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Abstract  

This study introduces a straightforward and cost-efficient dip-coating technique for the fabrication of 

hierarchical superhydrophobic nanocomposite coatings. Hydrophobic silica nanoparticles (NPs) were 

synthesized via the sol–gel method and subsequently integrated into a polypropylene matrix. The degree of 

superhydrophobicity was adjusted by varying the concentration of silica NPs within the polymer solution. 

Upon optimization, the coating achieved a water contact angle (WCA) of 165° and a sliding angle of 7°. 

Surface morphological analysis revealed a hierarchical rough structure on the coated glass substrate, which 

facilitated air entrapment and contributed to the observed water-repellent behavior. The coating 

demonstrated excellent wetting stability under water jet impact and exhibited notable self-cleaning 

characteristics. Mechanical durability was assessed through sandpaper abrasion and adhesive tape peeling 

tests, confirming the coating's robustness. These highly non-wettable and self-cleaning surfaces hold 

promise for a range of practical applications. 
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Introduction 

In recent years, the development of superhydrophobic surfaces has garnered significant attention 

from both scientific and industrial communities due to their remarkable water-repellent [1], self-cleaning [2], 

anti-fouling [3], and anti-corrosive [4] properties. A surface is deemed superhydrophobic when its static 

WCA exceeds 150°, and the sliding angle (SA) is less than 10°, allowing water droplets to bead and roll off 

easily, thereby removing contaminants. This self-cleaning effect is inspired by natural surfaces such as lotus 

leaves and butterfly wings, which exhibit hierarchical surface roughness combined with low surface energy 

materials, resulting in minimal solid–liquid contact [5]. The application of this principle in engineered 

coatings has led to advancements in fields such as construction materials, textiles, solar panels, marine 

applications, and biomedical devices.  

Among various polymeric materials, polypropylene (PP) has emerged as a promising matrix for 

superhydrophobic coatings due to its inherent hydrophobicity, excellent chemical resistance, low density, 

and thermal stability [6]. However, pristine polypropylene lacks the surface roughness and surface energy 

manipulation required to achieve true superhydrophobicity. Therefore, modifying polypropylene by 

incorporating nanostructured fillers such as silicon dioxide (SiO₂) and optimizing surface morphology 

becomes essential[6]. SiO₂ nanoparticles are particularly advantageous for this purpose due to their high 

surface area, tunable size, chemical stability, and ability to form micro/nano hierarchical textures on polymer 

surfaces. Several strategies have been reported for fabricating superhydrophobic polymer/inorganic 

composite coatings, including sol–gel synthesis [7], spray coating [8], dip coating [9], and phase separation 

methods [10]. These approaches generally involve creating multi-scale roughness and reducing surface 
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energy by employing fluorinated or silane-based functional groups. However, challenges persist in ensuring 

uniform dispersion of nanoparticles, maintaining mechanical durability, and achieving scalable, 

environmentally friendly fabrication processes. Moreover, the integration of low-cost polymers like 

polypropylene with functional inorganic components such as SiO₂ opens new avenues for industrially viable, 

high-performance self-cleaning surfaces [11]. The synergistic combination of polypropylene and SiO₂ 

nanoparticles can provide a dual-functional system: the hydrophobic polypropylene serves as the base matrix 

to enhance chemical stability and weather resistance, while the SiO₂ nanoparticles introduce hierarchical 

surface roughness essential for water droplet mobility. 

By tailoring the dispersion of SiO₂ in the polymer matrix and optimizing the coating process, it is 

possible to fabricate robust, superhydrophobic surfaces suitable for real-world applications. This study aims 

to develop a superhydrophobic PP/SiO₂ composite coating via a facile spray-coating method for self-

cleaning applications. The research focuses on optimizing the concentration of SiO₂ nanoparticles and 

evaluating their effect on surface wettability, morphology, and durability. Comprehensive characterization of 

the prepared coatings is performed using contact angle measurements. Ochir et al. [12] successfully 

engineered a durable superhydrophobic surface by applying a coating of hydrophobic silica nanoparticles 

(SNPs) onto polypropylene (PP) through a straightforward compression molding technique. The resultant 

coating exhibited a high WCA of approximately 170° and a low sliding angle of less than 5°, attributed to its 

nano/microscale roughness and low surface energy. The coating demonstrated remarkable mechanical 

durability, maintaining its superhydrophobic properties after enduring 25 tape peel cycles and 100 cm 

sandpaper scratch tests. Additionally, it exhibited good chemical stability in acidic and neutral environments, 

although it was less stable under alkaline conditions. This method presents a scalable and cost-effective 

strategy for fabricating robust, self-cleaning superhydrophobic surfaces, making it suitable for practical 

applications. Moradi et al. [11]developed a superhydrophobic and anti-corrosion polypropylene (PP) coating 

for mild steel surfaces by incorporating polypropylene grafted with maleic anhydride (PP-g-MAH) and 

graphene oxide (GO) into the PP matrix. These additives significantly enhanced the coating’s compactness, 

corrosion resistance, and hydrophobicity. The optimal formulation, consisting of 1.5 g PP-g-MAH and 2 mg 

GO, achieved a contact angle of 166°, a surface roughness of 87 nm, and corrosion resistance 800 times 

greater than that of pure PP. Molecular dynamics (MD) simulations further confirmed an increase in coating 

density from 0.80 to 0.85 g/cm³ due to the presence of GO. After immersion in NaCl solution for 2 hours, 

the coating with 2 mg GO maintained superior corrosion resistance, demonstrating its effectiveness in 

protecting construction metals such as mild steel. 

In this study, hydrophobic silica NPs were synthesized using the sol–gel method with 

methyltrimethoxysilane (MTMS) serving as the precursor. A suspension containing the synthesized silica 

NPs and polypropylene was applied to glass substrates through a controlled dip-coating process, which 

involved regulated dipping and withdrawal speeds. The resultant coating demonstrated excellent self-

cleaning properties, as evidenced by a high WCA of 165°, allowing water droplets to roll off the surface 

effortlessly. 

Experimental section 

Materials 

Sigma-Aldrich (USA) provided Methyltrimethoxysilane (MTMS, 98%) and Polypropylene 

Changshu Hongsheng Fine Chemical Co., Ltd. (China) supplied Ethanol (99.9%). Ammonium hydroxide 

(MW 35.05) has been provided by Research Lab Pvt. Ltd. (Mumbai, India). Micro-glass slides (75 × 25 × 

1.35 mm) were obtained from Blue star, Polar Industrial Corporation, India. 
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Synthesis of Hydrophobic Silica Nanoparticles 

Hydrophobic silica nanoparticles were synthesized using the sol–gel method, employing 

methyltrimethoxysilane (MTMS) as the silica precursor. In a typical synthesis, 4 mL of MTMS was 

combined with 40 mL of methanol and 8 mL of deionized water. The resulting solution was stirred with a 

magnetic stirrer for 20 minutes at room temperature to initiate the hydrolysis process. Subsequently, 

ammonium hydroxide solution, serving as a catalyst, was added dropwise to the mixture under continuous 

stirring. The reaction was allowed to proceed for an additional 30 minutes to facilitate condensation and 

gelation. The resulting gel was aged at room temperature overnight to enhance the structural integrity of the 

silica network. Following aging, the gel was dried in an oven at 80 °C for 5 hours to remove residual 

solvents and moisture. The dried xerogel was then mechanically ground using a mortar and pestle to obtain 

fine, nanoscale silica particles suitable for further use.  

Preparation of Polypropylene/Silica Nanocomposite Coating 

To prepare the superhydrophobic coating, 10 mg of polypropylene (PP) granules were dissolved in 

10 mL of o-xylene under magnetic stirring for 30 minutes to ensure complete dissolution of the polymer. 

Subsequently, 150 mg of the previously synthesized hydrophobic silica nanoparticles were added to the 

polymer solution, and the mixture was subjected to ultrasonication in an ultrasonic cleaner for 20 minutes to 

promote uniform nanoparticle dispersion. Glass substrates were cleaned and then dip-coated in the prepared 

PP/SiO₂ nanocomposite solution. Each substrate was immersed for 6 seconds per cycle, and the dip-coating 

process was repeated for a total of 10 cycles to achieve adequate coating thickness and surface uniformity. 

The coated substrates were subsequently dried in a hot air oven at 120 °C for 3–4 hours to ensure solvent 

evaporation and proper film formation. 

Characterizations 

WCA and WSA were determined using a contact angle goniometer (HO-IAD CAM-01, Holmarc 

Opto-Mechatronics Pvt. Ltd., India). To ascertain the roll-off angle, the coated glass substrate was affixed to 

the instrument’s sample holder, which was incrementally inclined using an adjustment screw until the 

droplet commenced rolling off. For the water jet impact test, a continuous stream of water was applied to the 

coating via a 15 mL syringe. Furthermore, water droplets were released from a height of approximately 10 

cm onto the coating surface, inclined at an angle of 30°, to evaluate dynamic wettability. The mechanical 

durability of the coating was assessed through adhesive tape peeling, sandpaper abrasion, and sand gran 

impact tests. Self-cleaning performance was evaluated by dispersing artificial dust particles onto the coated 

surface, followed by observing the removal behavior under water flow. 

Results and discussion 

The synthesis of hydrophobic silica nanoparticles (SNPs) via the sol–gel method using 

methyltrimethoxysilane (MTMS) as the organosilane precursor is a well-established approach for producing 

functionalized nanomaterials with tunable surface properties. MTMS, a trifunctional silane, provides both 

the silica source and hydrophobic methyl groups, which are crucial for tailoring the surface energy of the 

resulting nanoparticles. The initial mixing of MTMS, methanol, and deionized water, followed by stirring at 

room temperature, facilitates the hydrolysis of methoxy groups on MTMS to form silanol groups (–Si–OH). 

This reaction is essential as it governs the extent and uniformity of network formation. Methanol acts as a 

solvent and homogenizing agent, while water serves as the reactant for hydrolysis. The dropwise addition of 
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ammonium hydroxide introduces a basic environment that catalyzes the condensation of silanol groups, 

leading to the formation of a three-dimensional silica network through siloxane (Si–O–Si) bonds. The 

controlled addition and continuous stirring help in regulating nucleation and growth processes, resulting in 

uniform nanoparticle formation. The subsequent aging step, performed overnight at ambient conditions, is 

critical for network rearrangement and strengthening of the gel, contributing to improved porosity and 

mechanical integrity of the silica matrix. 

Drying the gel at 80 °C removes volatile components, transitioning the gel into a xerogel. This step 

must be carefully controlled to avoid pore collapse, ensuring retention of the nanoscale porosity. Mechanical 

grinding of the dried xerogel breaks down the bulk structure into fine particles, yielding nanoscale 

hydrophobic silica with a large specific surface area and suitable surface chemistry for functional 

applications. 

Wettability and self-cleaning ability  

The wettability of a solid surface is largely determined by its chemical composition and surface 

morphology. In this study, coating performance was evaluated by varying the number of dipping cycles—

specifically 8, 9, and 10 cycles—resulting in samples labeled P1, P2, and P3, respectively. The P1 sample 

exhibited a WCA of 145° with a low sliding angle (SA) of 9°, indicating hydrophobic behavior. The P2 

sample demonstrated improved performance, with a WCA of 151° and a reduced SA of 7°, suggesting 

enhanced water repellency. 

As shown in Figure 1a, the S3 sample displayed nearly spherical water droplets, corresponding to a 

high WCA of approximately 165° (Figure 1b). The slight difference of only 3° between the left and right 

contact angles indicates excellent surface uniformity. Water droplets rolled off the surface with ease, 

supported by the low SA of 7°, confirming the strong non-wetting, superhydrophobic character of the P3 

coating. This superior performance is attributed to the rough and porous surface morphology of the coating. 

This confirms that the silica nanoparticles–polypropylene nanocomposite was uniformly deposited, forming 

a consistently rough and porous structure across the substrate. 

 

Figure 1.  (a) The optical photographs of the colored water droplets on the P3 sample.  (b) WCA image on 

the P3 sample. 

The images shown demonstrate the self-cleaning behavior of a superhydrophobic coating applied to a glass 

substrate. In image (a), the surface is intentionally soiled with fine dust or soil particles. In image (b), a 

stream of water is gently poured onto the coated surface. As observed, the water droplet rolls down the 
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inclined surface, carrying the soil particles away with it. This clearly indicates that the surface exhibits 

excellent self-cleaning properties, where the low surface energy and micro/nano-structured roughness 

prevent the adhesion of contaminants. Instead, the dirt is picked up and removed by rolling water droplets, 

confirming the effectiveness of the superhydrophobic coating in maintaining a clean surface with minimal 

effort. 

