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Abstract

In this study, lead titanate nanopowder was syigzkdaising mechanical activation. Raw materialtuiiog titanium oxide
powder (anatase) and Lead oxidlg {ith a ball to powder weight ratio of 1: 10 ae tpowder ratio of 1:1 were milled in a

planetary ball mill for 30 hours. Then, they weeated at 800,

900 and 1000 °C. The volatility afileand the formation of

secondary phases were prevented using this mefthedobtained nanopowder was investigated by figligion scanning
electron microscope (FESEM), X-ray diffraction (XRDand Fourier transform infrared spectroscopy BTIThe UV
absorption spectroscopy was used to calculaterteegg gap. Photocatalytic activity of nanopowderdyg degradation of
methyl orange under UV light was evaluated. Thee&ff of various influential parameters includingtiah dye
concentration, photocatalyst dose and pH on theddgelorization were also investigated. The optinuatoe for initial dye
concentration and photocatalyst dose, obtained @i pnd 0.042 g, respectively. Also, the best rdtelexolorization
observed at pH=4. The results suggested that phiatigtic process is a beneficial method for dedping methyl orange

dye.

Keywords: Lead Titanate Nanopowder, Mechanical Activationgt®catalyst, Methyl orange.

1. Introduction

The environmental pollution is currently one of the
most serious issues faced by the human being.
Followed by an ever increasing trend during the
recent years, it has reached an alerting levedrims

of its impact on the living creatures [1]. Dye-
contaminated wastewater from textile industries,
which contains chemical contaminants, is one of
major environmental pollution with adverse impacts
on the humans and the environment.

The dyes not only leak to surface and underground
waters to make the water resources dye-
contaminated, but also are known to contribute to
the incidence of cancers and genetic mutations.
Every year, tens of thousands of different types of
synthetic dyes are produced around the world, and
these productions are widely used in different
applications virtually at industries. The textile
manufacturing and dyeing industry is a major source
of environmental pollution through industrial
wastewaters, making them an index of development
for any country.

In addition to the textile manufacturing and dyeing
industry, some other industries are also producing
dye-contaminated wastewater, including the

For instance, about half of the textile dye product
are composed of azo compounds with — N = N —
chromophore groups on their molecular structure.
Some 15% of the total dye produced during the
dyeing stage in the textile industry is wasted and
disposed in the form of wastewater [6-8]. Various
methodologies have been proposed for dye removal
from industrial wastewaters, including
physiochemical methods such as ultrafiltration]8,9
reverse osmosis [10,11], ion exchange [12], and
adsorption on different adsorbents such as active
carbon [13], coal [14], wood cuttings [15], andcsil

gel [16], being relatively successful when it comes
to practical use. However, these methodologies are
designed to bring the pollution from the aqueous
phase to a solid lattice rather than degrading it,
keeping them from being comprehensive methods
for counterfeiting the pollution[14-16].

Recently, extensive researches are performed to
remove pollutants from photocatalytic material. The
obtained results indicated that the photocatalytic
degradation is an environment-friendly or say green
method with no secondary environmental pollution
[17,18]. Among the existing methods for removing
the environmental pollutions, the use of
photocatalytic methods is of paramount importance.
The photocatalysts are semiconductors that can

cosmetics, leather, pharmaceuticals, paper, and dye oxidize organic compounds when exposed to high-

manufacturing industries [2-5].
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intensity light. When the energy content of a photo
exceeds the energy gap (Eg) of the semiconductor,
the electron is evoked from the valence band to the
conduction band, leaving a cavity in the valence
band.
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The combination of stimulated electrons and the
cavities may lead, either directly or indirectly,the
production of hydroxyl radicals that can, in turn,
convert organic matter to mineral matter. An
important factor affecting the adsorption process i
the choice of adsorbent. Today, ceramic oxides are
increasingly used as photocatalytic material. Low
cost, availability and outstanding characteristifs
these compounds represent their
features [19,20].

With its perovskite structure, the lead titanate
nanoceramic (PbTiO3) is a ferroelectric material
that can be used in a wide range of temperatures
because of its relatively high curie point of 490°C
as compared to other ferroelectric materials swch a
SrTiO3 or BaTiO3. The lead titanate has
outstanding characteristics such as excellent
piezoelectric coefficient and large spontaneous
polarization [21]. Accordingly, it has numerous
potential  applications in  electronic  and
microelectronic devices, being a member of the
most important families of piezoelectric and
ferroelectric materials [22].

