time and obtain the final material with different properties.

2.1 Chemical synthesis of lead oxide nanoparticles

Alagar et al. [23] have synthesized lead oxide (PbO) semiconductor nanopar-
ticles by chemical synthesis. During this synthesis, they prepared 1 M aqueous
solution of Pb(C;H;30,),3 HyO in deionized water and heated up to 90°C. They
mixed this solution with an aqueous solution of 19 M NaOH and stirred vigor-
ously. Immediately after mixing the two solutions, the cloudy solution is observed
and then turned peach and finally deep orange red. At this moment, the reaction
was stopped, and the formation of precipitate was evident. The supernatant was
decanted, filtered on a Buchner funnel, washed with deionized water repeatedly,
and dried overnight in a drying oven at 90°C. The sample was removed and lightly
crushed in a mortar and pestle.

2.2 Calcination

Li et al. [24] have prepared nanostructural lead oxide by decomposition of lead
citrate in inert (nitrogen) and in the air. The lead citrate [Pb(CsHsO;)-H,0], a pre-
cursor, was synthesized through leaching of spent lead-acid battery paste in citric
acid system. In this citric acid leaching system, CsHgO,-H,0 was used to supply
the citric acid aqueous solution with distilled water for the balance of pH and for
leaching and crystallization. The citrate particle was in the shape of sheets with the
length of 10-20 pm, width of 2-10 pm, and thickness of 0.5 pm.

The major decomposition products were orthorhombic phase p-PbO, metallic
Pb, and elemental C, when the calcination was carried out in nitrogen gas. The
ratio of B-PbO to Pb increased with the increasing temperature. The size range of
the particle was 50-60 nm with a spherical shape. Lead citrate could be calcined
completely within 20 min at 370°C in air conditions. The particle size obtained was
in range of 100-200 nm. It was found to compose mainly of f-PbO with a small part
of a-PbO and Pb.

2.3 Synthesis by sol-gel method

In 2014 Yousefi and co-workers [44] have synthetized in a gelatin medium
single-crystal, lead oxide nanoparticles (PbO-NPs) via the sol-gel method. In order
to terminate the growth of the PbO-NPs and stabilize them, the long-chain gelatin
compounds were utilized. The calcination of the gel obtained was done at 500, 550,
and 600°C for 1 h. Miri et al. [45] have synthetized PbO-NPs through the utilization
of gelatin as a green stabilizer.

2.4 Synthesis by thermal decomposition

The thermal decomposition of lead stearate in octanol was used by Akimov
and co-workers [41] for the synthesis of lead nanoparticles. They showed that
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by modifying the concentration of lead stearate in octanol and changing the
thermolysis, time is possible to control the lead particle size. An organic coat
composed of decomposition products of lead stearate prevents the particles from
oxidation in air and favors their dissolution in organic solvents. Li et al. [34] have
prepared PbO-NPs by thermal decomposition of lead hydroxycarbonate synthe-
sized under microwave irradiation. Urea and lead nitrate were used as starting
materials.

2.5 Green synthesis

Fundamentally, the main advantage of green method for the synthesis of
nanoparticles is easy, efficient, and eco-friendly [38] in comparison to chemical-
mediated or microwave-mediated green synthesis. The chemical synthesis involves
toxic solvents, high pressure and energy, and high-temperature conversion, whereas
microbe-involved synthesis is not feasible industrially due to its lab maintenance.
Green biologically based methods which are safe, inexpensive, and an environment-
friendly alternative usually imply the use of microorganisms and plants to synthe-
size nanoparticles [38, 47].

Nanoparticles can be synthesized from a wide variety of biological entities such
as actinomycetes, algae, bacteria, fungus, plants, viruses, and yeast [48].

Gandhi et al. [35] have synthesized lead nanoparticles using the extract of
Cuminum cyminum seed powder extract. The synthesized nanoparticles showed
efficient antimicrobial activities against bacteria and pathogenic fungi. Similarly,
the synthesized nanoparticles showed efficient anti-algal activity against spirulina
culture.

