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Abstract

In search of remedy to water pollution, a new nanomaterial Pb2Cd4Sr2010 is synthesized by co-precipitation method and calcined. It is then
characterized by various analytical methods like Fe-SEM, XRD, XPS, EDX etc. Band gap of the material is calculated to be 5.6 eV. This is then
used for degradation of Erythrosine B in solar light and is observed to degrade it up to 98% in 60 minutes of exposure. Study suggests that
reaction follows pseudo first order kinetic law. Maximum degradation conditions are extracted by varying the affecting factors and the rate
constant obtained is 4.007 x 10* sec™!. Scavenger study suggests participation of *OH free radicals. Recycling experiment states that the
photocatalyst can be used again up to five cycles without any loss in its efficiency. End products are ascertained by laboratory tests. A

mechanism is also proposed.
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1. Introduction

Water pollution is the worst problem amongst all the
environmental issues and is affecting life acutely due to
urbanization, industrialization and other factors. Treatment of
such water through various means thus becomes mandatory.
Different method like filtration, coagulation, chemical
processes etc. were therefore employed for this purpose but
were found effective up to a certain limit. Gradually scientists
were able to explore the advance oxidation process (AOP)
and use of solar energy. Yang et al. [l tried to use solar
radiation to turn water into hydrogen fuel since 1970s. Xu et
al. P stated that photocatalysis is a green technique that
converts light energy into chemical energy. TiO»
photocatalysis played a critical role in energy and
environmental applications, and researches brought attention
to the need for such materials ). Wenderich ef al. ™ studied
the impact on photocatalytic activity of particle size
distributions, and metal oxidation states of semiconductors
and metals during photodeposition.

Surface of ZnO-based photocatalyst was modified with Cu?*
and flame spray pyrolysis. The prepared material was able to
neutralize pathogens at exposure to visible light’. Cu®* ion
addition enhanced light absorption in ZnO by promoting
interfacial charge transfer. ZnO structure in the form of sheets
and flowers was successfully synthesized by Xie et al. [ via
hydrothermal  synthesis; 2  pum-diameter flower-like
nanostructures in the form of sheets were produced by
extending the reaction time. The rate constants (ranging from
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1.17 x 1072 to 3.42 x 102 min!) obtained from the
photodegradation demonstrated pseudo-first-order kinetics.
Co-precipitation was used to produce Mn, Co, and Mn-Co-
doped TiO; semiconducting particles by Kiriakidis et al. U],
Under visible light irradiation, these doped TiO, materials
were used as visible light photocatalysts for degradation of
methylene blue. Using a co-precipitation and calcination
method, Wang et al. ® prepared rambutan-fruit-like
hierarchical microspheres of MnCo,04 with a large surface
area of 155 m? g”!. The adsorption kinetics of methyl orange
(MO) on it revealed pseudo-second-order model with an
enthalpy (AH#) of 9.30 kJ mol ! and an activation energy (Ea)
0f 5.71 £0.056 kJ mol ™.

Microcrystalline ABi>2Nb,Og (A=Sr, Ba) photocatalysts were
successfully synthesized by Wu et al. P! employing a citrate
complex method. Band gaps of 3.34-3.54 eV was found in
tetragonal BaBirNb,Oy and orthorhombic  SrBirNb,Og
respectively. SrBi;Nb,Oy performed better than BaBi:Nb,Og
in UV light-induced photocatalytic redox reactions of methyl
orange, indicating the impact of crystallinities, BET surface
areas, and crystal morphologies on the photocatalytic
performance.

Tetracycline (TC) molecules were broken down with
remarkable efficiency by the ZnO/NiO/g-C3Ny4 photocatalysts
when exposed to  visible light and  reached
91.49%disintegration rate in 60 minutes. The composite also
demonstrated remarkable stability, showing 88.76% TC
degradation efficiency even after three cycles "%, The effects
of the La/Al ratio and the calcination temperature on
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photocatalytic activity were investigated by Elhalil et al. 1]
they also studied the degradation of caffeine under UV light.
Nanomaterial Ag-ZnO-La,0,CO; was synthesized as
effective photocatalyst to break down such pharmaceutical

contaminants. Zhang et al. U2 synthesized Ag,O/g-
C3N4/FesOs4  nanocomposites which  were found
environmentally benign. Under visible light, these
nanocomposites showed stability and effectiveness in

Rhodamine B (RhB) photodegradation. 10 mg/L. RhB was
destroyed under 500 W of visible light exposure for 60
minutes, by 98.3%. Kinetics of photodegradation and the
possible mechanism were also studied.

