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Abstract
The production of nanoparticles derived from plant extracts has attracted 
considerable attention due to their cost-effectiveness, eco-friendly nature, 
and effective performance in different applications such as wastewater 
treatment and biomedicine. The present research emphasizes the eco-
friendly synthesis of a nano-hybrid structure consisting of punica granatum 
(PGE) extract with zinc, lead, and manganese (ZPM). It is designed 
for efficient degradation of Methylene blue (MB) in nano-hybrid water 
systems. Punica granatum incorporated Zinc, lead and manganese (PGE/
ZPM) nanohybrid structure was characterized using various techniques 
including FTIR (Fourier-transform infrared spectroscopy), FESEM (Scanning 
electron microscopy) with elemental mapping, HRTEM (Transmission 
electron microscopy), XPS (X-ray photoelectron spectroscopy) XRD (X-ray 
diffraction), TGA (Thermogravimetric analysis) and UV-Vis spectroscopy. 
The study included a thorough investigation of the optimization parameters 
specifically analyzing the effects of pH, dye concentration and catalyst 
dosage. The results showed that under solar exposure, 83.68% of Methylene 
blue (MB) was removed within 3 hours. The degradation mechanism follows 
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pseudo-first order kinetics and the highest rate of degradation of MB at pH 
6.0 was determined to be k= 0.0159 min-1. The photocatalyst was reused 
for five cycles, showing only a minor decline in degradation effectiveness. 
Antibacterial effectiveness of PGE, ZPM and PGE/ZPM was also assessed 
against Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli). 
In summary, the cost-effective and environmentally friendly method used 
to synthesize PGE/ZPM has proven to be a versatile photo-catalytic and 
antibacterial agent.

Abbreviations 
CB (Conduction band);  (Initial concentration); Ct 
(Instant concentration at any time t of Methylene 
Blue); °C (Degree Celsius); electrons (e-); EDS 
Energy Dispersive X-Ray Spectroscopy; eV 
(Electron volt); Escherichia coli (E. coli); FESEM 
( Scanning electron microscopy); FTIR (Fourier-
transform infrared spectroscopy); Holes (h+); 
HRTEM (Transmission electron microscopy); 
JCPDS (Joint committee on powder diffraction 
strandards); k (rate constant); MB (Methylene 
Blue); min (Minute); nm (nanometer); pH (Potential 
of Hydrogen); % (percentage); PGE (Punica 
granatum); PGE/ZPM (Punica granatum- Zinc, 
lead and manganese); pzc (point of zero charge); 
S. aureus Staphylococcus aureus; SAED (Selected 
Area Electron Diffraction); UV-vis (Ultraviolet 
spectrophotometer); VB (Valence band); XRD (X-ray 
diffraction); XPS (X-ray photoelectron spectroscopy); 
Zinc, lead, and manganese (ZPM)

Introduction
One of the most significant issues facing human 
civilization throughout the world, especially in 
emerging countries is pollution.1 All living things are 
seriously affected by the presence of contaminants 
in the water system. Polluted water is full of various 
toxic wastes such as heavy metals, dyes, micro-
organisms, phenols, and pesticides etc.2 Pollution 
is the discharge of toxic substances into the 
atmosphere that harm people or other living things 
and pollute the environment. These pollutants may 
appear as chemical substances or as energy in 
the form of noise, heat and light.3 It has a negative 
impact on environmental resources like clean air and 
water supplies. Pollution has detrimental effects on 
canals, glaciers, oceans, reservoirs, and aquifers, 
causing them to become polluted. It occurs when 
harmful toxic waste or contaminated materials 
are dumped directly into the water bodies. The 
increasing discharge of domestic, industrial and 

agricultural waste effluents into the water system 
poses significant issues for the developing world. 
The entire fauna and flora were seriously threatened 
by organic pollutants such as phenols, dyes, 
fertilizers, toxic metals and pesticides. 

