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Abstract

Lead oxide nanocatalyst (PbO-NC) is synthesized by the co-precipitation to evaluate its
photolytic, photothermal, and dark medium catalytic performance under controlled laboratory
conditions. The catalyst is characterized by UV-visible spectroscopy, FTIR, EDX, and XRD
techniques; the band gap obtained at 3.70 eV. XRD indicated a tetragonal phase with an average
size of 21 nm, and crystallinity of 50.27%. The PbO-NC effectively degraded ammonium
purpurate (murexide) under normal solar irradiance (6.91+0.38 kWh/m?/day) with a high-rate
constant, i.e., 0.0154 mint in light, 0.00412 min? in dark, and 0.0158 min* in photothermal
degradation. The obtained result is higher than other type of oxide-based pure nanocatalytic
degradation, and the catalyst is readily recoverable. The catalytic degradation in all circumstances
obeyed pseudo-first-order kinetics and efficiencies of 98%, 88%, and 38% in photolytic,
photothermal, and dark conditions. Although the synthesis of PbO-NC is tedious and involves
toxic precursors, the photosensitive and photothermal properties make it a promising catalyst for
degrading heavily toxic dyes.

Keywords: Lead oxide nanocatalyst, photolytic, photothermal, dark medium degradation, co-
precipitation, catalytic efficiency
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1. Introduction

Murexide is a purine derivative used as a common metal complexing agent in analytical
chemistry due to its sharp purple color [1-3]. It is widely applied in paint and textile industry for
coloring and in analytical chemistry for the estimation of rare earth, calcium, nickel, and
magnesium metals. Report shows that the excess contamination may cause mutagenicity and
nephrotoxicity, but it is not classified as a major carcinogenic agent for human health [4]. It
contains alloxantin with nitric acid and ammonia, considered as a stable organic dye having the
molecular formula CgHsNeOs [5]. Murexide-metal complex can be easily distinguished as a
potential source of water contaminant due to its sparingly soluble nature in cold water [1-3].

Organic dyes, including murexide, can be degraded photolytically and photothermally by oxide
based nanocatalyst. In the present work, we have synthesized lead oxide nanocatalyst by the co-
precipitation method under the controlled laboratory parameters [6-10]. Like ZnO, TiO2, SnOx,
Fe>O3 and CuO, the lead oxide nanocatalyst (PbO-NC) shows strong photocatalytic property [11-
13]. The crystalline PbO-NC exist in tetragonal (litharge) and orthorhombic (massicot) having
unique optical band gap 2.3-3.1 eV [4, 14]. The yellow color PbO-NC has a high surface area to
volume ratio (50-150 m?/g), which makes it sensitive to photocatalytic and photothermal reactions.
Lead oxide nanocatalyst can be prepared by varieties of technique; among them facile chemical
precipitation gives low cost size variable particles, sol-gel method provides highly pure and
uniform particles, and green synthesis is achieved by using natural plant extract as a capping agent
[8-10, 15].

Angel N.L. (2023) reported that efficient photocatalytic degradation (~95%) of nuclear red dye
is achieved by tetragonal PbO-NPs under UV light as a promising photocatalyst in wastewater
treatment [16]. Kumar A., et al. (2020) reported the synthesis of nickel dopped PbO that shows
effective degradation of methylene blue and mineralization via COD reduction supported by
physiochemical characterization [17]. Borhade A.V. (2012) reported the rhombic structure PbO-
NPs having size 41 nm with 4.28 eV band gap could degrade methylene blue obeying pseudo-
second order kinetics. Feng Pan. (2023), reported the composite membrane based on lead oxide
(20%) showed ~71% congo red degradation within 50 minutes, showing effective wastewater
treatment in photolight [18]. Elango G., (2015), reported the plasmon excited Pb-NPs having size
47 nm, which degrades malachite green at 254 nm effectively [19].