Cu,0/Zn0O/AgzPO4, a ternary composite with p-n
heterojunctions and a predicted band gap of 2.15 eV, was
synthesized by Taddesse ef al. ['*l. This heterojunction was
found to affect the band gap of ZnO (3.18 eV). The
composite's photocatalytic degradation efficiency under
visible light was higher than that of its single and binary
equivalents, with higher rates of 81.1% for methyl orange
(MO) and 78.2% for textile effluent.

Nanocomposite using SiO»/TiO; nanoparticles coating on the
Fes04 core and the PrVOs, were prepared by an ultrasonic-
assisted co-precipitation method 4. SEM examination
revealed that the crystalline diameters of the prepared
F6304/Si02/Ti02/PI'VO4 and FC304/Si02/Ti02/Ti02
nanoparticles were 80-100 nm and 55-75 nm, respectively.
The optimized sample showed efficient photocatalytic 55%
degradation of rhodamine-B under visible light in 100
minutes. Gd-doped Cobalt Tin Oxide (CoSnOs3)
nanocomposite was synthesized using two-step method, and
the impact of calcination temperature on their photocatalytic
activity was investigated by Muneer et al. [P The
nanocomposite showed over 90% photo-degradation of
methyl orange and methylene blue dyes. Using the
combustion approach, nanostructures of the Quaternary metal
oxide La,-xBixCuQO4 with different amounts of Bi inclusion (x
=0, 0.01, 0.03, 0.06, 0.08) were prepared by Marzougui ef al.
(161 These structures exhibited excellent efficiency in the
degradation of malachite green in the presence of sun light.
The degradation rates for x = 0, 0.01, 0.03, 0.06, and 0.08
were 64%, 68%, 75%, 89%, and 83% respectively after 240
minutes.

Ce0,/C0304 nanofibers and quaternary composites
Ce0,/Co0304/Ag/AgiPO4 using the electrospinning technique
were prepared and showed an impressive 92.5% degradation
of methylene blue dye in 80 minutes under blue LED
illumination ['”). Nanosized photocatalyst BaOsTiO.SrO;TiO
for degradation of Azure B was used by Nihalani et al. ¥ in
an ecofriendly manner. A kinetic study suggested the break
down to follow pseudo first order kinetic law. The
nanocomposite doped with 0.3% Nd (Nd-ZnO-GO) was
synthesized through co-precipitation and exhibited good
efficiency in degrading organic pollutants '), It also showed
a significant reduction in total organic carbon (TOC) levels,
with a removal rate of 76% and minimizing the formation of
harmful by-products. Furthermore, the nanocomposite
maintained its stability and reused multiple times, with a
degradation efficiency of 83.0% even after five cycles.
Nitrogen and palladium-co-doped TiO, was synthesized by a
modified sol-gel technique, and its efficacy in degrading
natural organic matter (NOM) under simulated solar radiation
was assessed . The NOM in the hydrophobic, hydrophilic,
and transphobic fractions showed remarkable breakdown rates
of 96%, 38%, and 15%, respectively. This was attributed to
the smaller crystalline size, higher surface area, and co-
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synergistic doping's effects on the TiO,. Haw et al. 2! were
able to prepare CoFe,04-TiO, photocatalyst with magnetic
CoFe;0O4 nanoparticles adorning 3D urchin-like TiO,
microparticles. The lower recombination rate of photoexcited
charge carriers in the CoFe;O4-3D TiO; nanocomposites was
found responsible for this superiority in photodegradation of
methylene blue. Spinel cubic CoMnCrO4 was prepared by
Moradnia et al. 2 via sol-gel method. The crystallite size
obtained was 14 nm. The study investigated the effects of
amount of nanoparticles, initial dye levels etc. on dye
degradation efficiency. Oh et al. ¥ used a sonochemical
method for synthesis of LaNiSbWO4-G modified with
polyaniline (PANI) that could effectively break down gallic
acid and safranin-O (SO) in visible light (A > 420 nm). The
LNSWGP composite demonstrated an impressive rate of
degradation, removing 84% of SO and 92% of gallic acid in
just 180 minutes.