 

Figure 2.  (a) The optical photographs of the soil particles spread on the P3 sample, (b) soil particles washed 

away easily by the rolling water droplets. 

Mechanical durability of the coating 

The mechanical durability of the superhydrophobic coating was inspected by adhesive tape, 

sandpaper abrasion test, and sand grain impact. The adhesive and mechanical durability of the 

superhydrophobic P3 coating was evaluated through adhesive tape peeling and sandpaper abrasion tests. In 

the tape peeling test, an adhesive tape was gently pressed onto the coated surface and slowly peeled off to 

assess the coating's adhesion strength. The coating retained its superhydrophobic nature for up to one peeling 

cycle. However, after the second cycle, the WCA dropped to 139°, indicating partial removal of the 

nanocomposite layer. With subsequent cycles, the WCA continued to decline, reflecting poor adhesion, and 

by the sixth cycle, the coating became hydrophilic with a WCA of 56° (Figure 3a).  

The mechanical robustness was further assessed using the sandpaper abrasion test. Here, the P3-

coated surface was placed face-down on 400-grit sandpaper under a 20 g load and moved across a 10 cm 

distance per cycle. The coating maintained superhydrophobicity up to two abrasion cycles. Beyond this 

point, the WCA declined sharply, signifying the progressive erosion of the nanocomposite layer caused by 

mechanical abrasion. After 50 abrasion cycles, the coating was completely removed, leaving a hydrophilic 

surface with a WCA of 68°, as illustrated in Figure 3b. These results highlight the coating’s limited 

mechanical durability and adhesion strength under repeated physical stress.  

To evaluate the mechanical durability of the coating under simulated sandstorm conditions, a series 

of sand impact tests were conducted on the P3 marble sample. In each cycle, 10 g of sand was dropped from 

a height of 20 cm above the sample, totaling 30 g over three cycles. As depicted in Figure 3c, the WCA 

progressively decreased with increasing impact cycles. Following three sand impact cycles, the coating 

exhibited a significant reduction in WCA to approximately 46°, indicating moderate resistance to 

mechanical wear under simulated sandstorm conditions. 
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Figure 3. (a) Variation in WCA after each adhesive tape cycle, (b) variation in WCA after each sandpaper 

abrasion cycle, (c) variation in WCA after 10 g of sand gran impacting, (d) optical photograph of P3 sample 

repelling water jet. 

A water jet generated from a syringe was directed onto the coated glass substrate. Upon striking the 

SHP P3 sample, the water jet bounced off the surface, indicating its strong water-repellent nature, as 

illustrated in Figure 3(d). This behavior can be attributed to the hierarchical surface structure, which traps air 

pockets and prevents water penetration into the coating. The water jet was continuously applied to a fixed 

point on the surface for over 2 minutes, and the persistent rebounding of the jet confirmed the excellent 

mechanical robustness and durability of the P3 coating.  

Conclusions 

In conclusion, a superhydrophobic coating was effectively developed on glass substrates by applying 

a layer of polypropylene and silica nanoparticles using a dip-coating method. The resultant coated surface 

demonstrated exceptional water-repellent characteristics, with a WCA of 165° and a water sliding angle 

(WSA) of 7°. In terms of durability, the coating exhibited significant mechanical resilience, maintaining its 

superhydrophobic properties after undergoing one cycle each of adhesive tape peeling and sandpaper 

abrasion, as well as after exposure to 10 g of sand impact and prolonged water jet testing. 
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Abstract 

Nickel ferrite (NiFe₂O₄) nanoparticles were successfully synthesized using the sol-gel auto-

combustion method. This technique offers a cost-effective, low-temperature route to obtain phase-pure 

spinel ferrite with nanocrystalline morphology. Citric acid was used as a chelating and fuel agent, and the pH 

was adjusted using ammonia. The obtained powder was calcined at 600 °C and analyzed using X-ray 

diffraction (XRD). The XRD pattern confirmed the formation of a single-phase cubic spinel structure 

without detectable impurity peaks. The average crystallite size, calculated using the Debye–Scherrer 

formula, was found to be in the range of 20–30 nm. The results demonstrate that the sol-gel auto-combustion 

method is suitable for producing high-purity NiFe₂O₄ nanoparticles for magnetic, sensor, and catalytic 

applications. 

Keywords: Nickel ferrite, Sol-gel auto-combustion, Spinel structure, Nanoparticles 

1. Introduction 

Spinel ferrites with the general formula MFe₂O₄, where M represents a divalent metal ion such as 

Ni²⁺, Co²⁺, or Zn²⁺, have garnered significant attention due to their remarkable structural stability, moderate 

electrical conductivity, and excellent magnetic properties [1, 2]. Among these, nickel ferrite (NiFe₂O₄) is an 

inverse spinel where Ni²⁺ ions predominantly occupy the octahedral sites, while Fe³⁺ ions are distributed 

between tetrahedral and octahedral sites, leading to intriguing magnetic and electrical behavior [3]. Because 

of these properties, NiFe₂O₄ is widely utilized in magnetic recording media, microwave devices, catalysis, 

biomedical applications, and gas sensing [4, 5]. The performance of ferrite materials is highly dependent on 

their synthesis method, which influences properties such as particle size, morphology, crystallinity, and 

magnetic behavior. Traditional ceramic methods often require high sintering temperatures and extended 

processing times, which can lead to grain growth and inhomogeneity [6]. In contrast, wet chemical routes 

like the sol-gel auto-combustion method offer precise stoichiometric control, low processing temperatures, 

and uniform particle distribution at the nanoscale [7]. In the sol-gel auto-combustion process, metal nitrates 

are chelated with organic fuels such as citric acid. Upon drying and ignition, the gel undergoes a self-

sustained exothermic reaction, leading to the formation of ferrite powder with nanocrystalline features. This 

method also facilitates homogenous mixing at the molecular level, ensuring better phase purity and fine 

particle sizes. 

In this study, we report the successful synthesis of NiFe₂O₄ nanoparticles via the sol-gel auto-

combustion method. The structural properties of the synthesized ferrite were examined using X-ray 

diffraction (XRD) to confirm phase purity, crystallite size, and lattice parameters. The objective is to 

demonstrate the suitability of this method for producing high-quality NiFe₂O₄ for potential use in advanced 

magnetic and electronic applications. 
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2. Experimental Method 

2.1 Materials 

All chemicals used in this study were of analytical grade and used without further purification. 

Nickel nitrate hexahydrate (Ni(NO₃)₂·6H₂O), ferric nitrate nonahydrate (Fe(NO₃)₃·9H₂O), and citric acid 

monohydrate (C₆H₈O₇·H₂O) were procured from Sigma-Aldrich and used as starting materials. Deionized 

water was used throughout the synthesis. 

2.2 Synthesis of NiFe₂O₄ Nanoparticles 

Nickel ferrite nanoparticles were synthesized via the sol-gel auto-combustion method [8]. Schematic 

diagram shown in Figure 1. Stoichiometric amounts of nickel nitrate and ferric nitrate (molar ratio 1:2) were 

dissolved in deionized water under constant stirring. Citric acid was added to the metal nitrate solution as a 

chelating agent, maintaining a metal nitrates to citric acid molar ratio of 1:1 [9, 10]. The resulting solution 

was stirred continuously at 80°C to obtain a homogeneous sol. As water evaporated, the sol gradually 

transformed into a viscous gel. The gel was then heated on a hot plate at ~200°C to initiate the auto-

combustion reaction. The exothermic nature of the reaction resulted in the spontaneous ignition of the gel, 

producing a voluminous, fluffy black powder, indicative of the formation of nickel ferrite [11]. 

2.3 Calcination 

The as-combusted powder was ground using an agate mortar and pestle and then calcined in a muffle 

furnace at 600°C for 4 hours to improve crystallinity and remove any residual organic matter [12]. The 

heating rate was maintained at 5°C/min to avoid thermal shocks. After calcination, the powder was cooled 

naturally to room temperature and stored in airtight containers for further characterization. 

2.4 Material Characterizations: 

The powder approach is frequently used to facilitate the crystal structure investigation of a material 

easier. A continuous spectrum of X-rays with a fixed angle of incidence is used in the Laue method, one of 

the first techniques used for identifying crystal structure [16]. This technique is appropriate for detecting 

dynamic processes inside the crystal structure because it yields diffraction conclusions more quickly than 

those obtained with monochromatic X-rays. This method is called the centered crystal method when the 

wavelength varies but the angle of incidence remains fixed. The sample in this procedure rotates at a fixed 

angular velocity and is exposed to a monochromatic hard X-ray beam. On the other hand, the angle of 

incidence varies while the wavelength remains constant with the powder approach. Calculating crystal 

dimensions with the Scherrer equation is an essential use of XRD in nanocrystal studies [13]. 

where, β is full width at half maximum (FWHM) of the diffraction peak, and θ is the peak position in 

radians. 

In this work, XRD confirmed the formation of single-phase spinel NiFe₂O₄ with good crystallinity. 

No impurity peaks were observed, indicating high phase purity. The crystallite size was found to be in the 

nanometer range, consistent with the nature of the sol-gel auto-combustion synthesis process. 

3. Results and Discussions: 

3.1 Reaction Mechanism for the Sol-Gel Auto-Combustion Synthesis of NiFe₂O₄: 
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The sol-gel auto-combustion method is a versatile chemical synthesis route used to prepare 

homogeneous and phase-pure nanocrystalline materials at relatively low temperatures. In this process, metal 

nitrates act as oxidizers while a suitable organic fuel (typically citric acid or glycine) serves as the reducing 

agent and complexing agent. The process involves three key steps: (i) sol formation, (ii) gelation, and (iii) 

auto-combustion. In this study, nickel nitrate [Ni(NO₃)₂·6H₂O] and ferric nitrate [Fe(NO₃)₃·9H₂O] were used 

as the metal precursors, while citric acid (C₆H₈O₇) served as both the complexing agent and fuel. The molar 

ratio of metal ions to citric acid was carefully optimized (typically 1:1 or 1:2) to ensure stoichiometry and 

efficient combustion. 

Step 1: Complexation and Sol Formation 

Upon dissolving the metal nitrates and citric acid in deionized water under constant stirring, complexation 

occurs through the chelation of metal cations by citric acid. This leads to the formation of a homogeneous 

sol containing metal–citrate complexes in eq.2. 

Ni2+ + Fe3+ + C6H8O7 → [Ni-Citrate-Fe]complex + H+    … (2) 

The citric acid acts by binding through its carboxylate and hydroxyl groups, stabilizing the metal ions in 

solution and preventing precipitation [14]. 

Step 2: Gelation 

On heating (around 70–90°C), the sol gradually loses water and becomes more viscous, forming a gel-like 

structure. This gel contains uniformly distributed metal ions embedded in an organic matrix in eq. 3. 

[Ni-Citrate-Fe]complex → Polymeric Gel         …  (3) 

This gelation process is vital to ensure uniform distribution of cations, which ultimately results in 

homogeneous particle size upon combustion [15]. 

Step 3: Auto-Combustion Reaction 

On further heating (around 150–250°C), the dried gel undergoes a self-sustained exothermic combustion 

reaction due to the redox interaction between the oxidizing nitrates and the reducing citric acid. This results 

in the rapid release of gases such as CO₂, H₂O, and N₂, and the formation of a voluminous, fluffy, and porous 

powder in eq. 4. 

C6H8O7 + NO3− → NiFe2O4 + CO2 + H2O + N2+ Heat   … (4) 

The approximate redox-based combustion reaction can be written as eq. 5. 

Ni(NO3)2 + 2Fe(NO3)3 + C6H8O7 → NiFe2O4 + 6NO2 + 6H2O + 6CO2    … (5) 

The combustion is self-propagating and provides the thermal energy necessary for in-situ crystallization of 

the spinel ferrite phase. No external calcination may be required if the combustion is sufficiently exothermic. 