Fikadu T.G. (2023) reported the complete degradation of methylene blue by Sn-doped a-PbO
under solar light, demonstrating the enhanced catalytic activity over the pristine a-PbO [20]. Rauf,
M. A. et al. (2009) reported the synthesis of Pb-NPs for the degradation of dye through adsorption,
sedimentation for water treatment in agriculture, and domestic use [20]. Nasir. G. (2024) reported
the biosynthesized PbO-NPs through mulberry leaf extract remove 99.9% dye of 100 ppm
concentrations at pH 10 in 30 minutes [21]. Gaber M. (2012) reported the PbO based electrodes,
which degrades 95 % yellow 160 dye within 15 minutes at pH 7.13 at 25°C showing high efficiency
for wastewater treatment [22]. Wang Z. (2019) reported that 20 uM benzophenone-3 is effectively
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degraded by 0.75 g/L of PbO/TiO2 composite under UV-C light at pH 7, obeying pseudo-first-
order Kinetics [23].

The review reports showed that there is no solid evidence for the murexide degradation by the
lead oxide nanocatalyst. Some reports claim that murexide forms a stable bond with lead, and its
adsorption takes place on the surface of the particle [24, 25]. In the present work, our rationale is
to make a foundation through the study of photocatalytic and photothermal degradation of
murexide at different time and temperatures. However, lead oxide nanomaterial is not a safe and
preferable catalyst for the photolytic and photothermal degradation of dye due to its potential
toxicity; the opto-electronic behavior of PbO-NC cannot be undermined in dye degradation
application for relative comparison with other potential catalyst. The present work is carried out
only for the quantitative determination of catalytic strength of PbO-NC on murexide degradation
instead of existing and preferable catalyst commonly used in the dye degradation process.

2. Materials and Methods
2.1 Chemicals

All chemicals used in the experiment were ultrapure spectroscopic grade. Lead acetate
((CH3COO0)2Pb.3H20, M.W = 379.33 g/mol, CAS No. 6080-56-4, ~ 99%) was purchased from
Fisher Scientific, India. Ammonium purpurate (CsHsNsOsNH4, M.W = 284.19 g/mol, CAS. No.
3051-09-0) was purchased from Thermo Fisher Scientific India. Sodium hydroxide (NaOH, 40
g/mol, CAS No. 1310-73-2, 97 %) was purchased from Qualigen, India. Polyethylene glycol (PEG,
H-(O-CH2-CH>)n-0OH, 100 g/L, CAS No. 25322-68-3) was purchased from Merc, India. Ethanol
(C2Hs0H, 99.99 %, 46.06 g/mol, CAS No. 64-17-5) was purchased from Fusion Biotech, India.

2.2 Synthesis of lead oxide nanocatalyst (PbO-NC)

Initially, 0.1 M Lead (Il) acetate trihydrate precursor was made by dissolving 37.93 gon 1 L
deionized distilled water. 1 M NaOH was prepared by dissolving 40 g pallets in 1 L deionized
distilled water. The precursor solution was stirred for 1 hour in 250 rpm at 25°C, which was
followed by adding alkali dropwise from the burette until the pH of the solution maintained exactly
at 10. While adding NaOH, the precipitation process was controlled by adding 5 mL polyethylene
glycol (PEG) slowly in the solution with the help of syringe. The precipitation was completed in
2 hours of constant stirring. The solution was kept for 1 hour in a probe sonicator, which was latter
kept at 60°C for aging for 24 hours in a hot air oven. The complete evaporation left a white
crystalline powder, which was calcined in a muffle furnace at 400°C for 3 hours. The obtained lead
oxide crystalline power was stored in an airtight bottle, which was used as lead oxide nanocatalyst
(PbO-NC) in the experiment [26, 27].
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Fig. 1. Synthetic pathway for Lead oxide nanocatalyst by co-precipitation method.

2.3 Characterization of lead-oxide nanocatalyst (PbO-NC)

Lead oxide nanocatalyst was characterized by an UV-visible spectrophotometer (UV-1900i,
Shimadzu, Japan) to obtain the maximum absorption wavelength of the particle. The bonding
nature between lead and oxygen was determined by Fourier Transform Infrared Spectroscopy (FT-
IR, IR Affinity-1s, Shimadzu, Japan). The elemental composition in the catalyst was determined
by Energy Dispersive X-Ray (EDX-8000, Shimadzu, Japan). The crystallography and indices were
determined by XRD (Bruker, D2 Phaser, Massachusetts, USA). The geometric structure was
obtained from the simulation technique using VESTA.