3. Methods of characterization

For the structural characterization of lead oxide nanoparticles, several tech-
niques are used including UV-visible spectrophotometry, FTIR spectroscopy, X-ray
diffraction (XRD), energy-dispersive X-ray spectroscopy (EDX), scanning electron
microscopy (SEM), thermogravimetric analysis (TGA), and thermogravimetric-
differential thermal analysis (TG-DTA).

3.1 UV-visible studies

The optical properties of the PbO-NPs usually are studied by using a UV-visible
(UV-vis) spectrophotometer. Many scientific papers indicate the presence of the
absorption peaks in the visible region on the UV-vis absorption spectra of the PbO-
NPs, which are attributed to the bandgap of the PbO-NPs with an orthorhombic
phase [44]. The energy bandgap value of the prepared sample is 3.82 eV estimated
using Tauc relation [23].

In the study of Miri et al. [45], the electronic spectra of the synthesized PbO-
NPs have displayed a wide peak in 250-260 nm at the calcination temperatures of
450, 500, 550, and 600°C. They have discovered that by increasing the temperature
from 450 to 600°C, the wavelength is repositioned from 252 to 260 nm, and the
alpha form of PbO converts to beta.

The particle size of synthesized nanoparticles may be determined through the
bandgap of electron spectrum by using the Tauc equation:

(ahu) =A (hu -E, )n (1)
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where A is the absorption coefficient, hv is the photon energy, and E, is the
bandgap energy.

They have calculated values of bandgap energy for the synthesized PbO-NPs
which were 4.38, 4.39, 4.30, and 4.02 eV at the calcination temperatures of 450,
500, 550, and 600°C, respectively. It is revealed that increasing the bandgap energy
results in a smaller particle size. The calculated values of bandgap energy are much
larger than the ordinary lead oxide bandgap indicating that the synthesized powder
is in nanoscale and its alpha form is smaller than the beta. The bandgap energy of
a-PbO and p-PbO is 1.92 and 2.7 eV.

3.2 Fourier transform infrared (FTIR)

The chemical bonding of lead oxide NPs may be investigated by FTIR.
According to Alagar et al. [23], two very sharp peaks at 466.74 and 557.39 cm ™" on
the FTIR spectra indicate the presence of lead and oxide.

FTIR spectrum for lead oxide nanoparticles synthesized by laser ablation of lead
target immersed in deionized water by using pulsed Nd:YAG laser with laser energy
of 400 mJ/pulse and different laser pulses has shown different transmission peaks
[43]. The appearance of the transmission peak at 460cm " indicates the presence of
(PbO) stretching vibration mode; the peaks located at (763.84, 1057.03) cm ' and
the peaks at (3877.05, 3742.03) cm ™ are corresponding to the bonding of (O=H)
and harmonics of H=OH stretching bonding modes of water, while the infrared
peaks located at (2856.67, 2918.40, 1743.1) and 1658.84 cm ™! are related to the
(C=O0) stretching vibration modes that refer to little contribution of CO, dissolu-
tion from air contain.

The broad peak around 3400 cm ™" corresponds to (O==H) stretching vibrations
originating from small amount of ethanol used for washing the samples. A sharp
peak at 1705 cm™" is assigned to vibrations of the carbonyl group (C—0), while
another peak at 1395 cm ™ is recognized as stretching vibration of carboxyl group
(C=0). Metal-oxygen (M==0) stretching vibrations were identified by the peak
presence in the region 300-900 cm ™.

3.3 X-ray diffraction (XRD)

X-ray powder diffraction (XRD) is a rapid analytical technique primarily used
for phase identification of a crystalline material and can provide information on
unit cell dimensions. The average grain size of lead oxide nanoparticles synthetized
by chemical synthesis was determined using Debye—Scherrer equation.

The Debye-Scherrer equation is [49]:

D,,, = Ki/(B,,cosb) (2)

where,

D is the crystallite size in the direction perpendicular to the lattice planes.

nia are the Miller indices of the planes.