Industrial pollution is the release of waste and 
pollutants produced by human activities into the 
environment including air, water and land. This 
can degrade ecosystems, kill animals, destroy 
vegetation and have negative effects on human 
health. Pollution affects both biodiversity of living 
organisms and individuals in their daily lives. 
Industrial pollutants released into water bodies 
cause significant biological and chemical oxygen 
demands disturbing the natural balance by reducing 
aquatic biodiversity and the photosynthetic activity 
of aquatic life.4 The pollution of the marine system 
because of many industrial activities has become 
a matter of serious concern.5 Cadmium, copper, 
aluminum, chromium, thorium, and cobalt are 
examples of toxic metals that cause disease in 
living organisms. Several techniques such as ion 
exchange, adsorption, photocatalysis, filter-based 
separation and chemical precipitation formation have 
been employed to remove toxic substances from the 
environment.6 Research and development on the 
atomic, molecular or macromolecular scale referred 
to as nanotechnology. Particles with at least one 
dimension of 100 nm are considered nanoparticles, 
which are the fundamental units of nanotechnology. 
The environmental quality of air, water, and soil 
can be greatly improved via nanotechnology. This 
may facilitate the development of new cleaning 
technologies which enhance the detection and 
sensing of contaminants.7 For the production of 
green nanoparticles, metals have been intensively 
used because of their use in biomedicine and 
industries. Silver has gained a great deal of interest 
for its ability to produce plant-based green silver 
nanoparticles.  When reduced with organic materials 
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like plant extracts, and various incredibly essential 
elements like Copper, Zinc Oxide, Iron, lead nitrate, 
manganese chloride and gold nanoparticles form 
highly beneficial green nanoparticles.8 The main 
focus has recently been placed on the production of 
food-grade nanoparticles from natural components 
such as lipids, proteins and carbohydrates.9 The 
removal of organic pollutants and noxious microbes 
using sunlight has been suggested as a potential 
application of nanoparticles. The efficiency of 
photocatalysts is assessed through light absorption, 
which excites electrons (e-) from the valence band 
(VB) to the conduction band (CB), creating a hole 
(h+) in the VB and triggering photo redox processes 
instantaneously.10 In semiconductors, the band gap 
energy is the amount of energy required to excite 
an electron from the valence band to the conduction 
band. Predicting photophysical and photochemical 
properties of semiconductors requires accurate 
calculations of the band gap energy.11

The presence of dyes in effluents poses a 
significant problem due to their harmful effects 
on living organisms. The discharge of dyes into 
the environment is a source of concern for both 
toxicological and visual effects.12 Methylene blue 
(MB) is a cationic dye commonly utilized for dying 
cotton, wool and silk. The presence of this color 
in dirty water can cause a burning sensation in 
the eyes, nausea, vomiting and many diseases. 
The visible region of 660nm exhibits the highest 
absorption of methylene blue.13 The molecular 
structure of MB is shown in Scheme 1. 

in long-established medicine to cure a variety of 
illnesses from pain and irritation. The best-known 
use is as a vermifugal or taenicidal agent which 
kills and expels intestinal worms.14 Fruit residues 
are the subject of intense investigation because 
they are rich in diverse phenolic chemicals, which 
could be beneficial in prevention and treatment of 
a variety of ailments including cancer, diabetes and 
cardiovascular illness. It is well known that the peel 
of pomegranate contains a number of phenolics with 
significant biological potential, including penduncalin, 
punicalagin, ellagic acid and gallic acid.15 On the 
other hand, Pomegranate is extensively used in 
industrial waste which has wide nutritional value. 
In recent years, pomegranates have been used as 
antioxidant, antibacterial and antifungal properties to 
treat many diseases. Pomegranate is also used to 
eliminate organic pollutants due to its photocatalytic 
activity.16 It is one of the earliest eatable fruits and 
is commonly grown in various tropical and sub-
tropical nations has been documented in various 
research. Pomegranate is one of the foods that 
can prevent diseases like atherosclerosis and brain 
dysfunction.17 Organic compounds found in plant 
extracts can undergo redox reactions and also serve 
to stabilize and cap synthesized agents. The outer 
coat extract of Punica granatum is known to act as 
reducing co-surface capping agent associated with 
the synthesis of nanoparticles. Capping agents are 
important as stabilization agents that prevent the 
nanoparticles from growing too much and clumping 
together during colloidal synthesis.18

Metal nanopart ic les can be classi f ied as 
monometallic, bimetallic, or tri-metallic depending 
on the presence of metal or metal oxides. Transition 
bi- and tri-metallic nanoparticles have greater 
catalytic selectivity/ activity and better efficiency in 
many applications than monometallic nanoparticles, 
and they can also function as heterogeneous 
nano-reactants in variety of organic processes.19  
A developing field, particularly focused on trimetallic 
nanoparticles in catalysis was motivated by the 
advantages of adding other metals to nanoparticle 
catalysts such as palladium, zinc, lead, manganese 
and gold nanoparticles.20

This study aims to synthesize composite with powder 
of outer coat of Punica granatum (pomegranate) 
and a tri-metal composite comprising zinc, lead 
and manganese (ZPM) via co-precipitation method. 