2.4 Photointensity measurement

The experiment was carried out in the month of May (11:00 am morning to 2:00 pm day)-
2025. The solar intensity was measured by CMP3 Pyranometer. The light intensity was recorded
highest on 2" day of May, and lowest recorded on the 29™". The average solar intensity distribution
was found to be 6.91+0.38 kWh/m?/day. The experimental data were recorded based on average
solar intensity distribution.
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Fig. 2. Distribution of daily solar intensity average in May-2025 (11:00 am-2:00 pm) measured by CMP3
Pyranometer, Gurashe, Surkhet, Karnali province, Nepal.
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2.5 Langmuir-Hinshelwood model

Heterogeneous catalytic reaction model explains the photocatalytic degradation mechanism.
The adsorption or photocatalytic degradation and particle desorption is explained by the following
equation [45, 46].

= K¢ ...()
1+kC

Where, ‘r’ is the degradation rate in mgLmin, ‘k’ represents the reaction rate in min?, ‘K’
denotes the Langmuir adsorption constant in Lmg™, ‘C’ is the substrate concentration in mgL™.
The linearized photocatalytic kinetics can expressed as:

c 1 1 ..
, = ﬁ E ...(ll)

Where, slope = 1/kK’ Intercept = 1/k'
Similarly, if, KC << 1, 1 + KC = 1, pseudo first —order-kinetic model can be explained as:
In=2 =kt ... (iii)

Where, ‘Co’ is the initial concentration and ‘Cy s the final concentration, ‘k’ represents the
rate constant, and ‘t’ is the time.

3. Result and Discussion

3.1 UV-visible spectra and Tauc plot

The UV-Visible spectroscopy was used to determine the band gap energy, particle size and
electronic transition dependent on quantum effect. The maximum absorption peak was determined
by the calibration of device at its optimum level. The absorption peak was obtained at 240 nm,

which indicates the quantum confinement effect resulting blue shift compared to the bulk particles
[44].
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Fig. 3. UV-visible spectra of PbO-NC showing its maximum absorption wavelength.
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The UV-visible spectra of PbO-NC in figure 3 reveals that the maximum absorption
wavelength at 240 nm, which is approximately equal to the reported value [43]. The wavelength
intensity and nature of spectra is affected by the size of particle, solvent effect, pH, temperature
and instrumental factors. The hypsochromic shift indicates the pristine PbO-NC directs blue shift
due to polar n—m* transition [29]. The strong quantum confinement has made the band gap 3.70
eV with allowed direct band gap.
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Fig. 4. Tauc plot for the direct band gap of PbO-NC showing optical band gap at 3.70 eV.

The extrapolation of Tauc plot showed the optical band gap at 3.70 eV. The direct allowed
transition is calculated as [30]:
(ahv)?2 = A(hv —Eg) ... (iv)

The direct transition allowed for n = 2.

The wavelength obtained for PbO-NC is converted into the photon energy as:

hc 1240
hv = T = S (V)

The obtained values for (ahv)? vs. photon energy in eV gives extrapolation of curve intercept
along x-axis gives the mathematical values of optical band gap, which is found to be 3.70 eV. The
obtained band gap for lead oxide nanocatalyst is approximately equal to the reported band gap.
Repots shows that a-PbO having size ~36 nm with direct transition for n = % gives band gap at
3.91 eV [31]. Similarly, B-PbO having size ~45 nm with direct transition gives band gap 3.85 eV,
and nanomaterials having size 20-30 nm with direct transition shows 2.95 eV band gap [32]. Some
reports reveal that PbO nanomaterials obtained under controlled temperature gives band gap at
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2.09 eV [33]. The particle nature determines the optical band gap from Tauc plot mainly size and
a route through which the particle formed. In the present work, the obtained band gap for PbO-NC
through chemical precipitation method reveals crystalline size particles having unique quantum
confinement and surface effect.