Otgonbayar et al. ** prepared a quaternary nanocomposite
utilizing a hydrothermal technique for combining the potent
components of graphene-based LaYAgOs4, graphene, and
TiO,. After 48 hours, the ternary nanocomposite, which had a
notably high concentration of LaYAgQO., exhibited an
amazing rise in photocatalytic activity, producing a staggering
12.27% more methanol. CsTaWOs, a mesoporous quaternary
oxide, was successfully synthesized utilizing evaporation-
induced self-assembly by Weller et al. . It exhibited
remarkable catalytic properties in terms of producing
hydrogen and dissolving water. Researchers were able to
increase its surface area to 78 m? g”! and improve its textural
qualities by using both additives and a
carbonization/oxidation process. It was observed that the
material's photocatalytic activity is influenced by both pore
diameter and surface area, which emphasizes the critical role
that mesoporous shape plays in maximizing the material's
potential for photocatalytic applications.

It was observed that there were fewer numbers of quaternary
photocatalysts known and prepared and were less used for
removal of pollutants from water. Synthesis of them through
some easier path way is required too. Thus, synthesis of a
new, cheaper and effective ternary photocatalyst is carried
and is then used for removal of contaminants specially dyes,
converting them into smaller and harmless fragments making
water clean up to a considerable extend.

2. Experimental

2.1. Synthesis of Pb2Cd4Sr2010 Photocatalyst

All the chemicals were of analytical grade (> 99%) and were
used without further purification. Lead nitrate hexahydrate
(Pb(NO3)2.6H,O, Molechem Co., Ltd., 99%), Cadmium
nitrate tetrahydrate, Strontium nitrate (Cd (NOs3),-4H,O,
Sr(NOs),, Merck Co., Ltd., 99.5%). Ethanol absolute
(CH3CH,0H, 99.9%), and sodium hydroxide pellets (NaOH,
96%, Merck Co. Ltd.). erythrosine B dye, EDTA, ether,
isopropyl alcohol, sulphuric acid, hydrochloric acid, etc. of
CDH make were used.

2.2. Characterization

The prepared photocatalyst Pb,CdsSr2019 was characterized
by various analytical techniques. X-ray diffraction (XRD)
pattern was recorded by a Panalytical X Pert Pro, X-ray
diffractometer using Ni-filtered Cu Ka radiation at a scan
range of 10/2h/80, at 10 kV and 80 mA for monochromatized
Cu Ka (k = 1.5418 A) radiation. Scanning electron
microscopy (SEM) measurements were carried out on a Nova
Nano FE-SEM 450 (FEI) scanning electron microscope to
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investigate the morphology and surface roughness of samples.
SEM imaging conditions with the composition analysis were
done by energy dispersive X-ray. The HRTEM Hitachi H-
7500, a high-resolution transmission electron microscope was
used for structural analysis. The XPS spectra were carried out
by Physical Electronics (Model-PHI 5000 Versa Probe III
analysis). Fourier transform infrared (FT-IR) spectra were
recorded on an FT-IR Spectrum 2 (Perkin Elmer)
spectrophotometer in KBr pellets in the 400-4000 cm-1 range.
UV-vis diffuse reflectance spectra (DRS) were measured
using a UV-vis NIR spectrophotometer (Perkin Elmer,
U.S.A).

2.3. Photocatalytic Study

The photo-degradation of erythrosine B (EB) in an aqueous
solution was monitored in order to estimate the photocatalytic
activity of PboCdsSr2019. The selection of EB was based on
its high resistance to light deterioration and optical absorption
on to metal oxide surfaces. In experiment, 50 mL of 1x10° M
EB dye solution was taken in a beaker and 0.10 g of
photocatalyst was added. pH of the solution was recorded by
pH meter (Hena pen type). It was then exposed to a 250watt
tungsten arc lamp. Intensity of the radiations was recorded by
solarimeter and decrease in optical density (O.D.) was
monitored on a UV-Vis spectrophotometer (CHINO) at Amax
520 nm. The Beer-Lambert relation was used to calculate the
percentage of degradation. It was calculated by:

Percent Degradation= (Co — C)/Co X 100

Where C, and C represent the initial concentration and final
concentration of the dye at different time intervals,
respectively.