Crystallization of NiFe₂O₄ Spinel Phase: 

The final product is nanocrystalline nickel ferrite (NiFe₂O₄), which crystallizes in the cubic spinel structure 

(space group Fd3̅m), with Ni²⁺ occupying the octahedral (B) sites and Fe³⁺ distributed between tetrahedral 

(A) and octahedral sites in eq. 6 [16]. 

Ni2+ + 2Fe3+ + 4O2−→ NiFe2O4     …  (6) 
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3.2 X-ray Diffraction (XRD) Analysis 

The phase purity and crystalline structure of the synthesized NiFe₂O₄ nanoparticles were 

characterized using X-ray diffraction (XRD) in the 2θ range of 10°–80° in Figure 1. The diffraction peaks 

observed at 2θ values approximately 30.2°, 35.6°, 43.3°, 53.6°, 57.2°, and 62.9° correspond to the (220), 

(311), (400), (422), (511), and (440) crystal planes, respectively. These reflections are well indexed to the 

face-centered cubic (FCC) spinel structure of nickel ferrite (NiFe₂O₄) and are in good agreement with the 

standard JCPDS card no. 10-0325 [17, 18]. The most intense peak at 35.6°, assigned to the (311) plane, 

confirms the formation of a single-phase spinel ferrite. No additional peaks corresponding to impurities or 

secondary phases such as NiO or Fe₂O₃ were detected, indicating the phase purity of the synthesized material 

[19]. The sharp and well-defined nature of the peaks suggests that the material is crystalline, while the 

moderate broadening indicates the nanoscale size of the crystallites. The formation of a spinel structure can 

be attributed to the homogeneous mixing of metal precursors and the rapid combustion process that 

promotes uniform nucleation and growth of nanoparticles during synthesis. These structural features make 

NiFe₂O₄ a promising candidate for applications in magnetic materials, microwave devices, and 

supercapacitors [20]. 

Fig. 1: X-ray diffraction pattern of NiFe2O4 annealed at 600  C for 2 h. 

3. Conclusions 

In this study, nickel ferrite (NiFe₂O₄) nanoparticles were successfully synthesized using the sol-gel 

auto-combustion method. The X-ray diffraction (XRD) analysis confirmed the formation of a single-phase 

spinel structure with high crystallinity. The average crystallite size, calculated using the Scherrer equation, 

was found to be in the nanometer range, indicating the effectiveness of the sol-gel process in controlling 

particle growth. The sharp and intense diffraction peaks further suggest good crystallinity and phase purity 

of the synthesized material. The sol-gel auto-combustion method proved to be a cost-effective, energy-

efficient, and facile route for producing NiFe₂O₄ nanoparticles with controlled morphology and desirable 

structural properties. These results suggest that NiFe₂O₄ synthesized by this method holds potential for 

applications in magnetic devices, sensors, and energy storage systems. Future studies may focus on detailed 

magnetic, electrical, and electrochemical investigations to explore its practical applications in various 

technological fields. 
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Abstract 

Tea leaves after its utilization for the preparation of non-alcoholic beverage are thrown as it is in the 

environment. However, leftover tea leaves are good source of plant nutrients. Thus, waste tea leaves powder 

added with plant beneficial microbes could be useful for plant growth and development. In the present study, 

seeds treated with a potent phosphate solubilising strain combined with waste tea powder showed earlier 

germination of seeds and increased root and shoot length over untreated seeds. Thus, the application of tea 

powder with beneficial bacteria to seeds is an ecofriendly approach for plant development and hence for 

sustainable agriculture. 

Keywords: Food waste, Microbial stimulant, Seed development, Organic fertilizer 

1.0 Introduction 

Seed germination is an important step in the life cycle of plants. Seeds that germinate quickly have 

good competence, increased plant growth, and thus increased crop yield over slower-germinating seeds. 

Several chemical substances are available in the market that can enhance seed germination. However, these 

chemicals are hazardous to ecosystem (Pan M. et al., 2022). The increasing demand for sustainable and 

ecofriendly agricultural practices has led to the exploration of novel bioformulations that can enhance seed 

germination and plant growth. Food waste is a major component of organic waste that has widespread issue 

in the food system. Globally each year approximately one third of the food produced for human consumption 

is lost or wasted which constitutes approximately 1.3 billion metric tons. Tea powder is also one component 

of food waste of organic origin. Tea which is prepared from Camellia sinesis leaves is one of the world’s 

most popular non-alcoholic beverages (Tarashkar M. et al., 2023). Tea leaves powder contains nitrogen 

along with phosphorus and potassium as well as other micro nutrients that are beneficial for soil as well as 

plants (Mandal S. et al., 2024). These are high in tannic acid which helps to increase oxygenation and 

facilitates the growth of root system. Similarly, tea powder decomposes easily in landfills and do not cause 

harm to environment. Tea leaves are effective for fruit bearing plants, herbs, and flowering plants (Lazcano 

C. and Doḿınguez J., 2011). The immense consumption of tea generates thousands of kilos of waste tea 

powder, most of which is tossed in dustbins, but this waste can actually be used as nutrient rich fertilizer 

(Debnath B. et al., 2021).  

Hence, the application of waste tea in soil is an environment friendly approach over the application of 

chemicals. Moreover, application of waste tea powder in combination with plant beneficial microbes could 

be more advantageous for plant development. Soil contains an enormous number and variety of microbial 

flora which are beneficial for effective seed germination (Garg F., 2024). In context of this, a research study 

was designed to isolate and wrap a potent plant beneficial bacterial strain in waste tea powder and to study 

its effect on the germination of seeds. 
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2.0 Materials and Methods 

2.1 Collection of samples 

Soil samples were collected from banana field of Sangli district and sugarcane field of Kolhapur 

district. The soil samples were collected in sterile polythene bags and immediately brought to the laboratory. 

Tea powder leftover after preparation of tea was collected in polythene bags and brought to the 

laboratory. The powder was washed repeatedly with water to remove residual sugar. The powder was dried 

under sun. 

2.2 Isolation of bacteria from soil sample 

Serial dilutions of soil samples were done from 10-1 to 10-6 in the sterile distilled water. 0.1 ml of 

each dilution was spread on the sterile nutrient agar plates. The plates were labelled properly. These plates 

were then incubated at room temperature for 24 hrs. After incubation, well isolated bacterial isolates were 

checked for purity of culture by Gram staining procedure. Pure cultures were labelled as Isolate 1, Isolate 2, 

and so on. Finally, all pure cultures were stored on nutrient agar slants in refrigerator. 

2.3 Screening of bacteria (PSB) on the basis of phosphate solubilization 

All pure cultures were spot inoculated on sterile Pikovskaya's agar medium (Pikovskaya R., 1948). 

Plates were incubated at room temperature for 72 hrs. After incubation plates were examined for 

development of clear zone around colonies which is the indication of phosphate solubilisation (Babu S. et 

al., 2017). The bacterial isolates showing phosphate solubilization were further examined for detection of 

potent phosphate solubilizer (PSB) by calculating solubilization index (Paul D. & Sinha S., 2017). 

2.4 Identification of potent PSB isolate 

The potent PSB isolate was identified by studying colony characteristics, morphological 

characteristics (Gram nature, motility, capsule and spore development), and biochemical characteristics 

(sugar fermentations and other characteristics). 

2.5 Study of auxiliary plant beneficial characteristics of potent PSB isolate 

2.5.1 Study of nitrogen fixation ability 

The potent Isolate 6 was inoculated on nitrogen-free bromothymol blue (NFB) agar medium. The 

colour change of the medium from green to blue around growth confirms nitrogen fixation by bacteria 

(Nakbanpote W. et al., 2014). 

2.5.2 Study of ammonia production 

A loopful suspension of potent isolate was inoculated in peptone water broth. After incubation, 0.5 

ml Nessler's reagent was added and ammonia production was identified on the basis of development of 

brown to yellow colour in the tube (Bhattacharyya C. et al., 2020). 

2.5.3 Study of salt tolerance ability  

A fresh suspension of the potent isolate no. 6 was inoculated in nutrient broth containing various 

concentrations of NaCl (1 to 10%) and KCl (1 to 10%) separately. All tubes were examined for turbidity 

after incubation at RT for 24 hrs (Sharma A. et al., 2021). 
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2.6 Antibiotic sensitivity testing  

The potent isolate was examined for sensitivity towards different antibiotics like amoxicillin 

(AMx10), penicillin-G (P10), ofloxacin (OF5), ciprofloxacin (C15), chloramphenicol (C30), and tetracycline 

(TE30) by agar well diffusion method (Taoufiq K. et al., 2024). 

2.7 Preparation of tea powder-based bio formulation 

Dry leftover tea powder was sterilised by autoclaving. It was then added with 24 hr old nutrient broth 

culture of potent isolate 6. This bio formulation was incubated at RT for 24 hrs.  

2.8 Seed germination studies 

Seeds of Vigna radiata (Mung bean) were surface sterilised and subsequently washed repeatedly 

with sterile distilled water. Various treatments were given to seeds. 

Treatment 1: Untreated seeds (control) 

Treatment 2: Seeds were treated with Isolate 6 alone 

Treatment 3: Seeds were treated with waste tea powder alone 

Treatment 4: Seeds were treated with novel bio formulation containing waste tea powder and Isolate 6 

All seeds were then placed on moist cotton bed in separate sterile Petri plates. Plates were labelled properly. 

Everyday germination of seeds of each treatment was examined. 

3.0 Results and Discussion 

3.1 Isolation of bacteria and screening of PSB 

Table 1 Screening of bacterial isolates on the basis of phosphate solubilization  

Isolate name Phosphate solubilisation 

Isolate 1 + 

Isolate 2 + 

Isolate 3 - 

Isolate 4 + 

Isolate 5 - 

Isolate 6 + 

Isolate 7 + 

Isolate 8 + 

Isolate 9 + 

Isolate 10 - 
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Isolate 11 - 

Isolate 12 - 

+ Phosphate solubilisation; - No phosphate solubilization 

More than 50 bacterial isolates were obtained from soil samples on nutrient agar media. Based on the 

morphological studies, 12 purified isolates with diverse morphology when studied for phosphate 

solubilisation, 7 isolates coded as Isolate 1, Isolate 2, Isolate 4, Isolate 6, Isolate 7, Isolate 8, and Isolate 9 

showed phosphate solubilisation, while 5 isolates labelled as Isolate 3, Isolate 5, Isolate 10, Isolate 11, and 

Isolate 12 seen failed to solubilise phosphate (Table 1). The assessment of phosphate solubilization of all 

positive isolates revealed Isolate 6 as most effective phosphate solubilizer on the basis of solubilization 

index (Table 2) 

Table 2 Screening of most potent phosphate solubilizer 

Isolate code 

 

Colony diameter (cm) 

(A) 

Zone diameter (cm) 

(B) 

Solubilization index 

SI = B/A 

Isolate 1  0.5 1.2 2.40 

Isolate 2  0.4 0.6 1.50 

Isolate 3  0.4 No zone - 

Isolate 4  0.5 1.0 2.0 

Isolate 5  0.3 No zone - 

Isolate 6  0.5 1.3 2.60 

Isolate 7  0.5 0.7 1.40 

Isolate 8  0.3 0.5 1.66 

Isolate 9  0.5 0.6 1.20 

Isolate 10  0.4 No zone - 

Isolate 11  0.2 No zone - 

Isolate 12  0.2 No zone - 
 

3.2 Identification of potent PSB isolate 

Identification characteristics of Isolate 6 are represented in Table 3 

                     Table 3 Identification of potent Isolate 6 

Colony characteristics 

Size Diameter = 1mm 

Shape Circular 

Colour                            White 

Opacity Opaque 

Margin Entire 

Elevation Convex 

Surface Smooth 

Consistency Sticky 

Morphological characteristics 

Gram nature Gram positive cocci arranged in clusters 

Motility Non motile 
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Spore formation Non spore former 

Capsule formation No capsule  

Biochemical characters 

Glucose + 

Lactose - 

Maltose - 

Sucrose - 

Ribose + 

Galactose - 

Mannitol - 

Catalase + 

Urease - 

Gelatinase + 

+ Utilization of sugar/Production of enzyme; 

- No utilization of sugar/No production of enzyme 

 

3.3 Study of auxiliary plant beneficial characteristics of potent PSB Isolate 6 

Table 4 Plant beneficial characteristics of potent PSB Isolate 6 

Characteristic Result 

Nitrogen fixation + 

Ammonia production + 

Amylase activity + 

NaCl tolerance Turbidity up to 7% NaCl 

KCl tolerance Turbidity up to 8% KCl 

 

The isolate showed growth on nitrogen-free bromothymol blue (NFB) agar medium with colour 

change of the medium from green to blue around growth indicating fixation of nitrogen. Similarly, change in 

the colour of peptone water broth culture after addition of Nessler's reagent confirmed ammonia production 

by isolate. The isolate also observed to have amylase activity (Table 4). Salt tolerance studies revealed that 

the isolate tolerate high percentage of salt (Table 4) indicating that the isolate can also be applied in saline 

soils. 