3.2 Fourier Transform infrared (FTIR) spectroscopic analysis for lead-oxide nanocatalyst
(PbO-NC)

FTIR spectra are analyzed to find specific vibrational group present in the catalyst. Figure 5
shows the FTIR spectra of PbO-NC.
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Fig. 5. FTIR spectra of PbO-NC showing strong lead-oxygen stretching.

The FTIR spectra of PbO-NC shows the sharp stretching of Pb-O stretching at 459 cm™. The
additional wavelength with weak stretching found at 1193 cm™ reveals the presence of COs? in
the catalyst, probably due to trace contamination of lead acetate precursor. Furthermore, the H-O-
H bending observed at 1414 cm™ confirms the presence of water molecules in nanocatalyst. The
sharp O-H bending also observed at 3704 cm™. The stretching of C-O bond in 1000 cm™ is due to
the presence of carboxyl group [32, 34].

3.3 Energy dispersive x-ray (EDX) spectroscopic analysis for lead-oxide nanocatalyst (PbO-
NC)

EDX method was used to obtain the elemental composition of lead oxide nanocatalyst. The
peak obtained are corresponding to the x-ray produced from the excited catalyst when highly
energetic electron beam strike on it. Figure 6 shows the EDX spectra of PbO-NC.
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Fig. 6. EDX spectra of PbO-NC showing the elemental composition of lead and oxygen in C-Sc and Al-U
mode.

The EDX spectra for PbO-NC revels the elemental composition of lead (Pb) 87.29 % and
oxygen (O) 10 %. The spectra also shows the impurities like Thorium (Th) 2.44 %, Zirconium (Zr)
0.18 %, Copper (Cu) 0.082 %. Though the presence of trace concentration in the catalyst decreases
the optical band gap, its prominent effect as a catalyst is negligible. Figure (6) shows depicted lead
in Lo at 10 KeV, Ma at 2-3 KeV, and M at 12-13 KeV. Similarly, the oxygen Oka is observed at
0.52 KeV. Presence of lead and oxygen in the EDX spectra confirms the existence of PbO
nanomaterial [35, 36].

3.4 X-ray diffractometric (XRD) analysis for lead-oxide nanocatalyst (PbO-NC)

The crystallographic indices for PbO-NC show sharp plane at 111, 020, and 220 at their
respective diffraction angle 26 = 30°, 32°, and 36°. The secondary peaks at 002, 310, 113, and 040
represents the presence of impurity in the catalyst. The planes and diffracted angles corresponds
to the tetragonal geometry of catalyst [37]. The peak broadening suggests the distribution in size
of the particle and crystallinity. On solving Sherrer’s equation, we obtained the particle size 21

nm.

kA
D= BcosO - (V)

Where, D represents the crystallite size in nm, K is a shape factor, in the present work we found
its value 0.9, the wavelength A for CuKa is 0.15406 nm, § (FWHM) is 0.00684 (=~ 0.39°) radians,
and 6 = 15° is the Bragg’s angle [38]. The peak deconvolution method is used to find out the
crystallinity and was found 50.25 % crystalline [39, 40].

Crystallinity in PbO — NC (a.u)

PbO — llinity = 1009
bO = NC Crystallinity (Crystallinity + Amorphous) (a.u)x 00%

24717.76

= — — 0
49165.74296 100 = 50.27 %
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The XRD profiles for lead oxide nanocatalyst is shown in figure 7.
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Fig. 7. XRD crystallography of PbO-NC showing their planes in their respective diffractive angles.

Based on the XRD crystallographic planes, and diffractive angles the VESTA simulation
predicts tetragonal geometry with interfacial side lengths a = b = ¢ = 3.99000 A, and interfacial
bond angle a = B =y = 90°. The volume occupied by a single crystal is found to be 5.01000 A3,
The tetragonal PbO-NC is diagrammatically represented in figure 8 [41].

Figure 8. 3D geometric structure of tetragonal PbO-NC showing A) Ball and Stick B) Space Filling C)
Tetrahedral D) Wireframe E) Wireframe with density distribution.