3. Result and Discussion

3.1. Synthesis of Pb2CdsSr2010 Photocatalyst

A solution containing metallic precursors is prepared using
doubly distilled water, with each component at a
concentration of 0.1 mol/L (lead nitrate, 3.31g, pH 7.5,
cadmium nitrate, 3.08g, pH 6.7 and strontium chloride, 2.66g,
pH 5.8). These filtered solutions are mixed and stirred using a
magnetic stirrer at room temperature (25°C). A pre-
standardized NaOH solution is added drop by drop until
precipitation is complete. The precipitate is allowed to settle,
filtered, thoroughly washed with distilled water and is tested
for presence of impurities, elements and base. It is then dried
in a microwave oven at 120°C, followed by grinding. The
yield of the obtained white precipitate is 50.105 g. The
powder is then calcined at 350°C in a muffle furnace for 5
hours, resulting in fine dark brown powder of PboCd4Sr,01.
The yield then is 37.52g, with a product yield efficiency of
89.56%.

Pb(NOs): CANOy);
£ »

B Srck;

-

NaOH added
drop by drop with
stirring y

\\

Stirred for 20 min

Fig 1: Flow chart of synthesis of Pb2Cd4Sr2010 photocatalyst
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3.2. X-Ray Diffraction Analysis

Using powder X-ray diffraction analysis, the crystallinity and
phase purity of the prepared nanoparticles are verified. The
data for calculation of crystal size are compiled in table 1 and
various peaks of XRD are shown in figure 2.

Table 1: Crystal size of Pb2Cd4Sr2010 photocatalyst

S. No. |Angle 20| FWHM | Crystal size (nm) | Average crystal size
1. 27.4348 |1 0.1771 48.25
2. 27.8633 | 0.1476 57.94
3. 29.3283 1 0.1771 48.25
4. 30.8726 | 0.2066 41.68 46.96 nm
5. 32.0329 | 0.3542 24.38
6. 33.0161 | 0.1181 73.31
7. 34.9720 | 0.2362 34.97
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Fig 2: XRD pattern of Pb2Cd4Sr2010 photocatalyst

High crystallinity and phase purity of the as-obtained
photocatalyst is shown by the relatively narrow and sharp
diffraction peaks. It shows a strong agreement with the typical
XRD peaks of its predecessors. Diffraction peaks at angle
values of 20 = 26.2, 29.3, 30.8 and 55.3 are ascribed to the
planes (111), (111), (002) and (220), showing the tetragonal
phase of PbO, % 2], The peaks at the diffraction angles of
23.3, 30.8, 33.0, 35. 8, 38.3 and 47.7 are attributed to (012)
(002) (111) (002) (310) and (200) planes, respectively and are
assigned to crystalline CdO in cubic phase. 2% 21 Peaks for
SrO; appear at angles 24.8,45.2,35.0,50.0 and were assigned
to the planes (001), (431), (002), and (220), respectively.3%3!
Strong and crisp diffraction peaks that fit well with the
database indicate the rectangular crystalline structure and
phase purity of nanoparticles. Other discernible peaks for
contaminants are not observed.

Pb,CdsSr,01¢ is found to have an average crystal size of 46.96
nm, as calculated by the Debye-Scherrer formula-

D =0.90/B cos 0 (D)

The full width at half maximum (FWHM) of the peaks at the
diffracting angle is denoted by A, where D is mean crystalline
size of the prepared nanomaterial, A is the wavelength of the
X-ray photons, 0 is Bragg angle, § is line broadening at
FWHM.
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3.3. FE-SEM Analysis and Elemental Mapping

FE-SEM analysis was carried out to examined the consistency
of the nanoparticles and is shown in figure 3. In order to
examine the morphology, the particle size range was
evaluated and the composition of the samples was also
determined by elemental mapping analysis (figure 4).
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The particles are clumped together and have homogeneous
cluster form. The image illustrates how the microscopic
particles fuse together to form defined structure that resemble
cubic strips or rods.