Scheme 1: Molecular structure 
of Methylene blue

Anaar (Punica-granatum) is often referred as 
pomegranate and is a member of the Lythraceae 
family with the confirmed species being Punica 
granatum provence. The words pomegranate 
meaning “full of seeds” and pomum which means 
“apple” are both derived from Latin. It is a beautiful 
shrub and has orange- red flowers in the spring 
season. In the Middle East, India and China Punica-
granatum has been used for future generations 



118THAKUR et al., Mat. Sci. Res. India, Vol. 21(3), pg. 115-133 (2024)

The PGE/ZPM composite is then tested for its 
effectiveness as a photocatalyst in the degradation 
of Methylene blue (MB) under various conditions. 
Additionally, its anti-bacterial properties are 
evaluated against two common microbial strains, 
Staphylococcus aureus (S. aureus) and Escherichia 
coli (E. coli).21

Materials and Methods
In this preparation, Zinc chloride, lead nitrate, 
manganese chloride, and sodium hydroxide were 
purchased from CDH Pvt. Ltd. All the solutions were 
prepared in de-ionized water. Punica-granatum fruit 
was referred to Lythraceae family and obtained from 
Baddi, Himachal Pradesh.

Preparation of Punica-Granatum (Pg) Outercoat 
Extract
Punica granatum, commonly known as pomegranate 
or anar, fruits were collected and washed thoroughly 
under running water After washing, the outer coat 
of the pomegranate was removed and dried for a 
week. Once fully dried, the outer coat was crushed 
into fine powder.22

Synthesis of Punica-granatum- Zn/Pb/Mn (PGE/
ZPM) Nanoparticles 
In this method, 0.1 Molar Zinc chloride, 0.1 Molar 
Lead nitrate, 0.1 Molar Manganese chloride was 
prepared in a 1:2:1 ratio in a 500 mL beaker with 
continuous stirring. After that, add a few drops of 
NaOH solution to maintain basic pH. Further, finely 
powdered Punica-granatum outer coat extract was 
added in fixed quantity to the above solution. The 
above mixture was stirred for two hrs. at 60°C and 
then allowed to cool. The solution was filtered and 
rinsed twice to thrice times with double-distilled 
water to remove impurities. In this way, different 
samples were prepared, and the best one was used 
for further studies.23

Characterization Techniques
The morphologies of  nanopart ic les were 
characterized by high-resolution transmission 
electron microscopy (HR-TEM) using a FP 
5022/22-Tecnai G2 20 S-Twin TEM instrument. 
Field emission scanning electron microscopy 
(FESEM) with elemental mapping performed by 
Nova Nano SEM 450, FEI Tecnai instrument. The 
X-ray diffraction (XRD) patterns of the synthesized 
nanoparticles were collected by using Rigaku 9 

kW rotating anode x-ray diffractometer with Cu 
Kα radiation. The surface compositions of the 
synthesized nanoparticles were analyzed by X-ray 
photoelectron spectroscopy (XPS) using PHI 5000 
Versa Probe spectrometer. Fourier Transform Infra-
Red (FTIR) spectrum of synthesized nanoparticles 
was noted by Perkin–Elmer, USA, model Spectrum-
BXSHIMADZU 1730 (range of 4000–400 cm− 1). 

Photocatalytic Activity
The efficiency of photocatalytic degradation of PGE/
ZPM nanoparticles was evaluated for the removal 
of methylene blue (MB). For this, a solution of MB 
was prepared at fixed concentration and a definite 
amount of PGE/ZPM was added into the MB 
solution. Then, solution was exposed to solar light 
and 3-5 mL of liquid sample withdrawn after fixed 
intervals of time and absorbance was recorded in 
UV spectrophotometer at λmax. In this way, different 
values of absorbance were recorded at different time 
and percent degradation value was calculated by 
formula given below.24

% Degradation = (Co-Ct)/Co

Where, = Co initial concentration

Ct = instant concentration at any time t of MB

The degradation kinetics were analysed using 
pseudo- first order reaction model and rate constant 
(K) was determined using equation as mentioned:

K = 2.303 x slope  

Where, slope was determined from the graph of ln 
(absorbance) versus t.

Antimicrobial activity
The antimicrobial activity of PGE/ZPM nanoparticles 
was evaluated using the well diffusion method 
against both gram-negative and gram-positive 
bacterial isolates, including Staphylococcus aureus 
and Escherichia coli. Bacteria were cultured on 
nutrient agar media for this assay. A lawn culture of 
the isolates was prepared on nutrient agar plates, 
and wells were created using a puncture tool. Each 
well received 100 µl (100 mg/ml) of PGE/ZPM, while 
ampicillin (10 mg/ml) served as positive control, 
and triple-distilled autoclaved water was used as a 
negative control. The plates were incubated at 37oC 
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for 16-18 hours to allow bacterial growth. All tests 
were conducted in triplicate. Inhibition zones around 
the wells were measured using a Hi Media antibiotic 
zone scale, and the diameters of these zones were 
recorded in milimeters (mm).25