3.4 Antibiotic sensitivity testing  

The potent Isolate 6 when analysed for its sensitivity towards various antibiotics, it was observed that 

the isolate is sensitive to chloramphenicol, ciprofloxacin, tetracycline, and ofloxacin and resistant to 

penicillin-G and amoxicillin (Table 5). The sensitivity of isolate towards number of antibiotics suggests that 

the usage of isolate is safe for environment. 

               Table 5 Sensitivity of Isolate 6 to various antibiotics 

Name of antibiotic Short form Inhibition zone (mm) 

Chloramphenicol  C30 1.5 
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Ciprofloxacin  C15 2 

Tetracycline  TE30 1 

Penicillin-G  P10 - 

Amoxicillin  AMX10 - 

Ofloxacin  OF5 2 

- No inhibition zone 

3.5 Study of seed germination  

Table 6 Effect of tea powder based bio formulation on germination of Vigna radiata 

Parameters/ 

Treatments 

% of germination 

(after 24 hrs.) 

Radical length in cm 

(average of 10 seeds) 

After 5 days 

Shoot length in cm 

(average of 10 seeds) 

After 5 days 

Untreated seeds 

(Control) 

0 0.51 1.72 

Seeds treated with 

Isolate 6 only 

53 1.84 4.32 

Seeds treated with 

waste tea powder only 

             49               1.56              4.02 

Seeds treated with bio 

formulation of tea 

powder and Isolate 6 

60 2.68 6.66 

 

The studies on seed germination indicated that seeds coated with waste tea powder based bio 

formulation of Isolate 6 have earlier germination than untreated seeds. Simultaneously, seed germination 

was more in case of seeds treated with bio formulation as compared to seeds treated with Isolate 6 only as 

well as seeds treated with waste tea powder only. Similarly, assessment of shoot length showed nearly 4 

times increase in the average shoot length of bio formulation treated seeds over untreated seeds. The study of 

radical length of seeds indicated that bio formulated seeds are having nearly 2 fold increase over untreated 

seeds. The seeds germination research demonstrated that seeds treated with waste tea powder alone and 

Isolate 6 alone are benefited more as compared to untreated seeds. However, tea powder in combination with 

Isolate 6 seen more advantageous for seed germination than when applied alone (Table 6). The positive 

effect of earlier germination, and increased shoot and root length in bio formulated treated seeds may be 

contributed by nutrients present in waste tea powder as well as because of supply of various nutrients by 

Isolate 6. 

4.0 Conclusion 

The study demonstrates the potential of waste tea powder infused bioformulation as a sustainable and 

eco-friendly approach to enhance seed germination and promote plant growth. The findings suggest that 

waste tea powder can provide essential nutrients and bioactive compounds that improve seed germination 

rates and hence plant productivity. The usage of waste tea powder can also help to reduce waste disposal 

issues. Moreover, usage of bacterial culture with waste tea powder further improves seed germination. Thus, 
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bio formulations based on waste tea powder may offer a cost – effective alternative to synthetic fertilizers 

and growth promoters for plants. 
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Abstract: 

The accumulation of feather waste from poultry operations represents an environmental challenge 

due to its high keratin content and resistance to natural breakdown. In the present study, microorganisms 

were isolated from soil collected at a poultry dumping site. Among the isolates obtained, KM1, KM7, and 

KM11 demonstrated feather-degrading capabilities, with KM11 showing the most pronounced activity. The 

feather lysate produced by KM11 was evaluated for its effects on the growth of Vigna radiata L. (mung 

bean). Seeds treated with the KM11 lysate exhibited improved germination compared to untreated controls. 

Plant growth analysis was done after 7 and 14 days revealed significant increases in shoot and root length, 

fresh and dry weight and chlorophyll content, indicating the potential of feather degraded lysate to act as a 

natural plant growth promoter. These results suggest that KM11 could serve a dual role in biodegrading 

poultry waste and promoting sustainable plant growth. 

Keywords: Feather waste, Feather lysate, Vigna radiata, Plant Growth  

Introduction-: 

Nowadays, with the growth of the poultry industry, huge quantities of waste are produced reaching 

millions of tons annually (Da Silva et al. 2018; Verma et al. 2018). This creates complex challenges, 

particularly in managing the large volumes of waste it generates among these, chicken feathers constitute a 

significant portion. This waste poses serious environmental challenges, contributes to climate-related issues 

and may adversely affect human health. (Williams et al. 1990). Common disposal methods such as 

landfilling and incineration, not only contribute to environmental pollution but also result in the loss of 

valuable components like proteins and enzymes (Lasekan et al. 2013). 

Chicken feathers are an abundant and low-cost source of protein, with significant potential for use as 

bio-fertilizers. Through microbial degradation, feathers can be broken down into a lysate rich in amino acids 

and peptides. This lysate acts as a biostimulant, enhancing nutrient absorption, promoting plant growth and 

improving resistance to both abiotic and biotic stresses, ultimately contributing to increased crop yields 

(Bhise et al. 2017) 

Sustaining high agricultural productivity is essential to meet the food demands of the growing global 

population. To achieve this, synthetic fertilizers are widely used; however, their excessive application often 

leads to runoff into water bodies, resulting in eutrophication and environmental degradation. To mitigate the 

environmental risks associated with the excessive use of chemical fertilizers, organic fertilizers and 

biofertilizers have gained recognition as key components of sustainable agricultural practices (Abdel-Hamid 

et al. 2021). Among these, the development of bio-fertilizers from chicken feather waste is drawing 

significant attention from researchers, agronomists and environmentalists due to its potential as a sustainable 

and eco-friendly solution (Tiwari and Gupta 2010). Feather meal, containing approximately 15% nitrogen, is 
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an inexpensive and readily available nitrogen source, making it a promising candidate for use as a bio-

fertilizer. Additionally, protein hydrolysate derived from feathers have shown potential in promoting plant 

growth, further supporting their application in agriculture. Therefore, microbial degradation of feathers 

offers a sustainable approach for producing slow-release fertilizers that enhance soil fertility and support 

long-term crop productivity (Hadas and Kautsky 1994).  

In present study, we have isolated feather degrading organism from poultry dumped soil. The isolates 

were tested for proteolytic activity and feather degradation ability. The feather degradation was studied by 

evaluating released proteins and amino acids content. The effect of feather degraded lysate of KM11 on seed 

germination and growth of Vigna radiata L. was studied and plant analysis was done after 7 and 14 days of 

growth.  

Material and methods 

Collection of soil sample 

The soil sample is collected from poultry feathers dumping site from Sangli and Kolhapur district 

nearby areas. The six representative soil samples were collected in sterile polythene bags and transported to 

the laboratory.  

Isolation of organisms from the soil sample  

One gram of soil sample was taken and it was serially diluted from 10-1 to 10-10. 0.1 ml of soil 

dilution was spread on sterile Skim milk agar plates for detecting the proteolytic activity. The plates were 

incubated at 37°C for 24-48 hrs morphologically distinct bacterial colonies were selected and purified 

cultures were preserved for further study. 

Feather degradation study 

One loopful of bacterial culture was inoculated into the poultry feather minimal media containing 

chicken feathers (PFM) as sole source of carbon and nitrogen and was kept under shaking condition (150 

rpm) at RT  for 4-5 days. After every 24 hrs feather degradation was studied by evaluating proteins and 

amino acids contents of CFM (Bhise et al. 2017). 

Protein Estimation 

 Protein estimation was performed by using Lowry method ((Lowry et al. 1951). Briefly, 0.5 ml of 

sample was mixed with 2.5 ml of freshly prepared alkaline copper reagent (a mixture of 2% Na₂CO₃ in 0.1 N 

NaOH, 0.5% CuSO₄·5H₂O and 1% sodium potassium tartrate). After a 10-minute incubation at room 

temperature, 0.25 ml of diluted Folin–Ciocalteu reagent was added and the mixture was incubated in the 

dark for 30 minutes. Absorbance was measured at 750 nm. The concentration of protein was determined 

using BSA (bovine serum albumin) as standard. 

Amino acid Estimation 

Amino acids was estimated using method of Moore and Stein (1954). Briefly, 1.0 ml of the sample 

was combined with 1.0 ml of 0.1% ninhydrin reagent prepared in citrate buffer (pH 5.5). The reaction 

mixture was incubated in a boiling water bath for 15 minutes to facilitate the formation of the Ruhemann’s 

purple chromophore. Following incubation, tubes were cooled to room temperature and absorbance was 

recorded at 570 nm using a UV-Visible spectrophotometer. Quantification was performed by comparison 

with a standard leucine curve. 
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Characterization and identification of potent isolate 

Morphological and biochemical characteristics of potent organism was studied to identify genus of 

organism.  

In vitro plant growth studies 

Seed germination study 

The seeds of Vigna radiata were surface sterilized with 70% ethanol for 10 mins and  washed several 

times with distilled water. Surface sterilized seeds were treated with feather degraded lysate (FL) and control 

set (CS) was treated with water and germination was studied after 7 days (Abdel-Aziz et al 2014). 

 

Germination %    Number of germinated seeds  

    Number of total seeds  

Pot study 

The effect of feather degraded lysate to promote growth of plant was tested by pot trials. Pot study 

was carried out in September with average humidity of 30% and temperature 32-35° C. Soil was autoclaved 

for sterilization. Seeds used for experiment was surface sterilized using ethanol (70%) and washed 

repeatedly with sterile distilled water. The surface sterilized seeds were sown into pot and FL set was 

inoculated separately with feather degraded lysate (5ml) of KM1, KM7 and KM11 and CS with water only. 

After 7 and 14 days of growth seedlings was uprooted and plant analysis was performed to evaluate effect of 

feather degraded lysate on growth of plant (Bhise et al. 2017). 

Plant analysis 

The shoot and root length, fresh plus dry weight of FL and control set seedlings were measured and 

noted down. The chlorophyll content of control and feather degraded lysate was estimated using method of 

Arnon (1949). 

Statistical analysis 

All the experiments were run in triplicates and data values were expressed as mean±S.D. One way 

ANOVA was applied using Minitab (release 19) on data to find efficacy. 

Result and Discussion 

Isolation of organisms from soil 

Fifty-nine organisms were isolated from different soil samples. Out of these, thirteen organisms 

showed maximum proteolysis zone on skim milk agar plates. These thirteen organisms were used for further 

study.  

Feather degradation study 

 Ability of thirteen potent organisms to degrade poultry feathers were tested using PFM. Among 

thirteen organisms, three organisms (KM1, KM7 and KM11) showed highest feather degradation after 72 

hrs of incubation. The released proteins and amino acids were evaluate after every 24 hrs. The amount of 

X 100 
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proteins released during feather degradation was highest after 72 hrs and reduced after 96 hrs (Fig.1). 

Similarly, amino acid contents was also analyzed and it was maximum after 96 hrs and declined after 120 

hrs (Fig. 2). Among three isolates, KM11 was highly potent in feather degradation ability (Fig.1 and 2). 

 

Fig 1. Estimation of protein content of feather degraded lysate 

 

Fig 2. Estimation of amino acid content of feather degraded lysate 

Characterization and identification of potent isolate 

The KM11 was gram positive rod shaped motile organism. The isolate showed glucose, fructose, 

sucrose, maltose, mannitol, mannose and xylose sugar fermentation. It also showed catalase and gelatin 

hydrolysis. IMVic test was also performed and organism showed negative indole plus methyl red test while 

voges proskauer and citrate utilization test were positive. These results indicates that the KM11 isolate 

belongs to Bacillus subtilis genera however 16S rDNA sequence analysis is required to confirm identity of 

organism.  

Seed germination 

Feather degraded lysate inoculated seeds showed highest germination compared to control set. 