K is a numerical factor frequently referred to as the crystallite-shape factor.

M is the wavelength of the X-rays.

Bhu is the width (full-width at half-maximum) of the X-ray diffraction peak in
radians.

0 is the Bragg angle.

Specific surface area is 10.52 mz/g, surface area of particle is 11,304 nm?,
particle volume is 113,040 nm’, and density value is 9.5 g/cm’® [23]. Since the
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crystallinity index is ~1.65, the sample is polycrystalline. The particle size
(obtained from either TEM or SEM) is 99 nm, whereas that calculated from XRD is
60 nm [23].

In the research carried out by Yousefi et al. [44], XRD patterns indicated a phase
transformation from tetragonal to orthorhombic as the calcination temperature
increased from 500 to 600°C for 1 h. These Pb-NPs were synthesized by sol-gel
method, and the SEM and TEM images showed that the nanoparticles started to
form at a temperature range of 550-600°C. In addition, the TEM results showed
that the average particle size of the nanoparticles was ~45 nm. It is possible to note
that by changing the method of synthesis, i.e., from chemical to sol-gel method,
the nanoparticle size decreases from 60 [23] to 45 nm [44] and even to around
10-20 nm [45].

In the research carried out by Nafees et al. [42], X-ray diffraction (XRD) pat-
terns were recorded in the 20 range of 20-75 using a step size of 0.05°s ™.

XRD pattern of PbO is indexed as tetragonal; a very small peak present at 30.25
(26) shows the presence of orthorhombic phase. Long heating time required to
decompose PbC,0, precursor results in the phase change and a corresponding
appearance of the additional peak. Average crystallite sizes for PbO and PbS were
found to be around 20-30 nm as calculated by Debye-Scherrer equation.

3.4 Energy-dispersive X-ray spectroscopy (EDX)

For the identification and quantification of elemental compositions in a very
small amount of material (few cubic micrometers of the sample), energy-dispersive
X-ray spectroscopy (EDX) is used. The method is based on the excitation of the
atoms on the surface by the electron beam, emitting specific wavelengths of X-rays
that are the characteristic of the atomic structure of the elements. An energy-
dispersive detector (a solid-state device that discriminates among X-ray energies)
can analyze these X-ray emissions. Appropriate elements are assigned, yielding the
composition of the atoms on the specimen surface [50].

3.5 Scanning electron microscopy (SEM)

SEM technique based on electron scanning provides all available information
about the nanoparticles at nanoscale level. This technique is useful not only to study
the morphology of the nanomaterials but also the dispersion of nanoparticles in
the bulk or matrix. In the research carried out by Nafees and co-workers [42], lead
oxalates (PbC,0,) were used as a precursor for the synthesis of nanocrystalline lead
oxide (PbO) by thermal decomposition.

3.6 Thermogravimetric analysis (TGA) and thermogravimetric-differential
thermal analysis (TG-DTA)

Generally, the thermal analysis of TGA-DTA of the sample serves to obtain the
proper calcination temperature to reach the pure phase. A better understanding of
oxidation temperature/resistance and thermal stability of PbO and PbS is crucial
for realizing the potential applications these materials promise. Still, sufficient
literature on these issues is not available. Thermal stability and various transitions/
reactions occur in nanostructured PbO and PbS during heat treatment in air and
inert atmosphere [42]. In the research carried out by Miri et al. [45], the thermal
analysis of TGA-DTA of the synthesized sample was performed in the temperature
interval of 20-1000°C in an atmospheric air. On the DTA curve, the dehydration
and discharge of crystalline and absorbed water were attributed in the temperature
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range of 80-235°C. In the same temperature range on the TGA curve, the first
weight loss of 35% was observed. In the temperature interval of 235-460°C, the
second weight loss of 16% was attributed to the decomposition of gelatin chemical
bond. In the temperature interval of 460-480°C, the third weight loss of 7% was
related to lead oxidation, and the last weight loss of 6% was associated with the
final oxidation of lead. Their study has discovered that PbO-NPs were stable in a
temperature range between 550 and 880°C, since no weight changes were observed.
In the same study, for the PbO, DSC/TGA curves were recorded from room tem-
perature to 1175°C in air with the ramp rate of 10°C min . They observed that a
mass loss of almost 2% occurs up to 500°C. As observed from differential thermo-
gravimetric (DTGA) curve, dehydration takes place first resulting in the removal
of water of crystallization around 100°C, while a hump between 200 and 250°C
corresponds to the endothermic nature of transition confirmed by DSC curve. The
thermal decomposition from PbO, to PbO occurs in a number of steps from 290 to
650°C accompanied by endothermic mass losses in designated temperatures. In DSC
curve at 880°C, a sharp endothermic peak was observed indicating on the melting
of PbO without the involvement of any mass loss as supported by TGA and DTGA
curves. Probably because of the partial evaporation of very small PbO nanopar-
ticles, another endothermic mass loss was observed around 1100°C.