Lead titanate exhibits a cubic phase at tempemture
beyond 763°C, below which it shows a tetragonal
phase. In the tetragonal phase, it shows ferragedect
properties, while it behaves as a para-electric
material in the cubic phase. In most cases, the lea

titanate undergoes a phase change from para-cubic

to tetra-ferroelectric through an anisotropic tharm
expansion [23,24].

Nanoparticles of lead titanate can be achieved
through different methodologies such as solid-to-
solid or liquid-to-solid conversion. Nanoparticle
studies have been largely regarded recently. & is
complex task to develop a methodology for
producing nanoparticles with accurate adjusted
stoichiometry and desirable characteristics.

The choice of mechanical activation as the synshesi
method is based on its superiority over other
synthesis techniques, rather than economic
convenience, this methodology prevents the lead
volatility. In the mechanical activation methodgeth
phase formation is accomplished by applying
mechanical rather than thermal driving force, while
the formation of pure lead titanate nanoceramic
requires low-temperature methodologies to control
the lead reduction and inhibit the formation of
secondary phases. Furthermore, the low reaction
temperature for lead titanate manufacturing
improves the crystal quality by reducing the

titanate as a nano-photocatalyst because this
material has not only desirable electrical andaapti
properties but also favorable photocatalytic attivi
In the present work, the nano-lead titanate is
synthesized through mechanical activation and its
photocatalytic properties are investigated for

degradation of methyl orange dye.

advantageous 2. Materials and Methods

For synthesis of nano-ceramic lead titanate the raw
materials including lead oxide powders (Merck,
99% purity) and anatase-titanium dioxide were put
into two separate cups of a ball-milling machine
(PF2 model, Farapajhohesh Co., Iran) with ball-to-
powder ratio = 10:1. Speed was adjusted on 250
rpm; to prevent of chamber temperature rising,
allowed the device to rest for 10 min. for every 30
min. The obtained mixture was milled for 30 h in
the ball-milling machine. The prepared specimens
were heat treated at 800, 900 and 1000°C in an
electric furnace (203 P- LEF, Korea) under ambient
atmosphere and nano-ceramic lead titanate was
synthesized.

Methyl orange dye was used to study the
photocatalytic properties of the specimens ; Table.
1. given methyl orange characteristics.

Table. 1. Methyl orange characteristics[18].

Methyl orange Molcule
Molcular
weight
327.33 (g/mol)
Maximum
465 wavelength
(nm)
—\ P R1
SONa— —N=H N Structure
T R2
C14H14N3NaO3S Formula

X-ray diffraction analysis was used to investigate
the formation of lead titanate phases. The diffoact
patterns were recorded in th@ gange between 10
and 90°. Since in the present study, lead titanate
nanoparticles were synthesized by mechanical
activation method, Scherrer equation cannot be used
to calculate the crystallite size because the pegpa

deposition pressure. More recently, some researches specimens contains a lot of stress and strain as a

have been performed on the reinforcing effects of
TiO2 on photocatalytic properties of materials.

In these research projects, the effect of par§ide
reduction [25], specific surface area incremen{,[26
coupling of the titanium dioxide [27], have been
investigated.

The presence of titanium dioxide nano particles in
the structure of the lead titanate can provideehd
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result of milling process and Scherrer equationsdoe
not include any (micro) strain effect, so it withtrbe
seen a significant change in the X-ray diffraction
patterns of these specimens. Therefore, in order to
calculate the crystallite size of specimens, a otkth
should be used to take into account the effect of
lattice stress and strain in calculating the ctifsa
size.
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Therefore, the Williamson - Hall method used to
calculate the crystallite size of nano-powders.
Williamson - Hall equation i&q. (1).[28] :

Eq. (1)

Wherel is X-ray wavelength (copper lamp with=
1.5406°A), D is grain size, is strain,p is the width
peak at half height anél is Bragg angle. FESEM
(LEO-VP435) and FTIR (JASCO, Japan, 400-4000
cnmt?) techniques were used to investigate lead
titanate nano-powder morphology and crosslinking
bonds as well as present functional groups,
respectively. The UV absorption of the specimens
were recorded using a UV spectrophotometer
(JASCO, V-670) in the wavelength range between
190 and 900 nm. Photocatalytic properties of the
specimens were characterized by a UV-Vis
spectrometer (Optizen 3320 UV).