Results and Discussion
Synthesis of Punica-granatum Zn/Pb/Mn (PGE/
ZPM) nanoparticles by co-precipitation method.  In 
the first step, the addition of Zinc chloride, Lead 
nitrate and manganese chloride in a fixed ratio 
to prepare trimetallic nanoparticles (ZPM). When 
organic part was added to ZPM a new material was 

formed with improved structure, morphology and 
properties. PGE bioactive compounds attach to the 
nanoparticle surfaces, introducing functional groups 
(e.g. hydroxyl, carbonyl, carboxyl) which improve 
reactivity, biocompatibility and surface properties. 
The organic molecules from the PGE outer coat 
stabilize the nanoparticles by forming a protective 
layer, preventing agglomeration and enhancing 
particle dispersity. Green synthesis of PGE/ZPM 
nanoparticles was performed by varying percentage 
of organic part as described in Table 1. Sample S-3 
was studied in detail as it shows better results as 
compared to other S-0, S-1, S-2, S-4 and S-5.

Table 1: Optimized preparation conditions for PGE/ZPM nanoparticles

S.No. Zinc Chloride Lead Nitrate Manganese Punica-granatum Color Temp. 
 (0.1M) (0.1M) Chloride (0.1M) outercoat powder (%) 

S-0 1 2 1 -  
S-1 1 2 1 0.4 yellow 50-60oC
S-2 1 2 1 0.8 Light yellow 50-60oC
S-3 1 2 1 1.2 Pale yellow 50-60oC
S-4 1 2 1 1.6 Light yellow 50-60oC
S-5 1 2 1 2.0 Light yellow 50-60oC

Fig. 1: a: FESEM images at various magnifications :(a & b) PGE, (c & d) ZPM, (e-h) PGE/ZPM, (i) 
EDS elemental mapping surface of PGE/ZPM, and (j-n) images of elemental mapping PGE/ZPM

Fig. 1 b: FESEM (a-f) images of elemental mapping of PGE/ZPM
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Characterization
FESEM and HRTEM 
Fig. 1. a: (a, b) reveals that Punica granatum extract 
(PGE) particles exhibit varied sizes and shapes, 
featuring rough edges and significant microfractures 
on their surfaces.26 Fig. 1: (c, d) of inorganic part 
show octahedral crystals with indications of blister 
formation and surface roughening. However, no 
complete fracture or separation of fragments is 
evident in these figures.27 Fig. 1: (e - h) shows 
the presence of organic material in the sample, 
evidenced by clumped sizes of the nanoparticles.28,29 
The aggregation of small particles may be the reason 
for the existence of some larger particles. The 
addition of any impurity in pure substance causes a 
substantial change in the particle morphology.30 The 
homogenous distribution of materials in the PGE/
ZPM nanoparticles is demonstrated through EDS 
mapping of the elements shown in Fig. 1. b: (a - f).31

The HRTEM images of synthesized PGE/ZPM 
nanoparticles at various magnifications are shown 
in Fig. 2: (a - d).  PGE/ZPM consists of layer-shaped 
nanoparticle clusters that include spherical and 
cubic-shaped nanoparticles.32 The average particle 
size of PGE/ZPM was calculated to be 23.06 
nm which correlates with the data obtained from 
XRD. This confirms the presence of PGE/ZPM in 
nanoparticle form.33 SAED pattern implies that the 
prepared samples have crystalline properties.34

XRD Study
The diffraction pattern exhibits a broad peak 
centered around 2 theta at 20°, indicates the 

amorphous nature of PGE as shown in Fig. 3: (a). 
This peak arises from the presence of bioactive 
molecules like polyphenols, flavonoids and tannins 
which lack a crystalline structure. In Fig. 3: (b) the 
diffraction peaks at 2 theta value of lead at 24°, 
30°, and 40° are shown with JCPDS no. 005- 0592 
indexed as (210) (200), (220).35 The diffraction peaks 
at 2 theta values of 29°, and 35° of Mn are indexed 
with JCPDS no. 77-0471 at (112), and (211) at 18°, 
51° with JCPDS no. 41-1442.36  The diffraction 
peaks of Zn at 27°, 43°, 47°  are indexed with JCPDS 
no. 36-1451 at (200), (102) at 25°, 56° indexed with 
(101), (110) which shows sharp narrow peaks and 
good crystallinity of the nanoparticles.37,38 The XRD 
pattern of the PGE/ZPM retains the sharp peaks 
associated with the crystalline ZPM nanoparticles 
confirming complete cojugation of PGE in Fig. 3: 
(c). The sharp peaks of PGE/ZPM at 18°, 24°, 
25°, 27°, 30°, 33°, 35°, 39°, 43°, 47°, 51° and 56°. 
The diffraction peaks observed at 2 theta 24°, 30° 
and 40° correspond to the (210), (200), (220) are 
indicative of PbO with JCPDS card no. 38-1477. 
The presence of PbO suggests the successful 
precipitation of lead ions into their oxide form.39 The 
diffraction peaks observed at 2 theta values of 33°, 
and 35°, correspond to (112) and (211) planes of 
MnO, MnO2 with JCPDS card no. 44-0141 at 18°, 
51° with planes of (111), (440) Mn2O3, JCPDS card 
No. #01-07-1826. The prominent peaks observed at 
27°, 47°, 56° correspond to (200), (102), (110) planes 
of ZnO JCPDS card no. 36-1451 respectively, at 
25°, 43° indexed as (101), (101) with JCPDS card 
no 65-9226. These peaks confirm the formation of 