Excellent thermal stability of PbO nanoparticles in a range from room tempera-
ture to 1175°C was attributed since only 2.7% of mass loss was recorded.

4. Applications

Lead oxide is a semiconductor nanostructure that has important applications in
storage batteries, pigments, ceramics, and glass industry.

4.1 Storage batteries

Lead oxide has wide industrial applications as a basic material of electrode
(anode and cathode) active mass in lead-acid batteries.

The lead-acid battery market is divided into industrial, data centers, telecom,
oil and gas, and others. The industrial segment includes construction, metal and
mining, chemical and pharmaceutical, and food and beverage industries. Due to the
growth of the IT sector, Asia Pacific is focusing on increasing the number of data
centers installed across the countries. It is expected that the lead-acid batteries will
be used as a backup power solution in the data centers owing to their functionality
across a wide temperature range. According to projections, the global lead-acid
battery market could reach USD 52.5 billion by 2024 from an estimated USD 41.6
billion in 2019, at a CAGR of 4.7% during the forecast period. The booming tele-
communication sector and expanding data industry require a cost-effective battery
storage solution to provide for backup power [51].

Low-cost manufacture, simplicity of design, reliability, and relative safety are
some of the advantages of lead-acid battery comparing to other electrochemical
systems. Relatively, good specific power has caused a widespread use of lead-acid
batteries in starting, lightening, and ignition of engine purposes for vehicular
applications. Because of the advantages of lead-acid batteries, there is a big interest
to improve and develop lead oxide nanostructures to obtain more discharge capacity
and more life cycle [52].

In formation process, lead oxide can be converted to spongy lead in anode and
lead dioxide in cathode. Some advantages of lead-acid batteries include low-cost
manufacture, simplicity of design, reliability, and relative safety when compared
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to other electrochemical systems [26]. Lead oxide nanoparticles (PbO-NPs) have
well-known applications in lead storage batteries. Every vehicle which has a lead-
acid battery uses 5-10 kg of lead oxide in its production. This represents vast uses of
lead oxide on a worldwide basis. Batteries designed for multiple charge-discharge
cycles are traction batteries, and red lead (Pb;O,) oxide is used for their production.
Traction batteries are used to power all manners of electrical vehicles including fork-
lift trucks, golf carts, milk floats, etc. For standby power applications in case of main
supply failure in hospitals, computer installations, and telecom networks, stationary
batteries are required. Again, red lead (Pb;O,) oxide is common in these units.

4.2 Sensors

Li et al. [34] have prepared PbO-NPs (Pb;(COs),(OH);, a-PbO, and p-PbO)
by using microwave irradiation technique. The reaction time was only 17 min and
was significantly shortened from 4 h of conventional water bath heating method.
Hence, the use of microwave irradiation technique is a fast, convenient, mild,
energy-efficient, and environment-friendly route to produce the lead nanoparticles.
For the preparation of the Pb(II)-selective electrode, cellulose acetate-acetone
method which is simple, economical, and highly efficient to form membrane was
used. a-PbO nanoparticle obtained by calcining Pb;(CO;),(OH), at 400°C also was
used. Experiment results indicate that this electrode exhibited a Nernstian response
for Pb** ion in a linear range of 2.5 x 10> mol L™ to 1.0 x 10~" mol L™". High selec-
tivity for some metal ions, especially for the interference ions, such as Cu”, Ag’,
and Hg”*, were obtained.