B cos@ =0'T%+Zesin9

3. Results and Discussion
3.1. Identification of Lead Nano-Titanates

Gibbs energy relation was calculated as folldves
(2) [29] :

AG =AH - TA Eq. (2)

In order to evaluate the reaction feasibility abnmo
temperatures and higher ones, the enthalpy and
entropy values at room temperature were placed in
the Gibbs energy relation and the free energy was
determined. The related negative and positive galue
(AS>0 andAH<0) show the feasibility of the lead
titanate synthesis reaction at the mentioned
temperatures. The obtained Gibbs energy was
negative which indicates that the reaction is fdasi

so synthesis reaction of the lead titanate is & sel
activated reaction and if efficient activation emer

is applied the lead titanate reactions are feasible
Lead titanate synthesis reaction is as follogy(3):

Eqg. (3)

Reaction of the lead titanate formation is
exothermic, so because of it and according to the
stoichiometry of lead titanate, production of this
nano-powder was performed by the mechanical
method. Raw materials, Pbo and Ti@Qvere mixed
with a specific molar ratio. The milling time wa6é 3

h to improve the reactivity of the existing matéria
A complete solid-state reaction can easily occur
when the milled particle size can be as large the
atomic diffusion mechanism can make an
appropriate level of homogeneous mixing.
Therefore, it is believed that the solid-state tieac

of lead nano-titanate peroskite formation occurs at
lower temperatures by decreasing the particledize
oxidized powders. At low temperatures, incomplete
lead phase (Pb3®;) arises which has already been
reported by some researchers [29,30].

PbO+ TiQ—PbTiGs
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This pyro-chloride phase has a monoclinic struectur
(a structure with three unequal axes). These
observations are mainly attributed not only to the
weak reactivity of lead and titaniu [31,32]
specimens but also the limited capacity of
mechanical mixing method [33]. Decomposition of
lead oxide is not affected by mechanical energy. Fi

1. shows the X-ray diffraction pattern of heat tegia
lead titanate powder at 800 °C, 900 °C and 1000°C.
It is obvious that, 800°C has not been a sufficient
temperature for synthesis of lead nano-titanate and
there are still titanium oxide (anatase) and lead
oxide phases in the specimen (Fig. 1-a). By
increasing temperature, lead titanate peaks apear
900°C that indicates the lead nano-titanate folonati
(Fig. 1-b). With further increase in temperature to
1000°C (Fig. 1-c)., the peak intensity has reduced
slightly and some of them have removed and the
specimen has gone amorphous. By calculating the
crystallite size it also observes that an increafse
100°C in heat treatment has increased the crystalli
size.

T o P'bT103
a o 4 TiO; ( Anatase)
® PbO
3
i N | (101) | @ain
5 L] o @11)
= . | o
Z
] @00) 544)
S o
=
= (003)
) @ am o2
(002 (zm)
1 | L’,U (113)
] el \,,,J \. ﬂw‘uf‘w"!\. A,
T T T
0 20 40 a0 80 100
20 (deg)
b ©11)
= ] h
i i
e ! ainy 211) (202)
£ A
; @o0) @20
s |
| (103)
- [ 002 3
I (032)
T T T r
o 20 40 60 80 100
20 (deg)
C (011)

o0)

' @iy
] atn

| gl

T T T T T

0 20 40 GO

20 (deg)

Fig. 1. X-ray diffraction pattern of heat treated lead
titanate powder at 800 °C, 900 °C and 1000°C.
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Fig. 2. showsWilliamson- Hall diagram of théheat-
treated lead titanate specimens at 900 and 1000°C.
According to this diagram, lattice strain of 0.0127
and the crystallite size of 73 nm (Fig. 2-a). and
lattice strain of 0.0141 and the crystallite siz@8®1

nm (Fig. 2-b). were obtained for 900 °C and 1000
°C, respectively. According to WilliamsonHall
diagram, [28] it can be concluded that increasimy t
temperature increases the crystallite size and also
kinetic energy. The particles also start to vibrate
which causes crystallites collide to each other,
because of stress and strain on the lattice. Téweref
the optimum temperature for the heat treatment of
lead titanate powder that has been milled for 30 h
was 900 °C. The specimen synthesized at this
temperature contains only lead titanate peaks and n
secondary phases are formed. Also the size of its
crystallites was found in nano limit.