Germination study clearly indicated the potency of KM1, KM7 and KM11 in germinating seeds of V. 

radiate. Among these three lysates, KM11 was found to be potent in supporting seed germination after 7 

days of growth (Fig.3).  similarly, Paul et al. (2013) also reported improved growth and germination (87.5%) 

of Cicer arietinum supplied with feather lysate. 

0

0.5

1

1.5

2

2.5

3

3.5

24 48 72 96 120

m
g

/m
l

Incubation period (hrs)

KM1

KM7

KM11

0

0.5

1

1.5

2

2.5

3

3.5

24 48 72 96 120

m
g

/m
l

Incubation period (hrs)

KM1

KM7

KM11



VIVEK RESEARCH E-JOURNAL                    VOL. VIII, NO. II, June, 2025                         ISSN: 2581-8848 
 

 

Vivek Research E-Journal - A National Multi-disciplinary Peer Reviewed Bi-annual E-Journal     Page 24 

 

Fig 3. Effect of FL on seed germination 

Plant analysis  

 Researchers have successfully identified various microorganisms from different habitats that possess 

the ability to degrade keratin, enabling the transformation of keratin-rich waste materials into commercially 

valuable products (de Menezes et al. 2021). The isolated microorganisms demonstrated the capability to 

break down keratin and keratin-rich wastes such as feathers into soluble compounds and amino acids 

(Callegaro et al. 2018; Bohacz, 2019; Chaudhary et al. 2021) that can supports the growth of plant. 

Effect of FL on growth of plant was studied and analysis was done after 7 and 14 days. FL inoculated 

plants showed significantly improved root and shoot length compared to control plants (Fig. 4).  

 

 

Fig 4. Effect of FL on plant length 

KM1, KM7 and KM11 was effective in promoting shoot and root length after 7 and 14 days. KM11 

was found to be highly effective in promoting both root and shoot length followed by KM 7 and KM1 

(Fig.4). Similarly, the complete degradation of chicken feathers yielded a feather hydrolysate that 

significantly promoted the growth of Vigna radiata var. meha (mung bean) (Bose et al. 2014). The Peptides 
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present in keratin hydrolysate may exhibit hormone-like activity contributing to plant growth regulation. 

Additionally, these compounds can indirectly enhance nutrient uptake and utilization thereby supporting 

overall plant growth development (Raguraj et al. 2022). 

Effect of lysate on fresh weight of plant was also studied. KM 11 improved fresh weight of seedlings 

by 64 % after 7 days and 57 % after 14 days of growth (Fig.5). Similarly, dry weight of seedling was 

increased 90 % and 70 % when supplemented with KM11 after 7 and 14 days of growth respectively (Fig. 

5). The amino acids present in keratin hydrolysate can serve as a nitrogen source for rhizospheric 

microorganisms, influencing their activity in the root zone and thereby affecting plant growth and 

development. KM11 exhibited highest ability to degrade feathers hence plants inoculated with FL showed 

improved length and weight. 

 

Fig 5. Effect of FL on plant weight 

Studies have demonstrated that microbial keratin hydrolysate can effectively promote plant growth, 

making it a sustainable alternative to conventional fertilizers (Moe, 2013). Nafady et al. (2018) reported a 

strain of Bacillus licheniformis ASU with the ability to degrade chicken feathers, In addition, this strain 

demonstrated phosphate-solubilizing activity and produced high levels of indole-3-acetic acid (IAA). 

Presence of lysate along with such plant growth promoting traits accelerates plant growth.  

Plants inoculated with FL also showed improved chlorophyll content as compared to control. Out of 

three lysates studied, KM11 was more impactful in improving photosynthesis activity compared to KM1 and 

KM7. KM11 improved chlorophyll content by 60 and 43 % after 7 and 14 days respectively. KM1 and KM7 

improved chlorophyll content by 29 and 39 % after 7 days and 10 and 23% after 14 days of growth (Fig.6). 
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Fig 6. Effect of FL on plant chlorophyll content 

Microbial keratin hydrolysate applied to soil enhance the soil microbiome by stimulating the 

proliferation of beneficial microorganisms involved in biological nitrogen fixation, as well as in the 

solubilization and mobilization of phosphate and potassium ions. Availability of such nutrients along with 

beneficial organism improves chlorophyll content of plants. Due to its composition of viable microbial 

populations combined with essential macro- and micronutrients, microbial keratin hydrolysate qualifies as a 

biofertilizer, contributing to improved nutrient cycling and soil fertility (Kumar et al. 2022).  

Conclusion 

The present study demonstrates the promising potential of feather-degraded lysate inoculum, KM11 

in enhancing seed germination, plant growth and soil fertility. The enzymatic breakdown of keratin-rich 

feathers by microbial action not only provides a sustainable method for managing poultry waste but also 

generates nutrient-rich byproducts beneficial to plant development. Application of this lysate, especially 

when combined with beneficial microorganisms, led to improved seed germination, length, weight and 

chlorophyll content in Vigna radiata L. Moreover, the incorporation of feather hydrolysate into soil 

contributes to its nutrient profile, particularly by supplying nitrogen and amino acids, which are vital for 

plant metabolism. These findings suggest that microbial feather degradation can be effectively integrated 

into agricultural practices as a biofertilizer strategy, potentially leading to higher crop yields and reduced 

dependency on synthetic fertilizers. Continued research and field-scale validation may further establish its 

role in sustainable and eco-friendly farming systems 
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Abstract 

In this study, manganese dioxide (MnO₂) nanowires were successfully synthesized via a hydrothermal method 

and evaluated for their electrochemical performance as pseudocapacitor materials. The synthesis was carried out under 

varying temperature conditions (80 °C, 100 °C, and 120 °C), and the resulting structures were characterized using X-

ray diffraction (XRD). XRD analysis confirmed a body-centred tetragonal phase with sharp diffraction peaks, 

indicating high crystallinity and phase purity. Electrochemical characterization, including cyclic voltammetry (CV), 

galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS), demonstrated excellent 

capacitive behaviour. The optimized MnO₂ nanowire electrode exhibited a high specific capacitance of 1066 F/g at 

low scan rates, with good reversibility and minimal internal resistance. GCD curves showed symmetrical charge-

discharge profiles, while EIS indicated low charge-transfer resistance and fast ion diffusion. 

Keywords: MnO₂ nanowires, hydrothermal synthesis, supercapacitor, specific capacitance, electrochemical 

performance 

1. Introduction 

The growing demand for efficient and sustainable energy storage systems has intensified interest in 

supercapacitors, also known as electrochemical capacitors, due to their superior power density, rapid charge-discharge 

capabilities, and long cycle life [1]. These characteristics make them particularly attractive for next-generation 

applications,  including electric vehicles, portable electronics, hybrid energy systems, and aerospace technologies [2]. 

Compared to conventional batteries, supercapacitors bridge the gap between batteries and dielectric capacitors by 

offering faster dynamics and better durability, although their energy density remains relatively lower [3]. 

Supercapacitors are typically classified into two major categories based on their charge storage mechanisms: (i) 

electric double-layer capacitors (EDLCs), which rely on electrostatic charge accumulation at the electrode-electrolyte 

interface, and (ii) pseudocapacitors, where a charge is stored through fast and reversible faradaic redox reactions [4]. 

While EDLCs commonly employ carbon-based materials, pseudocapacitive electrodes are often composed of 

transition metal oxides or conducting polymers, which provide higher specific capacitance due to their redox activity 

[5]. 

Among various pseudocapacitive materials, manganese dioxide (MnO₂) has emerged as a particularly promising 

candidate due to its natural abundance, environmental benignity, low cost, and high theoretical specific capacitance 

(~1370 F/g [6, 7]. MnO₂ also exhibits multiple polymorphic forms (α-, β-, γ-, δ-, λ-, and ε-), with β-MnO₂ being 

thermodynamically the most stable. These polymorphs differ in their tunnel structures, which significantly affect ion 

diffusion and electrochemical performance [8, 9]. Furthermore, MnO₂-based materials possess excellent 

electrochemical reversibility and high oxidation states, enabling multiple electron-transfer processes during redox 

reactions [10]. 

Despite these advantages, bulk MnO₂ suffers from low electrical conductivity (~10⁻⁵ to 10⁻⁶ S/cm) and limited 

active site accessibility, leading to poor rate capability and low practical capacitance [11]. To overcome these 

challenges, nanostructured MnO₂ has been explored as a strategy to enhance surface area, improve ion transport 

kinetics, and optimize electron pathways [12]. Synthesis methods such as sol-gel processing, hydrothermal and 

solvothermal techniques, chemical precipitation, electrochemical deposition, and microwave-assisted methods have 

mailto:latthes@gmail.com
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been widely employed to control the morphology and crystallinity of MnO₂ nanostructures [13]. Among these, 

hydrothermal synthesis has gained particular attention due to its cost-effectiveness, environmental friendliness, and 

ability to produce one-dimensional architectures such as nanorods and nanowires that are favorable for fast charge 

transport [14]. In addition to its use in supercapacitors, MnO₂ has also demonstrated potential in other technological 

applications, including lithium-ion batteries, zinc-ion batteries, fuel cell catalysts, biosensors, and environmental 

remediation [15]. However, achieving an optimal balance between conductivity, structural stability, and 

electrochemical performance remains a major research challenge. The electrochemical behavior of MnO₂ is strongly 

influenced by its morphology, phase composition, and particle size, highlighting the need for precise control over 

synthesis parameters [16]. 

In this study, we report the synthesis of [insert synthesis strategy: e.g., hydrothermally derived α-MnO₂ nanorods] 

and evaluate their electrochemical performance as electrode materials for pseudocapacitor applications. The 

relationship between morphology, structure, and capacitive behavior is systematically investigated to provide insights 

into the design of high-performance MnO₂-based energy storage devices. 

2. Experimental 

2.1 Material 

Potassium Permagnate (KMnO4) and hydrochloric acid (HCL) were obtained from molychem chemical reagent 

co. All solvents and chemicals were used without further purification. 

2.2 Synthesis of MnO₂ via hydrothermal method 

In a typical synthesis, 5.53 g of potassium permanganate (KMnO₄) and 1.27 mL of hydrochloric acid (HCl) were 

each dissolved separately in 70 mL of distilled water under continuous magnetic stirring to ensure homogeneity. The 

resulting solutions were combined and stirred thoroughly to form a uniform precursor mixture. The homogeneous 

solution was then transferred into a Teflon-lined stainless-steel autoclave. To prevent contamination from the top 

interface of the autoclave, the upper edge of the Teflon liner was sealed using polytetrafluoroethylene (PTFE) tape. 

The sealed autoclave was subjected to a stepwise hydrothermal treatment at 80 °C, 100 °C, and 120 °C, each for 1 h, 

sequentially. After the thermal treatment, the autoclave was allowed to cool naturally to room temperature. Following 

the reaction, the solid product (precipitated MnO₂) was carefully collected, thoroughly washed several times with 

deionized water to remove any residual ions or unreacted precursors, and then dried under vacuum at 40 °C for 12 h. 

3. Result and discussion 

3.1 XRD 

The XRD patterns for the prepared MnO2 are shown in Fig. 1 above The XRD of MnO2 shows the sharp & 

polycrystalline sample. The broad peaks are not observed. The peaks in the XRD pattern are indexed to cubic body-

centred tetragonal MnO2 structure with lattice constants of a= 1.20nm, b= 1.204nm, and C= 1.532nm. The Full Width 

Half Maximum (FWHM) of the sample is 0.94192°. Crystalline size using Scherrer’s equation (D = 0.9λ/ βcosθ) of 

sample about 4.6673°. This indicates that the synthesized material is purely an individual phase without any additional 

second phase. 
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Fig. 1: X-ray diffraction pattern of nanostructured MnO2 synthesized hydrothermally at 100° C for 1 h. 

3.2 Cyclic voltammetry 

The cyclic voltammetry (CV) analysis of the synthesized MnO₂ electrode is shown in Fig. 2. Among the samples, 

the MnO₂ prepared with a hydrothermal duration of 10 h exhibited the most favorable electrochemical performance, 

which can be attributed to its higher surface area and enhanced K⁺ ion content within the structure. These 

characteristics contribute significantly to improved ion transport and charge storage capability. The CV curves display 

a quasi-rectangular shape, which is indicative of ideal capacitive behavior and excellent electrochemical reversibility. 