3.5 Mechanism of photodegradation of murexide by PbO-NC

Lead oxide is a semiconducting material shows photosensitive nature, which can be tuned by
altering the intensity of light. The proposed mechanism shows the solar light absorbed by lead
oxide, which excites electrons to the conduction band leaving holes on surface. The photocatalytic
degradation mechanism can be explained in the following chemical equations [16, 28].

h
PbO-NC = PbO (6)cs + PbO (H+)ve (Vi)
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The hole formed in the catalyst incounter with water molecules that forms hydroxyl ions and
rapidly conveted into the powerful hydroxyl free radical.

PbO(Hole+)vs + H20 — H* + OH- (ions) ...(vii)

PbO(Hole+)vge + OH — OH: (radicals) ...(viii)
The hydroxyl ions in the solution are converted into the oxygen.
40H (Solution) — 2H.O + O ...(x1)

The free electrons of conducting band reacts with the free oxygen to form very reactive superoxide.

PbO(e-)ce + 02 — 'Oz (superoxide) ...(x)

The formed hydroxide free radicals, and superoxide degrades murexide slowly into their simple
compounds.

Murexide + OH (Radical) — CO2 + HO ...(xi)

Murexide + O — CO2 + H20 .. .(xIi)

Low intensity of light and possible recombination of electron hole pair reduces the catalytic
efficiency.
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Fig. 9. Schematic diagram for the photosensitization of lead oxide showing formation of hydroxyl free
radical and superoxide for the photolytic degradation of murexide dye.

In the present work, a solar light intensity of 6.91+0.38 kWh/m?/day is used as a
photosensitizer. When light absorbs by PbO-NC, the valence electron absorbs light greater or equal
to its band gap. The excited electron cross the conduction band leaving behind holes at the surface
of the catalyst. The interaction of water with these holes generates hydroxyl ions, which are
subsequently converted into the powerful hydroxyl free radicals. Meanwhile, the excited
conduction band electrons react with water to form superoxide. The synergistic action of hydroxide
and superoxide degrades the murexide continuously until its colour disappears. In contrast, the low
intensity solar light promotes the recombination of electron-hole pairs, thereby reducing the
catalytic efficiency [42, 43].
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3. 6 Photolytic, dark medium and photothermal degradation of murexide

The photocatalytic degradation process was carried out in a borosilicate conical flask by adding
20 ppm murexide prepared in deionized distilled water. Additionally, 20 mg of PbO-NC was
introduced into the dye solution, and initial time was recorded. The high dye concentration with a
low catalyst amount, or vice versa, does not yield sharp and distinct peaks. Therefore, dye
concentration and amount of catalyst were fixed based on the instrumental performance. Upon
exposing solution directly to the light, the spectroscopic measurements were initiated. Murexide
showed its maximum absorbance at 520 nm. The degradation of murexide concentration was
monitored at 10 minutes interval.
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Fig. 10. A) Photodegradation of murexide by PbO-NC showing initial to the infinite time at wavelength
520 nm. B) Catalytic degradation of murexide by PbO-NC in the dark C) Photothermal degradation of
murexide by PbO-NC at different temperature.
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The process was repeated for the catalytic degradation under identical condition in the dark
and the spectrophotometric data were recorded in 520 nm. The photothermal degradation was
carried out by repeating the same process under light while tuning temperature from 20°C to 140°C
using a hot plate. After complete degradation, the purple colour of murexide completely
disappeared, and the solution was centrifuged at 5000 rpm to settle PbO-NC, which remained
intact and reusable for multiple degradation cycle.

It was observed that the photocatalytic degradation of murexide completed in 130 minutes,
photothermal degradation with tuning temperature completed in 140°C, whereas dark medium
degradation incomplete even after 300 minutes, and extended insignificantly to infinity.

In photocatalysis, a monotonic reduction in absorbance intensity at 520 nm indicates the loss
of chromophore, which are transformed into spectrally silent intermediates. This occurs due to
oxidative cleavage of conjugated bonds by photogenerated reactive superoxide or radicals [15]. In
dark medium catalysis, the rapid initial decrease of dye concentration is attributed to the
absorption, while negligible degradation occurs with times [47]. In photothermal catalysis, photo
light generates electron hole pairs, leading to the production of reactive superoxide and radicals.
Simultaneously, thermal energy accelerates the reaction pathway by enhancing the rate of reaction.
However, the rate of degradation found in photothermal reaction is lower than photothermal
process probably due to electron/hole recombination at 140°C. Notably, complete degradation
achieved in photothermal degradation above this threshold.