Fig. 2: (a-d) TEM images of (PGE/ZPM) (inset SAED pattern)
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ZnO.40 The peaks in the PGE/ZPM pattern appear 
slightly broader compared to ZPM. This broadening 
may result from reduced crystallite size or incresed 
strain introduced by the interaction between the 
bioactive compounds from PGE/ZPM nanoparticles. 
The peak intensities in the PGE/ZPM nanoparticle 
are noticeably lower comapred to the ZPM. In PGE/

ZPM the corresponding peaks are present but 
with reduced intensity, indicating the retention of 
crystallinity with some reduction caused by PGE.41 

According to De bye Scherrer formula, the average 
grain size of the nanoparticles was around 23.06 nm 
in Fig. 3: (c). And it was calculated by this formula.42

Fig. 3: XRD and FTIR graph of (a) (d) PGE, (b) (e) ZPM, and (c) (f) PGE/ZPM

Fig. 4: XPS survey graph of (a) Survey, (b) Pb, (c) C, (d) O, (e) Mn, and (f) Zn

B = K λ | cos θ ...(3)

FTIR Study
Fig. 3: (d) shows individual FTIR spectrum of 
PGE. At 3294 cm-1 broad peak corresponds to 
OH vibrations.43 The peak at 1606 cm-1 is due to 
aromatic carbon.44 At 1323 cm-1 due to primary 
and secondary aromatic amines.45 A broad peak 
at 1028 cm-1 refers to C-O-C symmetric and 

asymmetric vibrations.46 At 525 cm-1 corresponds 
to C-C stretching vibration.47 Fig. 3: (e) shows FTIR 
spectrum of ZPM at 3497 cm-1 peak refers to OH 
vibrations.48 The sharp peak at 1395 cm-1 was due 
to C=O stretching vibrations.49 The medium peak 
at 1637 cm-1 represented the C-C=C symmetric 
stretching of conjugated alkene groups.50 The peak 
at 914 cm-1  refers to C-H out plane vibration.51 The 
peak at 686 cm-1 and 471 cm-1 are due to metal 
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oxides. Fig. 3: (f) illustrates the FTIR spectra of 
PGE/ZPM at 3351 cm-1 peak refers to OH vibrations. 
The new peak at 1550 cm-1 is due to -CO and COO- 
symmetric and asymmetric vibrations.52 The peak at 
1383 cm-1 is due to the addition of PGE into ZPM 
refers to C-H bending vibrations. The peak at 1065 
cm-1 was due to C-O and C-N symmetric stretching 
of aliphatic amines.53 The peaks at 570 cm-1, 684 
cm-1 and 761 cm-1 are due to metal oxides Mn-O, 
Pb-O, and Zn-O.54

XPS Study
Fig. 4: (a) displays the results of XPS analysis of the 
chemical structure of PGE/ZPM. The elements C, O, 
Mn, Zn and Pb are found in nano-hybrid. In Fig. 4: 

(b) The maximal energy peak at 138.25 ev and 143 
ev which relate to  Pb 4f 7/2 for PbO and Pb 4f 5/2 
for PbO2.55 In Fig. 4: (c) the maximal binding energy 
peak measured at 287.62 and 284.67 ev is attributed 
to C-C and π – π* bonding of the C1s, which is due 
to the presence of C-C/ C-H bond.56 Fig. 4: (d) the 
maximal binding energy peak measured at 530ev 
of O1s may be attributed to lattice oxygen in lattice 
crystal due to free hydroxyl group.57 In Fig. 4: (e) Mn 
shows the oxidation state for Mn 2p 3/2  peak at 644 
indicate the presence of multiple oxidation states for 
Mn in the respective sample.58 Fig. 4: (f) the binding 
energy peaks of  Zn 2p 3/2 at 1022 ev for ZnO and 
Zn 2p ½ for ZnO4 were measured at  1044 ev.59