This shape reflects the electric double-layer capacitance and suggests rapid charge propagation within the MnO₂ 

nanowire network. However, with increasing scan rates, the CV curves begin to deviate from the ideal rectangular 

shape. This deviation is attributed to a reduced effective interaction between electrolyte ions and the active electrode 

surface at higher scan rates. As a result, the specific capacitance decreases with increasing scan rate due to limited ion 

diffusion and slower faradaic reaction kinetics. 

The electrode composed of MnO₂ nanowires showed superior electrochemical response, suggesting that the 

nanowire morphology facilitates efficient ion diffusion and electron transport. This morphology enhances the 

utilization of the active material and supports improved capacitive performance. The specific capacitance of the MnO₂ 

nanowire electrode was found to be dependent on the scan rate, with higher values observed at lower scan rates. At the 

lowest scan rate investigated (0.01 V s⁻¹, assumed), the specific capacitance reached 1066 F g⁻¹, highlighting the 

excellent energy storage capability of the material. 
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Fig. 2: Cyclic voltammetric at different scan rates form 0.01-0.09mVs-1(100°c for 1hr). 

3.3 Charge-discharge 

The galvanostatic charge-discharge (GCD) profile of the MnO₂ nanowire electrode is presented in Fig. 3 (a). The 

GCD curves exhibit a linear and nearly symmetrical shape during both the charge and discharge processes, indicating 

excellent capacitive behavior and electrochemical reversibility of the electrode material. The minimal iR drop 

observed further supports the presence of low internal resistance and efficient charge transport within the MnO₂ 

nanowire structure. The applied constant current during both the charging and discharging phases was 0.001 A, and 

the charge/discharge times were identical at 999 seconds, suggesting good symmetry and stability of the electrode 

during the electrochemical process. 

The charge storage mechanism is primarily governed by the intercalation and de-intercalation of cations (Na⁺ and 

K⁺) into the MnO₂ matrix. This mechanism is characteristic of pseudocapacitive behavior and contributes to the 

efficient storage of charge. The specific areal capacitance of the MnO₂ nanowire electrode, calculated from the 

discharge slope of the GCD curve, was found to be approximately 0.02724 F/cm², demonstrating its potential 

applicability in supercapacitor devices. 

 

Fig. 3: (a) the galvanostatic charge-discharge curve of MnO2 nanowires and (b) Nyquist plot for MnO2 nanowire 

electrode 

 



VIVEK RESEARCH E-JOURNAL                    VOL. VIII, NO. II, June, 2025                         ISSN: 2581-8848 
 

 

Vivek Research E-Journal - A National Multi-disciplinary Peer Reviewed Bi-annual E-Journal     Page 33 

3.4 EIS  

The electrochemical impedance spectroscopy (EIS) analysis of the MnO₂ nanowire electrode is presented in Fig. 3 

(b). The Nyquist plot displays a small semicircle in the high-frequency region, corresponding to a low charge transfer 

resistance (R_ct), followed by a straight, sloped line in the low-frequency region, which is indicative of ideal 

capacitive behavior. The steepness of the line in the low-frequency domain confirms efficient ion diffusion and rapid 

charge transport at the electrode-electrolyte interface. The low time constant, derived from the EIS data, further 

suggests that the MnO₂ nanowire electrode facilitates fast charge-discharge kinetics, making it a promising material for 

high-power supercapacitor applications. These results affirm the excellent electrochemical performance, including low 

internal resistance and high reversibility, of the MnO₂ nanowires as an efficient pseudocapacitive electrode material. 

4. Conclusion 

MnO₂ nanowires were successfully synthesized via a hydrothermal method, and their pseudocapacitive properties 

were studied for the first time. XRD analysis confirmed a cubic body-centered crystal structure, indicated by equal 

lattice parameters (a = b = c). The MnO₂ nanostructures were synthesized under varying temperatures (80 °C, 100 °C, 

and 120 °C) and durations, with the optimal electrochemical performance observed under specific conditions. CV 

analysis at a scan rate of 0.1 V/s demonstrated enhanced specific capacitance and excellent power capability, attributed 

to the rapid current-voltage response and good electrochemical reversibility of the MnO₂ nanowire electrode. 

Galvanostatic charge–discharge measurements showed symmetrical profiles with equal cathodic and anodic currents 

(0.001 A) and times (999 s), indicating stable capacitive behavior. EIS results further confirmed low charge transfer 

resistance and favorable electrochemical characteristics. 
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ABSTRACT 

           In this paper we have to discussing the Traveling Salesman Problem (TSP) and Vehicle Routing 

Problem (VRP). Here we comparing the number of algorithms such as Vector Path Routing (VPR), 

Dijkstra's Algorithm and A* Search. And also mention the case study that is a route from the Western India 

Institute of Neurosciences to Aster Aadhar Hospital. By analysing multiple optimization strategies, this 

research aims to improve mobility, reduce travel costs, and minimize delays.  

 KEYWORDS : Graph, path, Traveling Salesman Problem (TSP) and Vehicle Routing Problem (VRP), 

Vector Path Routing (VPR), Dijkstra's Algorithm, A* Search, and Prim's Algorithm. 

INTRODUCTION 

           The ability to travel efficiently is a crucial aspect of human activity, significantly influencing our 

daily lives. However, this need for mobility often leads to traffic congestion, which is a common issue that 

disrupts smooth travel experiences. Traffic congestion has far-reaching effects, including delays in road 

transportation, increased pollution levels, higher travel costs, and interruptions on routes that may seem 

minor. Many travellers find themselves stuck midway through their journeys, wasting valuable time and 

resources due to a lack of reliable and comprehensive traffic information. Anticipatory awareness of traffic 

conditions is essential, as it empowers individuals to select the most efficient routes available. 

In logistics, transportation, and network optimization, routing challenges such as the Vehicle Routing 

Problem (VRP) and the Traveling Salesman Problem (TSP) present significant obstacles that need to be 

addressed. Effectively solving these routing problems is vital for enhancing overall productivity, reducing 

operational costs, and optimizing resource allocation across numerous real-world applications. 

            In this work we try to develop the various methods and algorithm for addressing routing transporting 

challenges, including A*, Dijkstra, and Bellman-Ford. These algorithms form the backbone of conventional 

hard computing techniques, providing predictable solutions based on strict mathematical principles. Also we 

study complexities of routes and routing problems within the context of road transportation systems, 

investigating a wide range of route optimization techniques that incorporate both soft and hard computing 

strategies. 

PRELIMINARIES 

• Graph[8]: A graph is formed by vertices and edges connecting the vertices. Formally, the graph is 

the pair of sets (V,E) is a set of edges form by Pairs of vertices. 

• Simple graph[8]: A graph in which each edge connects two different vertices and where no two 

edges connect the same pair of vertices is called a simple graph. 
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• Weighted Graph[8]: Each edge has an associated weight or cost w(u ,v), which represents the cost 

to move from vertex u to vertex v. 

• Path[8]: A path is a sequence of vertices connected by edges. The path cost is the sum of the weights 

of its edges. 

• Shortest Path[8]: The shortest path from a source vertex s to a target vertex v is the path with the 

minimum total weight. 

• Path weight[8]: The path weight is the sum of the edge weights in the path. 

• Cycle[8]: A cycle in a graph is a path that starts and ends at the same vertex with no repeated edges 

or vertices. 

MAIN RESULT 

1) VRP (Vehicle Routing Problem)[9] 

The concept of VRP was first introduced in 1956 by researchers Ramser and Dantzig, who developed 

strategies to optimize gasoline supply routes. This marked the beginning of mathematical approaches to 

solving routing issues. The main aim of the VRP is to reduce the total transportation costs. This includes 

minimizing the distance travelled by the vehicles and ensuring that each client is served efficiently, ideally 

only once. 

Algorithm for VPR (Vector Path Routing)[9] 

Step 1: Identify key- places (nodes) along the route. 

Step 2: Draw a graph – For representing nodes and the distances between them. 

Step 3: Apply VPR formula-   

  Cost (u ,v) = d(u, v) + h(v) 

Where,  d(u ,v) = distance between nodes u and v. 

  h(v)= heuristic estimate (we can assume it to be straight-line distance to end node) 

assume, h(v)= 0. 

Step 4:  Finally got Shortest Path between different nodes. 

2) TSP (Travelling Salesman Problem)[7] 

The Traveling Salesman Problem (TSP) revolves around finding the optimal path for a salesperson, starting 

from a specified origin, visiting multiple locations in sequence, and returning to the starting point. Key 

points include: 

Algorithm for TSP (Travelling Salesman Problem)[7] 

Step 1: Select 6 Key Locations (Nodes) 

Step 2:  Draw the distance Table  

Step 3: apply the TSP Formula 
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Step 4: Got the final result (Min Distance). 

3) Dijkstra's algorithm[10] 

Dijkstra's algorithm is a way to find the shortest path between two points in a network, like a map with cities 

or a metro system with stations. It works step by step to figure out the quickest route from the starting point 

to the destination. 

Algorithm for Dijkstra's algorithm 

Step 1: Define Nodes (Places on Map) 

Step 2: Draw the distance Table (Weighted Graph in km, approximated) 

Step 3: Apply the Dijkstra's Algorithm Formula 

Initialize distances: 

dist[source]=0,  dist[others]=∞ 

Update neighbours: 

dist[v]=min(dist[v],dist[u]+weight(u,v)) 

Step 4: Got the final result (shortest distance)  

4) ALT (A* search Landmarks and Triangle inequality)[10] 

The ALT algorithm is a pre-processing method aimed at optimizing Dijkstra's algorithm for computing 

shortest paths in extensive road networks by selecting specific nodes known as landmarks for faster 

computations. A* is a search algorithm that finds the least-cost path from a start node to a goal node, using a 

cost function that combines: 

Algorithm for A* algorithm   

Step 1: Define Nodes (Places) 

Step 2: Distance Table (g(n), estimated in km) 

Step 3: Heuristic Table (h(n), estimated straight-line distance to F) 

Step 4: A* Search (f(n) = g(n) + h(n)) 

g(n): Cost from start node to current node 

h(n): Heuristic (estimated cost from current node to goal) 

f(n): Total estimated cost of the path through node n 

Step 5: Got the final result. 

*Discussion and Comparison between different algorithms: 
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Here we find the best (shortest) path from western India Institute of neurosciences to Aster Aadhar Hospital 

in Kolhapur by using above the all algorithms.  

Node Location 

A Western India Institute (Start) 

B Mahavir College Chowk 

C Shahupuri 

D Sayaji Hotel 

E Tarabai Park 

F Aster Aadhar Hospital (End) 

 

Method  Path  Shortest distance  

VPR (Vector Path Routing) A-B-D-E-F 4.7 

TSP(Travelling Salesman 

Problem) 

A-B-C-D-E-F-A 9.4 

Dijkstra’s Algorithm A-B-C-D-E-F 5.4 

A* Algorithm  A-B-C-D-E-F 5.4 
 

CONCLUSION 

We find the best (shortest) path from western India Institute of neurosciences to Aster Aadhar 

Hospital in Kolhapur by using VPR (Vector Path Routing). Also we observe that VPR (Vector Path Routing) 

method gives the shortest path and TSP(Travelling Salesman Problem) method gives largest path but its 

starting and end point are same. Both Dijkstra’s algorithm and the A* algorithm are widely used for finding 

the shortest paths in graphs, but they differ in efficiency, applicability, and overall effectiveness.  
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Abstract 

This study presents a facile and cost-effective strategy for fabricating superhydrophobic coatings 

using hydrothermally synthesized titanium dioxide (TiO2) nanoparticles. TiO2 nanoparticles were prepared 

via a hydrothermal method. A dip-coating technique was used to deposit the superhydrophobic layer on pre-

cleaned glass substrates. The coating solution was formulated by dispersing unmodified TiO₂ nanoparticles 

in a polymethylhydrosiloxane (PMHS) and chloroform mixture, with polystyrene (PS) added as a binder to 

improve film uniformity and adhesion. The coating exhibited the highest superhydrophobic performance, 

achieving a static water contact angle of 164° and a sliding angle of 5°, indicating excellent water repellency. 

The mechanical robustness of the coated glass slide was evaluated through a muddy water resistance test. 

The prepared superhydrophobic coating revealed excellent self-cleaning performance against the muddy 

water. The developed coatings hold significant potential for applications in self-cleaning due to their 

simplicity, scalability, and superhydrophobic behavior. 