a | 0.02
(4
0.015 - @,
0.01
&
8 . y = 0.0254x + 0.0019
= 0.005 -
0 . . . ; .
0.2 0.3 0.4 0.5 0.6 0.7
2sine
b | 0.02
0.015 -
§ 0.01-
8
= y = 0.0283x + 0.0006
0.005 -
0 . . . .
0.2 0.3 0.4 0.5 0.6
2sine

Fig. 2. Williamson - Hall diagram of the heat-treated
lead titanate specimens at 900°C and 1000°C.

3.2. Fourier Transform Infrared Spectroscopy

Fig. 3. shows the FTIR curve of TiCand PbO
powders mixture. As can be seen, after 30 h of
milling and without any heat treatment, the peaks
appeared at 1117 cm1339 cmi, 1387 cmi, 1419
cm and 1466 crh are related to Ti-O bonds and
the peaks appeared at 11657¢m553 cmt and
1637 cmt are related to Pb-O bonds. The peaks also
appeared at 562 chand 749 cm are related to the
metal-oxygen bonds in lead titanate (Fig. 3-a).
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Also, it is obvious that, some lead titanate ha® al
been synthesized besides titanium oxide and lead
oxide powders. After 30 h of milling and heat
treatment at 800°C, the peak of Ti-O is appeared at
1383 cm' and the peak of Pb-O bonds is appeared at
1633 cmt, the peaks of 523 cin 637 cmt and 757
cntt are related to metal-oxygen bonds in lead
titanate (Fig. 3-b). After 30 h of milling and heat
treatment at 900°C the peaks of 420%B15 cmt',

646 cmt and 757 cm are related to the metal-
oxygen bonds in lead titanate. According to they(Fi
3-b)., titanium oxide and lead oxide is still presia

the combination and the lead titanate phase is not
fully synthesized. In contrast, in the (Fig. 3-ttlere

is no trace of titanium oxide and lead oxide in the
combination and the lead titanate phase is almost
completely synthesized.
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Fig. 3. FTIR curve of TiO2 and PbO powders mixture
after 30 h of milling, a) without any heat treatmen, b)
800°C, c) 900°C
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Fig. 4. FESEM images of the lead titanate specimen®dt treated at 900 °C., a) 500 nm, b) jim, c) 3pum. And at
1000°C., a) Ium, b) 3pm, c) S5pm.

3.3. Microstructure these agglomerates are very fine particles that are

cold welded together.
Flg 4. shows the FESEM images of the lead titanate The agg]omerates formed in this Specimen are soft
specimen heat treated at 900°C and 1000°C. ggglomerates, so they can be easily separated.
FESEM images for both specimens are shown with |ncreasing the heat treatment temperature causes an
different magnifications. (Fig. 4-a,, Fig. 4-b.gF#- increase in the crystallite sizes and adsorption of
c.) the morphology of some particles are almost small particles and formation of larger particleghw
spherical as well as some other particles are edged cjump morphology. Bonding is discussed in
that are expected to be hexagonal lead titanatess. | agglomerates, so that as the temperature increases,
visible in the images that particles are agglonegtat  the bonds become stronger and are converted to the
which is expected to be due to the fine partiCleS. covalent and hydrogen bonds. These C|ump
Because when the particles size decreases, the agglomerations are hard agglomerates. Increasing
surface area of particles increase and with in@igas  the temperature also has increased the grain with
surface energy, the particles tend to reduce their edged morphology and it is expected that the lead
surface energy by accumulation and coalesce and titanate phase with hexagonal structure will inseea
consequently particle agglomeration occurs. In,fact (Fig. 4-d, Fig. 4-e., Fig.4-f.). Therefore, accomlio

the available FESEM images, it can be concluded
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that the appropriate temperature for lead titanate

concentration in the absorption and decomposition

nano-powder synthesis is 900°C because an increaseprocesses[35]:

of 100°C in temperature causes the structure to be
almost out of nano-sized. In some nano definitions,
nanoparticles are particles that are smaller tt@h 1
nm. Therefore, this matter also affects the
photocatalytic properties of lead titanate powder

A=0.075C Eq.(6)

Where A is absorptioand C is dye concentration.
In order to obtain the optimum amount of

because increasing the particle size and decreasing photocatalyst, 0.014 g, 0.028 g, 0.042 g and 056

the spherical morphology of particles reduces the
specific surface area and consequently decreases th
photocatalytic properties of the particles.