3.4. HRTEM Analysis

High-resolution transmission electron microscopy (HR-TEM)
with the selected-area electron diffraction (SAED) pattern
was used to examine the microstructural features in order to
better understand the shape and size of Pb,CdsSr>O10 and is
given in Figure 5.

Fig 5: HRTEM images of Pb2Cd4Sr2010 photocatalyst

D-spacing values of 0.212 nm and rectangular shape in two-
dimensional sheet is seen in the lattice images. The diameter
of crystallite measured by HR-TEM and those determined by
powder XRD analysis appeared in good correlation. The
particle sizes of the material varied from 50 nm to 200 nm.

3.5. EDX Analysis
The elemental composition and purity in the nanocomposite
are assessed by the EDX analysis and is shown in figure 6.

d
4 M & m oo

Fig 6: EDX spectra of Pb2Cd4Sr2010 photocatalyst
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Dispersive X-ray energy analysis graph shows the presence of
Pb, Cd, Sr and O elements in the nanocomposite with ratio of
2.0:4.0:2.0:10.49 suggesting the empirical formula to be
PbyCdsSr2019. The EDX spectra makes it clear that the
nanocomposite material does not have any added impurities.
A rectangular strip-like crystal structure was seen indicating
the development of mixed phases in the XRD spectra that
corroborate with the EDX findings. Further, the results
indicate the purity of the phase in the composite.

https://academicjournal.ijraw.com

3.6. XPS Analysis

XPS helps in figuring out the atomic composition and
chemical identities of the composite. The presence of PbO,,
CdO, and SrO in the photocatalyst is confirmed by the spectra
of the composite and the convoluted spectra of individual
element that are given in figure 7.
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Fig 7: XPS analysis and convoluted spectra of individual elements

Observation of the peaks identifies that the photocatalyst
comprises of Pb, Cd, Sr, and O elements. The binding energy
for Pb in composite corresponds to Pb (II) 4f7/2 and 4f5/2
transitions located at 138.9 and 143.3 eV and is endorsed by
Qi et al* The binding energy for Cd in the composite
corresponds to Cd (IT) 3d5/2 and 3d3/2 transitions with a
binding energy of 405.3 and 412.1 ¢V. ¥ Binding energy
located at 134.8 and 142.3 eV corresponds to the peaks for Sr
(II) 3d5/2 and 3d3/2 transitions. ** 3], The binding energy for
major peak Ols is found to be located at 531.5 eV which can
be attributed to the presence of bound oxygen on the surface
of nanocrystals.

3.7. FTIR Analysis
FTIR analysis is carried out in the 400-4000 cm frequency
range and the resulting spectra is given in figure 8.
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Fig 8: FT-IR spectra of Pb2Cd4Sr2010 photocatalyst

The peaks at 3456 cm™! and 1627 cm! are assigned to surface
hydroxyl and adsorbed water molecules (O-H bending and
stretching vibrations). The absorption peak at 485 cm’!
indicates the presence of Pb-O bond (PbO, stretching and
bending vibrations).® The peaks observed at 703 and 856 cm
! are indication of Cd-O bond (CdO stretching and bending
vibrations).?” The peak observed at 435 cm™! corresponds to
the asymmetric vibration of the Sr-O bond (SrO stretching
and bending vibrations).?! A shift in general peaks has been
observed. All peaks were sharp stating the presence of strong
stretching vibrations and denying the presence of impurities.