Keywords: Superhydrophobic, TiO2 nanoparticles, dip coating, self-cleaning 

1. Introduction  

Superhydrophobic surfaces have garnered significant interest due to their remarkable water-repellent 

property, which makes them ideal for preventing the accumulation of dirt [1]. Inspired by natural surfaces 

such as lotus leaves, which exhibit unique self-cleaning properties. The superhydrophobic surface is defined 

by its wetting character, which shows a static water contact angle (WCA) greater than 150° and a sliding 

angle (SA) smaller than 10° [2]. The superhydrophobicity on the lotus leaf surface occurs due to a thin waxy 

layer on micro-scale papillae [3]. Various strategies have been employed to fabricate such surfaces, 

primarily by introducing surface roughness and incorporating low surface energy materials [4]. Numerous 

bioinspired and synthetic approaches have been explored to develop multifunctional surfaces with 

micro/nano features for applications including self-cleaning [5], oil–water separation [6], corrosion 

protection [7], anti-icing [8] and etc. In previous studies, a wide range of materials including SiO2, TiO2, 

ZnO, Al2O3, candle soot, and various polymers, have been employed in the development of self-cleaning 

superhydrophobic coatings. Latthe et al. [2] applied a suspension of hydrophobic SiO2 nanoparticles (NPs) 

to various substrates, including motorcycle bodies, building walls, mini boats, solar cell panels, window 

glass, cotton shirts, fabric shoes, cellulose paper, metal, wood, sponges, plastic, and marble. These coatings 

demonstrated excellent water repellency and outstanding self-cleaning properties. Ding et al. [9] developed a 

superhydrophobic fluorinated polysiloxane/TiO2 nanocomposite coating applicable to substrates such as 

aluminum, glass, wood, paper, and polypropylene. The coating exhibited excellent durability across a wide 

pH range, varying temperatures, and UV exposure, and was recoverable after oil contamination. A FAS-

TiO₂/PVDF composite formed hierarchical micro/nanostructures via electrostatic interactions, and when 

applied to a copper substrate, showed a water contact angle of 160° and a sliding angle of 5°. Kokare et al. 
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[10] developed a self-cleaning superhydrophobic coating using Octadecyltrichlorosilane(ODS)-modified 

TiO2 nanoparticles through a dip coating method. TiO2 nanoparticles were dispersed in ethanol with varying 

concentrations of ODS to enhance hydrophobicity. The coatings prepared with five deposition layers 

exhibited a water contact angle above 150° and a sliding angle below 10°. Increasing ODS concentration 

improved surface roughness, enhancing water repellency. The coatings demonstrated stability against water 

jet impact and effectively repelled colored and muddy water, making them suitable for self-cleaning 

applications. In this work, TiO2 nanoparticles were synthesized via a hydrothermal method and utilized to 

fabricate a superhydrophobic coating through a simple dip coating process. The coating was developed by 

incorporating PMHS and PS as surface-modifying and binding agents. The influence of coating thickness 

was investigated by varying the number of dip-coating cycles. The coating shows excellent 

superhydrophobicity and self-cleaning performance. This facile approach offers a cost-effective route to 

prepare superhydrophobic coating with potential applications in self-cleaning technologies. 

2. Experimental Section 

2.1 Chemicals 

Titanium tetraisopropoxide (TTIP) was procured from Spectrochem Pvt. Ltd., Mumbai, India. 

Polymethylhydrosiloxane (PMHS) and polystyrene (PS) were purchased from Sigma Aldrich. Ethanol, 

Chloroform (CHCl₃) were procured from Loba Chemie. Micro glass substrates (75× 25 × 1.35 mm) were 

obtained from Blue star, Polar Industrial Corporation, India. 

2.2 Synthesis of TiO2 Nanoparticles via Hydrothermal Method 

Initially, 20 mL of ethanol was mixed with 30 mL of distilled water and stirred at 400 rpm for 20 min to 

form a homogeneous solution. Subsequently, 15 mL of titanium tetraisopropoxide (TTIP) dissolved in 25 

mL of ethanol was added dropwise to the above mixture under continuous stirring. The resulting sol was 

further stirred at ambient temperature for 2 h to promote hydrolysis and condensation reactions, forming a 

uniform sol-gel system. The obtained sol-gel was transferred to a Teflon-lined stainless-steel autoclave and 

subjected to hydrothermal treatment at 80 °C for 24 h. Upon completion, the product was collected and dried 

at 40 °C for 3 h to remove residual solvents. The dried material was ground using an agate mortar to reduce 

particle size and improve uniformity. Finally, the resulting powder was calcinated at 400 °C for 2 h to obtain 

TiO₂ nanoparticles. 

2.3.Preparation of TiO2-PS Superhydrophobic Coating 

The glass substrates were sequentially cleaned using ultrasonic treatment in 0.1 M Hcl, 0.1 M NH4OH, 

ethanol, and distilled water, each for 10 minutes. After cleaning, the substrates were dried in a hot air oven at 

60 °C for 10 minutes before being utilized for the fabrication process. Initially by dissolving 0.16 mL of 

PMHS in 40 mL of chloroform. The mixture was stirred for 20 min using a magnetic stirrer at 100 rpm to 

ensure complete dissolution. Subsequently, 800 mg of unmodified TiO2 nanoparticles were added to the 

PMHS solution, and the resulting suspension was stirred continuously for 1 h to achieve a homogeneous 

dispersion of nanoparticles. Simultaneously, in a separate beaker, 200 mg of PS was dissolved in 20 mL of 

chloroform. This PS solution was then added to the TiO2-PMHS suspension under constant stirring. The 

combined mixture was stirred for an additional 30 min to obtain a uniform and stable coating solution 

suitable for deposition. Pre-cleaned glass slides were immersed in the prepared coating solution. The number 

of deposition cycles was varied as 1, 2, and 3, respectively, to study the influence of coating thickness. After 

deposition, the coated slides were dried in an oven at 100 °C for 30 min to ensure solvent evaporation and 

film formation. 
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3. Results and Discussion 

3.1. Wettability 

The wettability of the fabricated superhydrophobic glass surfaces was assessed by measuring the 

water contact angle using a contact angle goniometer. Samples were prepared with one, two, and three 

deposition cycles to evaluate the effect of deposition frequency on surface hydrophobicity. The results 

showed a clear trend of increasing WCA with the number of deposition cycles, indicating enhanced surface 

superhydrophobicity. Specifically, the WCA for the sample with one deposition cycle was measured at 154°, 

which increased to 159° after two deposition cycles. Further improvement was observed with three 

deposition cycles, where the WCA reached 164°. This progressive increase in WCA demonstrates that a 

greater number of deposition cycles contributes to the development of hierarchical surface roughness and 

reduced surface energy, two critical factors for achieving superhydrophobic behavior. Therefore, the surface 

coated with three deposition cycles exhibited the highest degree of water repellency, representing the 

optimal condition for superhydrophobic performance in this study. 

3.2. Self-Cleaning Ability 

The self-cleaning ability of the superhydrophobic coating was tested using a simple muddy water test. A 

stream of muddy water was poured onto the coated glass slide to observe its behaviour. 

 

Fig. 1: Photograph showing muddy water rolling off the coated glass slide during the self-cleaning 

performance. 

The muddy water was seen to roll off the surface without leaving any residues, indicating excellent self-

cleaning performance. This property is attributed to the high water contact angle and low surface adhesion of 

the superhydrophobic surface. 

3.3. Mechanical Durability 

The mechanical durability of superhydrophobic coatings is a critical factor for their real-world 

applicability, particularly in outdoor environments where surfaces may be subjected to physical wear and 

environmental contaminants. In this study, the mechanical robustness of the coated glass slide was evaluated 

through a muddy water resistance test. Approximately 2 L of muddy water were continuously poured over 

the coated surface to simulate prolonged exposure to abrasive and wet conditions. Prior to the test, the WCA 

of the coated slide was measured at 164°, indicating excellent superhydrophobicity. However, after the 

durability test, a noticeable reduction in WCA was observed, decreasing to 154°, which suggests partial 

degradation of the surface coating due to mechanical stress. Despite this reduction, the surface maintained a 

contact angle above 150°, confirming that the coating still exhibited superhydrophobic behavior. These 

results indicate that while some loss in hydrophobic performance occurred, the coating retained moderate 

mechanical durability under harsh testing conditions. 
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Fig. 2: Water contact angle of the coating (a) before durability test (164 °) and (b) after durability test 

(154°). 

4. Conclusion 

We have successfully fabricated superhydrophobic surface on a glass substrate using the simple dip 

coating technique. The method employed a mixture of PMHS, chloroform, and TiO2 nanoparticles. The 

fabricated surface exhibited a water contact angle of up to 164° and a sliding angle of 5°. The coated glass 

slides demonstrated excellent self-cleaning behavior by repelling muddy water without residue. Moreover, 

the coating retained its superhydrophobic nature even after a mechanical durability test involving muddy 

water, although a slight reduction in contact angle was noted. Overall, the dip coating technique proved to be 

a simple and effective method for fabricating superhydrophobic coatings with promising practical 

applications. 
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Abstract 

In this study, a superhydrophobic coating was fabricated by spray-depositing a composite solution of 

Polystyrene (PS) and Methyltrichlorosilane (MTCS)-modified silica nanoparticles onto glass substrates. 

Initially, silica nanoparticles were synthesized via a sol-gel process in a basic condition using tetraethyl 

orthosilicate (TEOS) as the precursor. The resulting particles were subsequently functionalized with MTCS 

to introduce low-surface-energy methyl groups. These modified nanoparticles were then dispersed in a PS 

solution to formulate a sprayable suspension. Upon deposition and drying, the coated glass surfaces 

exhibited a high-water contact angle of 166°, indicating excellent superhydrophobicity. Furthermore, the 

coating demonstrated outstanding water jet impact resistance, highlighting its mechanical and chemical 

stability and potential for real-world self-cleaning applications. 

Keywords: Superhydrophobic, silica coating, spray coating, self-cleaning 

1. Introduction 

Self-cleaning superhydrophobic coatings have attracted considerable scientific interest due to their 

exceptional water-repellent performance across a variety of substrates. Inspired by natural examples such as 

lotus leaves and insect wings, these coatings achieve their functionality through the integration of micro- and 

nanoscale surface textures with materials of inherently low surface energy. Superhydrophobicity is typically 

characterized by a water contact angle exceeding 150° and low contact angle hysteresis, enabling water 

droplets to bead up and roll off the surface effortlessly, removing dust and other contaminants in the process. 

This behavior is primarily governed by the synergy between surface roughness at multiple length scales and 

chemical modifications that reduce adhesion between water and the surface [1]. Achieving 

superhydrophobicity relies heavily on the presence of surface roughness. The Wenzel and Cassie-Baxter 

models explain how surface texture influences wettability, either enhancing or reducing it depending on the 

interaction between the liquid and the rough features. Superhydrophobic behavior is typically associated 

with the Cassie-Baxter state, where air pockets remain trapped beneath the water droplet, minimizing solid–

liquid contact. This effect is most effectively achieved on hierarchical surfaces, where microscale structures 

are further decorated with nanoscale features. To complement this surface architecture, materials with 

inherently low surface energy such as fluorinated compounds or silicones are often used, as they reduce the 

attraction between water molecules and the surface, thereby enhance the water-repellent properties [2]. 

Because of their very special properties, superhydrophobic coatings have very broad applications. Notably, 

in self-cleaning surfaces, droplets roll off and take out dirt and contaminants [3]. 

Darmawan et al. [4] developed a thin hydrophobic silica layer by varying the concentration of the TMCS 

and TEOS precursors. This study reported that, higher concentration leads to elevation in WCA. Also, 

decrease trend in WCA was observed by elevating the calcination temperature. Kurbanova et al. [5] 

fabricated superhydrophobic coating of SiO2/TMCS via spray deposition for self-cleaning application. The 
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coating exhibited high WCA of 165° with SA less than 10° which showed excellent self-cleaning ability 

against sands during self-cleaning performance. Sutar et al. [6] developed PS/OTS coating on SS mesh to 

achieve superhydrophobic attributions via dip coating method. The consecutive layers of PS and OTS was 

able to generate hierarchical rough structure which exhibited high WCA of 157.5 ± 2° and SA of 6 ± 2°. In 

the present study, we have prepared a superhydrophobic coating on a glass substrate via facile spray coating 

technique. In a composite solution of TMCS modified silica particles and PS prepared sample exhibited high 

water contact angle of 166° and SA of less than 5°. Furthermore, to access the durability of the coating 

various mechanical and chemical tests were performed. 