3.7 Kinetics for the degradation of murexide

The photolytic degradation of murexide by PbO-NC follows pseudo-first-order kinetics. The
kinetic plot for In(C/Co) versus time gives a rate constant of 0.0154 min with a correlation
coefficient (R?) = 0.999 and Pearson’s r = 0.999. Similarly, the kinetic plot for dark medium
degradation also obeys pseudo-first-order kinetics with a rate constant of 0.00412 min, which is
lower than those for photolytic and photothermal degradation. The correlation coefficient (R?) for
dark medium catalysis is 0.973, and Pearson’s ‘r’ = 0.986. Photothermal degradation also obeys
pseudo first order kinetics with a rate constant of 0.0158 cm™. The correlation coefficient (R?) is
0.973, and the Pearson’s r = 0.971. The kinetic plot reveals that the photolytic, and photothermal
degradation proceeds with relatively higher rate constant than dark medium degradation of
murexide. Figure 11(C, D) shows remaining dye concentration (C/C,) as a function of time,
illustrating progressive dye degradation in light and heat, but not sharply in dark.
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Fig. 11. (A) In(C/C,) vs. time for light and dark medium degradation, (B) photothermal degradation
showing In(C/C,) vs. temperature, (C) dye concentration degradation showing (C/C,) vs. time, and (D)
photothermal degradation showing (C/C,) vs. temperature.

3.8 Catalytic efficiency of lead oxide nanocatalyst (PbO-NC)

The catalytic efficiency of PbO-NC is determined for light, dark, and heat. The catalytic efficiency
in light is found 98% in 140 minutes, but in dark medium efficiency is found to be approximately
38 % up to its infinite time. The photothermal degradation shows the catalytic efficiency 88 % in
140 minutes, which is less than the photolytic degradation, probably due to high-energy
recombination of excited electrons with holes in the catalyst.
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The comparative efficiency is found out:

(PbO-NC)-Light = 98% > (PbO-NC)-Heat & Light = 88% > (PbO-NC)-Dark = 38%
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Fig. 12. (A) Catalytic efficiency of PbO-NC in light and dark, and (B) Catalytic efficiency in
photothermal degradation.

4. Conclusion

Lead oxide nanocatalyst (PbO-NC) is synthesized through the co-precipitation method to
investigate the photolytic, photothermal degradation, and dark medium catalysis of murexide
under controlled laboratory conditions. The modern spectroscopic techniques were used to
characterize the synthetic nanocatalyst. The UV-visible spectrophotometer revealed that the
maximum wavelength absorbance intensity at 240 nm and the obtained Tauc plot revealed the
optical band gap at 3.70 eV. The FTIR spectra confirmed the bonding and stretching between lead
and oxygen at 459 cm™. Furthermore, EDX spectra indicated that the catalyst contains lead (Pb,
87%) and oxygen (O, 10%) as an elemental composition. The XRD analysis identified
crystallographic indices in 111, 020, and 220 at their respective diffractive angles of 26 = 30°, 32°,
and 36°, confirming the existence of tetrahedral phase with a size of 21 nm, and a crystallinity of
50.27 %.

The solar light intensity of 6.91+0.38 kWh/m?/day was found effective to achieve photolytic,
photothermal and dark medium degradation of murexide. The degradation obeys pseudo-first-
order kinetics where photolytic degradation showed a rate constant of 0.0154 min, and complete
degradation obtained in 130 minutes with 98 % catalytic efficiency. Similarly, photothermal
degradation showed the rate constant 0.0158 min™* which is completed in 140 minutes with 88%
catalytic efficiency. The photothermal degradation of murexide is found to be higher and faster
than photolytic and dark medium degradation. Therefore, lead oxide nanocatalyst can serve as an
effective catalyst for degrading of complex organic dye.
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