4.3 Pigments

The major lead pigment is the red lead (Pb;O,), which is used principally in fer-
rous metal protective paints, and litharge, a bright yellow form of lead monoxide,
still finds applications in the production of yellow pigments. The colors that contain
lead-based pigments seem to have interesting properties including rustproof, anti-
bacterial, and anti-algae, which are extensively employed in shipbuilding, construc-
tion skeleton, and road construction [45].

4.4 Glass

The clarity and density of leaded glass crystal can be enhanced by the presence
of 24-28% of lead oxide. The presence of lead oxide in television tube may reduce
harmful radiation. Lead oxide in the optical fibers enhances the refractive index.

Lead oxides are also used in special optical glasses, X-ray protection glasses, etc.
A lead oxide in glazes and enamels enhances the thermal, color, and wear properties
of such coatings.

4.5 Stabilizers

Lead oxide as lead stabilizers in polyvinylchloride (PVC) processing is used.
They improve the thermal stability of PVC, allowing high-temperature processing,
and the electrical and UV resistance properties.

4.6 Ceramics

Glassy materials that experience controlled crystallization, usually achieved by
a heating process in the presence of nucleating agents, are named glass-ceramics.

10
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Almeida et al. [53] have shown that lead oxide is an important glass modifier not
only for affecting the chemical and mechanical stabilities of glasses but also for
improving their thermal and optical properties. They have designed and controlled
B-PbO and 3PbO-H,0 crystalline phases in a lead borate glass using femtosecond-
direct laser writing (fs-DLW) followed by chemical etching at room temperature.
They demonstrated that for the glass crystallization, the etching in aqueous KOH
solution was responsible, whereas the grooves produced by fs-laser pulses enable
the selective crystallization in a predetermined 2D pattern. By using this method,
phase transformation at the micrometer scale can be controlled.

4.7 Anticancer and antimicrobial drugs

Several researches indicate that lead oxide nanoparticles may act as signifi-
cant anticancer and antimicrobial drugs. Miri et al. [45] have synthesized lead
oxide nanoparticles through the utilization of gelatin as a stabilizer and studied
its cytotoxic effects on Neueo2A cancer cell line. The results of this research
indicated that concentrations of PbO-NP under 30 pg/mL have insignificant
toxicity. Muhammad et al. [46] have synthesized lead oxide (PbO) and iron oxide
(Fe;05) nanoparticles starting from Papaver somniferum L. Papaver somniferum,
also known as opium poppy and as an important member of Papaveraceae family.
Poppy plant is well recognized for its diverse pharmacological potentials. Poppy
seeds have the analgesic potency and are used as source of oil. Both NPs also
showed considerable total antioxidant potential, free radical scavenging potential,
and reducing power. PbO showed more potent anticancer activity than Fe,0;
NPs. The antibacterial property results show that the antibacterial activity of the
lead oxide NPs was inversely proportional to the size of the nanoparticles in both
Gram-negative and Gram-positive. It has been found that Gram-positive bacteria
possess greater sensitivity to the lead oxide nanoparticles compared with Gram-
negative bacteria [43].

5. Toxicity

Lead oxide nanoparticles are graded as toxic and dangerous for the humans and
environment. Lead and its compounds are extremely poisonous. Lead is a heavy
metal whose toxicity is based on its selective and practically irreversible retention in
the nerve cells. In them, it affects the energy balance, the signal transmission, and
the flow of sodium, potassium, and calcium ions. A lot of lead is used as tetraethyl
lead compound as a petro-fuel additive. With the combustion of gasoline, the lead
enters the atmosphere and reaches the respiratory chain or the drinkable water in a
form of very fine particles. Some of the lead is absorbed by plants and animals, so
it reintroduces food into the human body. The major target for lead toxicity is the
nervous system. Poisoning by the lead happens after the consumption of food or
water polluted with lead but also after unplanned ingestion of contaminated soil,
dust, or lead-based paint [54].