Fig. 5: TGA and DSC graph of PGE/ZPM

TGA
In Fig. 5: Thermogravimetric analysis (TGA) was 
used to analyze the thermal characteristics and gas 
evolution of the materials.  The samples were placed 
within an alumina crucible and heated using N2 flow 
at a rate of 10oC per minute.60 Due to evaporation of 
water, it turns out that there is a gradual 6% weight 
loss before 150oC.  There is more significant drop 
in mass between 150oC to 350oC indicating 20% 
loss most likely as a result of thermal degradation 
of the organic material in the sample, destabilization 
of the organic compounds and dehydration.61 The 
final degradation occurring from 350oC to 800oC 
with 7% weight loss is attributed to decomposition 
of polymer.62 The wide thermal adsorption peak 
between 300 and 400oC in the DSC profile was due 
to solid-phase components as precipitates. A zig-zag 
pattern may indicate multiple phase transitions. The 
material undergoes crystallization and then melts or 

undergoes multiple polymorphic transitions. A stable 
endothermic (heat absorption) behavior is observed 
at the beginning of the curve at 0oC to 200oC. A 
slight zigzag in this area may result in loss of volatile 
substances or minor physical changes. The mid-
temperature range from 200oC to 400oC indicates 
more noticeable zigzag patterns which suggest that 
multiple thermal events have occurred.63 A specific 
thermal process, such as the breakdown of various 
components inside the sample is represented by 
each peak. It is suggested that endothermic peaks 
include evaporation of bound water and breaking 
of chemical bonds. The highest temperature range 
at 400oC to 800oC signifies the result of last stages 
of component decomposition or melting.64 The 
upward trend towards the end indicates ongoing 
endothermic processes. It indicates that these 
components undergo significant thermal changes 
within the temperature range. This process involves 
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the absorption of heat and significant structural 
changes in the material leading to a semi-crystalline 
state over a broad temperature range.65

Optical Studies
Using the tauc relation, the band gap of ZPM, PGE/
ZPM nanoparticles was determined i.e. Eg = 3.29 

and 2.54 eV respectively. The results showed that, 
when it comes to light in the UV-Vis region, the 
PGE/ZPM nanoparticles exhibit competitively higher 
efficiency than ZPM. The tauc plot, is presented in 
Fig. 6: (a, b).66

Fig. 6: Tauc plots for (a) ZPM, (b) PGE/ZPM, Ultraviolet spectrum of (c) PGE/ZPM, (d) ZPM with 
MB, (e) % deterioration of PGE/ZPM and ZPM over time, and (f) pseudo-first-order kinetic plot for 

the deterioration of MB

Photodegradation
The photodegradation activity of PGE/ZPM and ZPM 
was determined by investigating the degradation of 
Methylene blue under natural visible light irradiation. 
The surface of the photocatalyst undergoes 
photochemical generation of holes and electrons 
when exposed to light radiation. Photogenerated 
electrons moving from the valence band (VB) to the 

conduction band create a positively charged hole (H+) 
in the VB of the photocatalyst.67 By exciting electrons 
to higher energy levels, the photocatalyst minimizes 
the recombination of photogenerated holes (h+) and 
electrons (e-). On the surface of the photocatalyst 
surface, oxidation and reduction processes occur 
whereby excited electrons reduce molecular oxygen 
to the superoxide radical O2 or free radical. A hole 
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generated from electron excitation transforms the 
hydroxyl ion into an OH-free radical. The primary 
active species, holes and electrons undertake redox 
reactions to produce secondary active species, 
free radicals and harmless free radicals from O2 

and water/OH ions.67 This degradation pathw8y is 
shown in Scheme 2. The possible mechanism of 
photodegradation can be explained on the basis of:

PGE/ZPM + Light energy PGE/ZPM (e-cb + h+vb)
PGE/ZPM (h+ vb) + H2O PGE/ZPM + H+ OH﮲
PGE/ZPM (h+ vb) + OH PGE/ZPM + OH﮲
PGE/ZPM (e-cb) + O2 PGE/ZPM +   O2﮲
O2﮲ + H+ HO2﮲
HO2﮲ + O2﮲ OH﮲ + OH ֿ + O2

H2O2 + O2﮲ OH﮲ + OH ֿ + O2

MB + OH Degradation process

Scheme 2: Photocatalytic degradation pathway of MB

Fig. 6: (c, d) shows the UV spectra of MB at various 
time intervals of light exposure, both with PGE/ZPM 
and ZPM. The gradual reduction in peak intensity 
indicates a decrease in the concentration of MB.

Fig. 6: (e) displays the percentage photodegradation 
degradation of MB as a function of time in the 
presence of PGE/ZPM and ZPM. After 180 minutes 
under the sun radiation, it was found that 83.68% 

of MB gets degraded. The degradation efficiency of 
PGE/ZPM is as follows: PGE/ZPM (83.68%) > ZPM 
(53.15%). Fig. 6: (f) shows the photodegradation 
process which follows pseudo- first order kinetics 
and their values shown in Table 2. Compared with 
its photocatalyst counterpart, the rate constant for 
PGE/ZPM was determined to be 0.0099 min-1 which 
was a higher value.  