3.8. UV-VIS NIR Analysis

Figure 9 displays the UV-vis absorption spectra of
szCd4$I’2010.
1.0
187. 15 nm szCd‘_srlO].
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<
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Fig 9: UV-VIS spectra of Pb2CdaSr2010 photocatalyst
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Fig 10: TAUC plot of Pb2Cd4Sr2010 photocatalyst
A significant absorption in ultraviolet region is observed. 3%
The peaks at 187 nm correspond to that of PbO,, at 231 nm to
SrO and in the range 250-300 nm for CdO. Because of the
increased wavelength and less electron-hole recombination,
the absorption of the nanocomposite is found to be greater
than that of PbO-CdO nanocomposites. Tauc function is
typically used to estimate the optical bandgap using
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experimental absorbance data and is calculated for

Pb,CdsSr,010 by Equation:
(ahv)? =k (hv-Ey) )

Where hv stands for photoenergy, Eg for band energy, k for
constant value, and a for absorption constant. The bandgap
energy obtained through calculation is 5.6 eV (Figure 10).
The interaction of PbO, and CdO with the SrO phase is found
responsible for it. The large values of Eg (5.6 eV) of the
prepared composite which belong to the ultraviolet range
enables their usage in other applications such as energy
storage applications, increase in the photocatalytic
performance etc. When assisted by UV-vis irradiation

4. Kinetic Study of Degradation of Erythrosine B

The prepared photocatalyst was used for degradation of color
pollutants in water. For this erythrosine B was selected as role
model. Figure 11 shows the typical run.
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Fig 11: A typical run

It was observed through various studies that the reaction
follows pseudo first order kinetics law. Different factors pH,
concentration of dye, amount of photocatalyst and intensity of
light were varied to extract maximum degradation conditions.
The data are summarized in table 2. The dye degrades up to

98.76% in 60 minutes of exposure to light with value of rate
constant 4.007 x 10 (sec™!) at pH = 6.5, Dye concentration =
0.6 x 10° M, amount of photocatalyst = 0.1g and intensity of
light= 1530 mW/cm?.

Table 2: Rate constants at different variable conditions

Rate Constant k| Concentration of dye x |Rate Constant k Amount of Rate Constant k|Intensity of light| Rate Constant
PHI ™y 104 (sec!) 10 (Moles/Litre) x 10 (sec!) photocatalyst(g) x 10 (sec) (mW/cm?) k x 10 (sec?)
4.0 2.656 0.4 3.966 0.04 1.734 1530 4.007
5.0 3.204 0.6 4.007 0.06 1.794 1160 0.233
5.5 3.936 0.8 2.833 0.08 1.674 865 0.149
6.0 3.204 1.0 2.563 0.10 4.007 560 0.089
6.5 4.007 1.2 3372 0.12 1.333
7.0 3.753 1.4 1.618 0.14 1.489
7.5 3.500 1.6 1.484 0.16 1.614
8.0 3.753 1.8 0.944 0.18 1.489
8.5 2.530 0.20 1.453
9.0 2.403 0.22 1.674
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Scavenger study is carried out and it is observed that the
reaction ceases completely on addition of isopropyl alcohol
suggesting the participation of OH® free radical as active
species responsible for complete degradation of the dye. The
end products are confirmed through laboratory tests. It is also
observed that the photocatalyst works at same efficiency up to
five cycles when is calcined and reused. A mechanism of
degradation is proposed here by:

Pb,CdsSr;040 + hv — Pb,CdsSr019 (e _) + Pb,CdsSr,0q9 (h+)

(3)

h*+OH —OH® )
e +0,—0,*" (5)
H,0+0,* —HOO*+OH* (6)
HOO*+h*—H,0, 7)
H,0s+e —OH*+OH"* (8)
Dye+OH*—CO+H,0 )

5. Conclusions

The study leads to the conclusion that a novel photocatalyst
Pb,Cd4Sr,01 nanoparticles  are  synthesized.  Various
analytical methods are used to characterize it. The optical
bandgap, Eg is calculated to 5.6 eV and the particle size
calculated to be 46.96 nm with a nanosheet shape. It is then
used for photocatalytic degradation of erythrosine B dye.
When exposed to visible light, the nanocomposite
demonstrates excellent photoactivity and after 60 minutes,
nearly 99 percent degradation is observed. The values of k fits
exactly to the pseudo-first-order rate equation. Even after five
cycles, the photocatalyst photodegradation efficiency of over
90% is maintained, indicating its high stability and
reusability. It is observed that OH®is the active species
causing the degradation. A mechanism is also proposed.
Numerous possible uses for the produced materials are
anticipated, such as solar cells, photocatalytic hydrogen
evolution, and water splitting, photocatalytic degradation of
organic matter etc.
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