Nanoscale lead dioxide particles (nPbO,) formed inside lead-bearing pipes or
lead-containing faucets in drinking water distribution systems can release toxic lead
ions, causing drinking water contamination. Ng et al. [55] used adult medaka fish
(Oryzias latipes) as an in vivo model to investigate the bioavailability and toxicity
of nPbO; in an intact animal. Both types of PbO, particles, nanoscale [nPbO,] and
microscale bulk [bPbO,], were chemically stable in dechlorinated tap water with
low water solubility. However, both nPbO, and bPbO, could be reductively dis-
solved into Pb(II),q in both the intestine (major uptake route) and gills of the fish,
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thereby enhancing hepatic Pb accumulation. The Pb content was greater in the gills,
liver, and brain with nanoscale than in the microscale bulk PbO, particles. This

in vivo evidence implies the possibility of increased risk of exposure to Pb dis-
solution from PbO, particles in the digestive system via drinking water, which can
enhance the bioavailability of Pb uptake and toxicity in humans.

Recent studies have indicated that even lower blood Pb toxicity causes several
metabolic, neurological, and behavioral disorders, as well as may be associated with
impairment in psychological progress, diminished skeletal growth, and distur-
bances in cardiovascular function [56]. Lead poisoning is one of the most common
professional diseases in industry. De facto, in industrial plants, lead is introduced
into the body by inhalation of polluted air, in which lead or its compounds are
contained in the form of smoke, dust, or vapor. The quantity of lead absorbed and
the degree of poisoning depend on the concentration of lead in the air, its physi-
cal or chemical state with respect to the suitability for absorption, and the time of
exposure of a worker in the contaminated space. In many industrially advanced
countries, toxicity limits are set for the workers handling various toxic and hazard-
ous materials widely used in the manufacturing batteries. In general, a worker’s
maximum allowable lead inhalation during an 8-h working period is 0.15 mg/m’.
The toxic effect of lead is based on its selective and practically irreversible retention
in the nerve cells. Lead affects the energy balance, the signal transmission, and the
flow of sodium, potassium, and calcium ions.

6. Conclusions

Nanotechnology is an emerging field in the current global market, and the
use of nanoparticles has shown enormous applications in every industrial sector
due to its unique properties. The number of published scientific papers clearly
shows that interest in PbO-NPs has been increasing year by year over the last
10 years. The lead oxide nanoparticles are one of the most industrially used metal
nanoparticles.

The global lead-acid battery market is projected to reach USD 52.5 billion by
2024 because the booming telecommunication sector and expanding data industry
require a cost-effective battery storage solution to provide for backup power.

Different ways of synthesis of PbO nanoparticles were present through the chap-
ter with emphasis on different final properties of synthesized material as well as
disadvantages of chemical and physical route, including generation of toxic chemi-
cals which cause damage to the environment as well as humans and advantages of
green synthesis. Therefore, to overcome the disadvantages of chemical and physical
methods, the material scientists have proposed the new “green” synthesis pathways
of nanoparticles which are a simple, fast, economical, convenient, energy-efficient,
and environment-friendly way to produce lead oxide nanoparticles with multifari-
ous applications. This is possible by changing the method of synthesis (process
parameters, precursor concentration, temperature, atmosphere, the way of heat-
ing) to tune the final properties of synthesized lead oxide nanoparticles (particle
size, optical, mechanical, catalytic properties).

The advantage of laser ablation is underlined because in water it is possible to
produce the colloids of spherical nanoparticles of pure metals and metal oxides
which are important for the creation of the antibacterial coatings and nanotoxi-
cological research. However, lead oxide nanoparticles are graded as toxic and
dangerous for the human and environment, and therefore there is an urgent need
to develop new approaches and standardized test procedures to study the potential
hazardous effect of nanoparticles on human health and environment.
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