3.4. Energy Gap Calculation of Lead Nano-Titanate

The energy difference (in units of electron volts)
between the highest valence bond and the lowest
conduction bond is called bond gap energy. The
reflective influence of spectroscopy is used to

of lead titanate photocatalyst was added tonilO
solution of 10 mg/l of methyl orange antthe
specimens were stirred magneticaly under UV light
for 30 min, 60 min, 90 min, 120 min and 150 min,
respectively. Subsequently, the photocatalyst was
separatedby centrifuge and dye absorption at 465
nm wavelength was recorded ljy/-Visible. The
percentage ofmethyl orange dye degradation was
calculated by the Eq. 7. [36]:

determine the energy bond gap and it can be

calculated from Eq. 4. [34]:

ahv = C(hv — Eg)%/2 Eq. (4)
whereo is the linear absorption coefficierit,is the
Planck constant,y is frequency (generallyho
denotes the energy of the photon functidhjs the
proportional constant artg; is the energy bond gap.
According to Fig. 5. the wavelength of the
absorption edge was obtained 390 nm [35] for lead
titanate using Eq. 4.; by placing this wavelength o
absorption edge in the Eg. 5. the energy gap is
estimated 3.17 eV. This indicates the applicabdity
lead titanate in the photocatalytic field[34]:

1240
A(nm)

E(eV) = Eq. (5)

Absorbance

— e —— ——— 7%
400 L] o oo L] 00 [

Wavelrngth (nm)
Fig. 5. Absorption spectroscopy of lead titanate.
3.5. Photocatalytic Properties

Methyl orange dye concentration of the specimens
was mesuredsing UV-Visiblespectrometeandthe
standard curve drawn at 4651 wavelengthEq. 6.
wes used to determineesidual methyl orange
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Co

D(%) =% x 100

o Eq.(7)
WhereGC, is initial concentration, @s concentration

at instant andD is percentage of methyl orange dye
degradation.

Fig. 6. shows the percentage of methyl orange dye
degradation versus the photocatalyst amount. As can
be seen in Fig. 6., by increasing the amount of
photocatalyst the rate afemoval increases. This
increase is due to an increment in active surface
(available sites) and increase in hydroxgHicals
(OH) and the super oxideradicals (Oy),
respectively. This ascending rate continues until
reaches to a maximume of photocatalgs0.042 g
and then the absorbtion decreases by further
increasing amount of nanophotocatalysthis
phenomenon carbe attributed to the interaction
between available siteend the turbidity caused by
increment ofphotocatalyst. It can be concluded that,
the reason for reducing the degradation is large
amounts of photocatalyst (more than 0.042hgi
actsas a filter and prevent light to reach tther
solution sides [36]. regarding to the obtained these
results optimal photocatalyst amount is 0.042 g.

80
62.25
R 56226 6881 °°°
S 60 49.35 —
c e
2
S 40
o
(o))
3]
o 20
P
0.014 0.028 0.042 0.056
Photocatalyst Amount(g)

Fig. 6. The effect of lead titanate photocatalysimount
on the methyl orange dye degradation.
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In order to evaluate the effect of methyl orange dy
concentration on the degradation reaction.

10 ml of 5 mg/l, 10 mg/l, 20 mg/l, 30 mg/l and 40
mg/l of methyl orange solution with the optimal

this figure show that, the decomposition rate of 10
mg/l concentration of methyl orange is more than 5
mg/l, 30 mg/l, 20 mg/l and 40 mg/l concentrations;
their reaction rate constant are obtained 0.005'min

value of 0.042 g photocatalyst was exposed under 0.004 min', 0.004 mirt, 0.003 min-and 0.002min
UV irradiation. 1, respectively.

Fig. 7. shows the effect of methyl orange dye
concentration on the degradation reaction.