Table 2: Rate and half–life period values of 
photodegradation reaction of Methylene Blue

Toxin                                             Methylene Blue

Sample Rate (min-1) Half-life period (min)

PGE/ZPM 0.0099 30.395
ZPM 0.0092 75.22

Electrostatic attraction between the surfaces of dye 
and catalyst can be used to explain the effect of pH 
variation. The electrostatic interaction is dependent 
on two factors: the pKa value of the MB and point 
of zero charge of PGE/ZPM. 3.8 is the Pka value 

of MB.69 When the pH value fluctuates from the 
pKa constant value, the dye molecule exhibits both 
cationic and anionic forms. For the catalyst, the 
point zero charge (Pzc) is determined to be 7.5 as 
illustrated in Fig. 7. As the pH value increases and 
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decreases the catalyst surface gains and loses 
charge.  Influence of pH on the removal of MB in the 
presence of PGE/ZPM and ZPM in the pH range of 
2.0-12.0. MB is a cationic dye that demonstrates the 
impact of pH on PGE/ZPM adsorption. According to 
the Pzc assay, the PGE/ZPM dye degradation rate 
reached its peak at pH of 6 (k= 0.0159). At pH 6, the 
highest amount of MB was removed. When the dye 
dissolves in water the positively charged ions are 
released. Therefore, in an acidic media the positively 
charged surface of the sorbents prevents cationic 
adsorption. The opposing charges on the surfaces of 
MB and PGE/ZPM at pH 6 cause more interactions 
between the molecules thereby increasing the rate 
of MB.70 The photodegradation percentage of MB Fig. 7: Point of zero charge (pzc) of PGE/ZPM

Fig. 8: Effect of pH on % degradation of (a) PGE/ZPM, (b) ZPM with MB, The influence of MB 
concentration on the percentage degradation with (c) PGE/ZPM, (d) ZPM, and The impact of 

catalyst on the percentage degradation of MB using (e) PGE/ZPM, (f) ZPM

at various pH values using PGE/ZPM and ZPM is 
shown in Fig. 8: (a, b).

The impact of MB concentration was examined 
within the range of 10-90 ppm. Fig. 8: (c, d) shows 
the rate values for PGE/ZPM and PGE at different 
dye concentrations. The rate of removal of MB was 

maximum 0.0320 min-1 with PGE/ZPM and 0.0141 
min-1 ZPM for 50 ppm of MB concentration. Rate 
falls as MB concentration increases and depletion 
of active sites with high concentrations of MB is the 
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reason for the degradation. The photodegradation 
process is interrupted when all active sites are 
saturated.71

The impact of photo-catalyst dosage was examined 
within the range of 50 to 250 mg. Fig. 8: (e, f). 
illustrates the impact of catalyst loading on the 
percentage of MB degradation when using PGE/

ZPM. The maximum rate of MB degradation was 
0.0361 min-1 with 150 mg for PGE/ZPM and for 
ZPM was 0.0156 min-1 (Table 3). When the dosage 
exceeds 150 mg, the rate begins to decline because 
high concentrations of catalysts form turbidity which 
slows the rate at which sunlight interacts with 
pollutants.72

Table 3: Effect of parameters on the degradation of Methylene Blue

Methylene Blue

                                  pH                        Dye concentration                         Catalyst dose

  Rate Half-life  Rate Half-life  Rate Half-life 
  (min-1) period   (min-1) period  (min-1) period
   (min)   (min)   (min)

PGE/ZPM 2 0.0124 55.724 10 ppm 0.0228 30.395 50 mg 0.0028 30.395
ZPM  0.0064 107.46  0.0092 75.227  0.0092 75.227
PGE/ZPM 4 0.0149 46.294 30 ppm 0.0278 24.868 100 mg 0.0313 22.125
ZPM  0.0069 100.30  0.0131 52.791  0.0112 61.410
PGE/ZPM 6 0.0227 30.395 50 ppm 0.0320 21.648 150 mg 0.0361 19.166
ZPM  0.0092 75.227  0.0141 47.017  0.0156 44.252
PGE/ZPM 8 0.0366 18.925 70 ppm 0.0165 41.793 200 mg 0.0156 44.251
ZPM  0.0156 44.251  0.0085 81.327  0.0085 81.327
PGE/ZPM 10 0.2993 23.147 90 ppm 0.0156 44.251 250 mg 0.0140 49.329
ZPM  0.0126 54.711  0.0078 88.503  0.0069 100.30
PGE/ZPM 12 0.0177 39.079      
ZPM  0.0078 88.503