As can be seen in this figure, by increasing the dy 0.8 1 #5mg/l y=0.004x
molecules concentration under the same conditions 0.7 - 10 mo/L y=0.005x
photocatalytic system needs more exposure time to 0.6 - gL y=u.
decolorate and reach the same percentage of O 5 | B
degradation [37]. 3 0.4 - 20 mg/L. y=0.003x
By increasing the dye concentration, the light 5 _
photons absorb by the dye molecules before they 0.3 1 *30 mg/L. y=0.004x
reach the photocatalyst surface. Lack of sufficient 0.2 40 mall. v=0.002
light in photocatalyst surface in a high concetrat 01 ¥ Mg/t y=0.082x
of dye has a directly effect on the production@f 0 I

and OH radicals and decreases the ratio of these 0 100 200

oxidant radicals concentration and dye molecules.

In addition, production and migration of electron
pairs — produced hole are also occurred more slowly
which is due to a reduction in the absorbed photons
By increasing the initial dye concentration, In order to evaluate the effect of pH on the dye
probability of interaction between dye molecules degradation performance using lead nano titanate,
and oxidant radicals decreases [38]. Furthermore, the dye degradation process have been conducted at
intermediate products formed by decomposition of 4 and 9 pHs with a 10 mg/l concentration of methyl
dye molecules are also increased. So there is a Orange solution and 0.042 g of photocatalyst. It
competition for decomposition between these Should be noted thatH of methyl orange solution
intermediate materials produced by mother dye Was 6.5. Fig. 9. shows the obtained results, pH of

Reaction Time (min)
Fig. 8. Methyl orange dye degradation kinetics.

molecules [39]. Subsequently, it is not unexpected
that the overall rate of photocatalytic reaction ,
namely the degradation of methyl orange dye, will
decrease.

100 -

90 ——5 mg/L
—~ 80 - =-10 mg/L
S
= 70 1 20 mg/L
S 60 -
5, 40 A 40 mg/L
& 30 -

20 -

10 -

O >N T T 1
0 50 100 150

Reaction Time (min)

Fig. 7. The effect of methyl orange on the methyl
orange dye degradation.

Accordint to the Langmuir - Hinshelwood equation
the decomposition process follows a first order
kinetic [40]. In addition, linear curve shows tllag¢
decomposition process is occurred on the
photocatalyst surface. Fig. 8. shows the resultS of
mg/l, 10 mg/l, 20 mg/l, 30 mg/l and 40 mg/l methyl
orange concentrations in presence of 0.042 g of lea
titanate photocatalyst based on the Langmuir-
Hinshelwood equation. Additionally, the results of

21

media not affects on the dye structure but it affec
on the photocatalyst surface charge. Furthermore,
the results shows that the degradation in the acidi
media is more than a neutral or basic media;
photocatalyst surface will be protonated in thelaci
media OH* on the photocatalyst surface), so methyl
orange that is an anionic dye will be absorbecebett
on the photocatalyst surface. In the basic media,
photocatalyst surface has a negative charge because
the hydrogen that attached to the oxygen on the
photocatalyst surface detachs by the base and the
photocatalyst surface becomes negative.
Electrostatic repulsion between anionic dye and
photocatalyst surface can inhibit the absorption.

1.4 -
1.2 4

0.8 -
0.6 -
0.4

Ln C/C,

100 200

Reaction Time (min)

Fig. 9. Methyl orange dye degradation kinetics at 4
and 9 pHs.
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Fig. 10. shows the effect of reaction temperature o
the percentage of methyl orange dye degradation by
lead nano titanat. For this purpose, 0.042 g of
photocatalyst is added to a 10 mg/l solution of
methyl orange with pH=4 and the specimen was
stirred for 150 minutes under UV light.

The experiments were performed at 25 °C, 30 °C, 40
°C and 50 °C. Low temperature dependence of the
degradation rate reflects the fact that the degiada

is a quite optical reaction, so the temperatureesdos
not a significant effect on the degradation reactio
of methyl orange dye and consequently room
temperature was selected for the experiments.

100 ~
90 -
80 -
70 -
60 -
50 -
40 -
30 -
20 -
10 -

0

69/023

68/682 68/92 68/518

—————————

Degradation (%)

30 40
Temperature (°C)

20 50

Fig. 10. The effect of reaction temperature on the
percentage of methyl orange dye degradation by lead
nanotitanate.

4. Conclusions

1. The degradation of methyl orange dye was
investigated by lead nanotitanate. For this purpose
lead nanotitanate after the heat treatment was
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