Antibacterial Activity
The result of antibacterial activity of PGE/ZPM 
nanoparticles against gram positive bacteria: 
Staphylococcus aureus; gram negative bacteria: 
Escherichia coli was recorded. PGE/ZPM and 
antibiotic (ampicillin) demonstrated effective inhibition 

zones against various pathogens, as illustrated 
in Fig. 9: (a, b). The inhibition zones, measured 
in milimeters and listed in Table 4 were observed 
against Escherichia coli and Staphylococcus aureus. 
These zones were measured around PGE/ZPM and 
ampicillin in different wells.25 

Table 4: Zones of inhibition produced by nanoparticles against diverse pathogenic strains

Bacteria Ana1 Ana2 Ana3 Positive control Negative control

Escherichia coli 19±0.58 16±0.42 10±0.51 24±0.56 ND
Staphylococcus aureus 20.5±0.46 8±0.50 17.8±0.55 22±0.49 ND

Reusability and Stability
The stability and reusability of the fabricated 
photocatalyst are important components of practical 
application. Fig. 10: (a) shows the results of a 

5-cycle test conducted on the reusability of PGE/
ZPM. The obtained data indicate that PGE/ZPM-
NPs exhibit exceptional stability after five cycles of 
MB degradation, with a slight loss in their catalytic 
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activity. This may be attributed to the inability of 
the photocatalyst to completely degrade MB due to 
blocking of some active sites.73 Fig. 10: (b) depicts 
the FTIR spectra of PGE/ZPM after the fifth cycle of 
reusability. The high stability of the nanoparticles was 
confirmed by the absence of any significant peak 
shifts.74 Fig. 10: (c) shows the FTIR spectra of PGE/
ZPM and Methylene blue loaded PGE/ZPM.75 The 
peak values and intensities of Methylene Blue on 
nanoparticle surfaces are altered by photocatalytic 
degradation.76 FTIR spectrum of MB nanoparticles 
indicates a new peak at 3650 cm-1 due to CO ion and 
hydroxyl groups. The new peak at 3540 cm-1 due to 
stretching vibrations of free hydroxyl indicating the 
formation of hydrogen bonds during adsorption.77 

The signal shifted from 2915 cm-1 to 2924 cm-1 
due to stretching vibration of -CH2 group.78 Peak at 
1383 cm11 due to vibration of C=S and C-N bond 
moved to 1395 cm-1.79 Peak at 1550 cm-1 due to 
vibration of aromatic ring and C-N bond shifted to 
1558 cm-1.80 The signal shifted from 1065 cm-1 to 
1071 cm-1 due to stretching vibrations of primary 
amines.81 Peak at 680 cm-1 due to waving vibration 
of C-N.82 This was proven to be the reason for the 
breakdown of MB molecules in the presence of the 
nanocomposite and their adsorption on the PGE/
ZPM molecular assembly from the aqueous solution, 
thereby reducing the concentration of polluting dye 
in the aqueous solution.83

Fig. 9: Antimicrobial analysis of nanoparticles 
against various pathogenic bacteria (a) 

showed antimicrobial activity against E. coli, 
(b) showed antimicrobial activity against 
Staphylococcus aureus, “+” represents 
Positive control, “-” represents Negative 
control. Ana1 represents PGE/ZPM, Ana 2 

represents ZPM, Ana 3 represents PGE

Fig. 10: Effect of pH on % degradation of (a) PGE/ZPM, (b) ZPM with MB, The influence of MB 
concentration on the percentage degradation with (c) PGE/ZPM, (d) ZPM, and The impact of 

catalyst on the percentage degradation of MB using (e) PGE/ZPM, (f) ZPM



128THAKUR et al., Mat. Sci. Res. India, Vol. 21(3), pg. 115-133 (2024)

Conclusion
Nano-hybrid structures consisting of Zn/Pb/
Mn trimetallic nanoparticles incorporated with 
punica-granatum extract were fabricated using 
Co-precipitation method. Nanoparticles were 
characterized by different spectral techniques like 
FTIR, FESEM, HRTEM, XRD, XPS and TGA.  
Methylene blue (MB) was effectively removed 
by PGE/ZPM when exposed to radiance. The 
photocatalytic reaction rate was examined by 
using pseudo- first order kinetics which showed 
that, after 3 hours of solar exposure 83.68% of MB 
was degraded. The antibacterial activity of PGE/
ZPM against S. aureus and E. coli bacteria was 
evaluated. Therefore, PGE/ZPM nanoparticles 
exhibits high efficiency in the treatment of pollutants. 
The fabrication of trimetallic inorganic moieties 
represents a novel approach in nanomaterial 
synthesis which offers vast potential for further 
exploration and study.
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