2. Experimental 

2.1 Materials 

Polystyrene (PS, Mw ~ 280000), Tetraethylorthosilicate (TEOS, 98%) and Trimethylchlorosilane 

(TMCS) were purchased from Sigma Aldrich.  Hexane, toluene, ammonia solution (NH4OH – 25%), ethanol 

(99.9%) was procured from Loba Chemie. Glass slides (CAT. No. 72900135) was obtained from Riveria, 

India. 

2.2 Preparation of hydrophobic silica nanoparticles 

In 20 mL of ethanol, 5 mL of distilled water and 4 mL of TEOS were added. This solution was 

stirred about 20 min then 5 mL of NH4OH was added and stirring continued for 6 h. The white solution then 

aged overnight. The dried solution was ground to earn fine silica particles. The grounded silica nanoparticles 

were added in the 10 v/v% TMCS-Hexane solution and stirred for 2 h at 60 ℃. Finally, these silica 

nanoparticles were grounded to earn hydrophobic silica nanoparticles. 

2.3 Fabrication of superhydrophobic coating 

A 16 mg PS was dissolved in 20 mL of toluene by stirring for 30 min. Then 200 mg as prepared 

silica particles were added in PS solution and further stirred for 30 min. The final solution was sprayed on 

clean glass substrate from a distance of 10 cm at a pressure of 2 bar. Finally, the spray coated glass samples 

dried at 100 ℃ for 1 h. 

3. Results and discussion 

Silica nanoparticles were successfully synthesized using the sol-gel method under basic conditions by 

utilising TEOS as the silica precursor. The alkaline environment facilitated controlled hydrolysis and 

condensation, yielding silica nanoparticles. These nanoparticles were subsequently modified using 

methyltrichlorosilane (MTCS), which reacts with surface silanol groups to introduce hydrophobic methyl (-

CH₃) functionalities. The MTCS modification not only reduces the surface energy of the silica particles but 

also enhances compatibility with the hydrophobic polymer matrix of polystyrene. the sprayed coating 

formed a hierarchical surface topology. The micro/nanostructured roughness was generated by the random 

stacking of MTCS-modified silica nanoparticles embedded within the polystyrene matrix. This dual-scale 

roughness is essential for achieving the Cassie-Baxter wetting state, which traps air and minimizes water-

solid contact.  

The water contact angle (WCA) measured on the coated glass surface was found to be 166°, indicating 

outstanding superhydrophobicity. The high contact angle can be attributed to the synergistic effect of the 

low-surface-energy MTCS groups and the hierarchical roughness imparted by the silica nanoparticles. The 

sliding angle (SA) was observed to be below 5°, demonstrating excellent water repellency and low adhesion, 

allowing water droplets to easily roll off the surface. To evaluate the mechanical robustness of the coating, a 



VIVEK RESEARCH E-JOURNAL                    VOL. VIII, NO. II, June, 2025                         ISSN: 2581-8848 
 

 

Vivek Research E-Journal - A National Multi-disciplinary Peer Reviewed Bi-annual E-Journal     Page 47 

water jet impact test was performed. The superhydrophobic surface retained its high contact angle and low 

sliding angle even after continuous exposure to a high-velocity water stream for several minutes. This 

indicates strong adhesion of the coating to the substrate and mechanical stability of the hierarchical surface 

features. The success in withstanding water jet impact demonstrates the potential application of this coating 

in real-world self-cleaning environments, where exposure to rain, spray, or washing is common.  

 

Figure 1. An optical image of (a) different colour water droplets and (b) water jet impact test on 

superhydrophobic sample. 

To evaluate the mechanical and chemical robustness of the superhydrophobic glass samples, a series 

of durability tests were performed. The variation in water contact angle (WCA) was recorded as a measure 

of surface wettability. The adhesive tape peeling test (Figure 2a) was conducted to assess the mechanical 

adhesion and robustness of the coating under repetitive stress. The initial WCA of the pristine surface was 

166°, indicating excellent superhydrophobicity. However, with each successive peeling cycle, the contact 

angle showed a gradual decline. After four tape peelings, the WCA dropped to around 91.2°, suggesting 

partial removal or deformation of the hierarchical surface structure responsible for hydrophobicity. In the 

sandpaper abrasion test (Figure 2b), the coated glass substrate was dragged over a standardized abrasive 

surface to simulate physical wear. The WCA decreased steadily from 166° to about 98° as the total dragging 

distance increased from 0 to 60 cm. This behavior confirms that abrasion deteriorates the surface texture, 

thereby reducing the air-trapping ability essential for sustaining superhydrophobicity. While the coating 

retained some hydrophobic character. 

To further assess durability under fluid interaction, a water impact test was performed by 

continuously pouring water over the surface (Figure 2c). The contact angle remained relatively stable up to 

400 mL of water but then exhibited a noticeable decline, reaching 112.4° after exposure to 1000 mL of 

water. This drop reflects partial damage to the micro/nanoscale roughness or possible leaching of the 

hydrophobic components, highlighting that prolonged exposure to dynamic water flow can compromise the 

superhydrophobic performance. In contrast, the coating demonstrated excellent chemical stability when 

exposed to aqueous water droplets of varying pH values ranging from 2 to 12 (Figure 2d). The WCA 

remained consistently high across the entire pH range, varying only slightly between 165° and 172°. This 

indicates that the surface chemistry of the coating is resistant to acidic and basic environments, thereby 

confirming the chemical robustness of the MTCS-polystyrene-based system. 
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Figure 2. Water contact angle variations under (a) adhesive tape test, (b) sandpaper abrasion test, (c) water 

droplet impact and (d) different pH water droplets of the superhydrophobic coating. 

4. Conclusion 

This study reports a superhydrophobic coating by spraying a mixture of MTCS-modified silica 

nanoparticles and polystyrene onto glass. The surface showed excellent water repellency, with a contact 

angle of 166°, and stayed highly water-resistant even under strong water jet impact. Furthermore, the 

prepared sample exhibited good stability under mechanical tests such as adhesive tape test, sandpaper 

abrasion test and water droplet impact test. Also, excellent resistance to different pH water droplets. 

Therefore, this simple spray-based coating holds strong potential for real-world applications like self-

cleaning glass.  
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दक्षिण महाराष्ट्रातील क्षिवडक जैि व्यक्षिमतवाांचा ऐक्षतहाक्षिक आढावा. 
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घोषवारा: 

दविण महाराष्ट्र हा ऐविहावसक, सांस्कृविक आवण सामावजकदृष््टया समदृ्ध असा प्रदशे आह.े या भभूागाला जैन धमााचा 

हजारो िर्ाांचा िैभिशाली िारसा लाभलेला आह.े जैन धमा हा भारिािील एक प्राचीन धमा असनू, िो लोकशाही मलू्यांिर 

आधाररि समिा, अवहसंा आवण सवहष्ट्णुिेचा परुस्कार करिो. महाराष्ट्रािील जैन समाज केिळ धावमाकच नव्ह,े िर सामावजक, 

शैिवणक, आवर्थाक, सांस्कृविक आवण औद्योवगक िेत्ांिही अग्रगण्य रावहला आह.े विशेर्िः कोल्हापरू, सांगली, सोलापरू, 

रत्नावगरी आवण वसंधदुगुा या वजल््ांमध्ये जैन समाजाने समाजाच्या सिाांगीण विकासाि मोलाची भवूमका बजािली आह.े 

महाराष्ट्रािील जैन समाजाची ओळख केिळ 'गजुरािी-मारिाडी व्यापारी' अशी मयाावदि न ठेििा, िो मराठी भावर्क, 

स्र्थावनक आवण वदगंबर परंपरेचा िारसा जपणारा एक महत्त्िाचा समाज घटक म्हणनूही ओळखला जािो. चिरु्था, पंचम, सैििाल, 

कासार अशा विविध जािीय घटकांमधनू जैन समाजाने आपली स्ििंत् ओळख वनमााण केली आह.े जैन कासार समाज, सैििाल 

समाज, पंचम समाज, िसेच श्वेिांबर आवण वदगंबर परंपरेिील विविध संघटना, संस्र्था आवण व्यविमत्त्िे यांनी समाजाच्या संघटन, 

धमाप्रसार, वशिण, आरोग्य, उद्योग, कला, सावहत्य आवण सामावजक सधुारणांमध्ये मोठे योगदान वदले आह.े 

िांज्ञा पाररभाक्षषक शब्द: दविण महाराष्ट्र, लोकशाही, अवहसंा, सवहष्ट्णिुा, श्वेिांबर, वदगंबर 

प्रस्ताविा: 

दविण महाराष्ट्रािील जैन समाजाच्या इविहासाचा मागोिा घेिल्यास, प्राचीन काळापासनू या समाजाने महाराष्ट्राच्या 

सांस्कृविक आवण सामावजक जीिनािर आपला ठसा उमटिला आह.े प्राचीन मराठी भारे्िील पवहले वशलालेख, सावहत्यवनवमािी, 

स्र्थापत्यकला, भव्य मंवदरे, गुंफा, पाणी व्यिस्र्थापनाची सोय, वशिणसंस्र्था, धमाशाळा, िसेच विविध सामावजक उपक्रम यामध्ये जैन 

समाजाचा मोठा िाटा आह.े जैन कासार समाज, पंचम समाज, सैििाल समाज आवण इिर घटकांनी महाराष्ट्राच्या ग्रामीण आवण 

शहरी दोन्ही भागांि आपली सामावजक बांवधलकी साित्याने जपली आह.े 'जैन कासार समाज संस्र्था', 'दविण भारि जैन सभा', 

'जैन कासार समाचार' मावसक, विविध धमाशाळा, शैिवणक संस्र्था, मवहला संघटना, यिुक मंडळे, िसेच अनेक सेिाभािी संस्र्था 

यांद्वारे समाजाने संघवटिपणे काया केले आह.े 

या भागािील जैन व्यविमत्त्िांनी केिळ धमाप्रसारच नव्ह,े िर समाजसधुारणा, स्त्री-उन्निी (स्त्री-उद्धार), वशिण, आरोग्य, 

उद्योग, सावहत्य, कला, पयाािरण संरिण आवण दानधमा अशा विविध िेत्ांि आपला अमलू्य ठसा उमटिला आह.े अनेक जैन 

साध-ूसाध्िी, मनुी, विद्वान, सावहवत्यक, उद्योगपिी, समाजसेिक, मवहला नेत्या आवण िरुण कायाकिे यांनी समाजाच्या आवण 

पयाायाने दशेाच्या प्रगिीसाठी मोलाचे योगदान वदले आह.े र्थोडक्याि, दविण महाराष्ट्रािील जैन समाजाचा हा प्रिास म्हणजे परंपरा 

आवण आधवुनकिा, धमा आवण समाजकारण, स्र्थावनकिा आवण जागविकिा यांचा एक सुंदर संगम आह.े प्रस्ििु शोध वनबंधािनू 

आपण या भागािील जैन व्यविमत्त्िे आवण संस्र्थांच्या योगदानाचा सिाांगीण आढािा घेणार आहोि. 
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१. हुतातमा मोतीचांद : 

  मोिीचंद यांचा जन्म १८९० साली सोलापरू वजल््ािील करकंब येर्थे झाला. त्यांना बालपणापासनूच धावमाक ि दशेभिीच े

संस्कार वमळाले. शारीररक आवण बौवद्धक वशिण घेि असिानाच त्यांनी सािरकरांचे जोसेफ मॅवझनी, योगी अरविंदांचे िंद ेमािरम ्

यांसारखी प्रेरणादायक पसु्िके िाचनू दशेभिीची प्रेरणा घेिली. सोलापरुािील दिेचंद कस्िरुचंद (नंिरचे मवुनश्री संमिभद्र महाराज) 

यांच्याशी मैत्ी होऊन दोघांनी १९०६ साली ‘जैन बालोत्तेजक समाज’ या संघटनेची स्र्थापना केली, ज्याचे उद्घाटन लोकमान्य 

वटळकांनी केले. मोिीचंदांनी वटळकांच्या राष्ट्रीय विद्यालय स्र्थापनेसाठी वनधी संकलनाि मदि केली. पढुे त्यांनी सशस्त्र क्रांिीि भाग 

घेिला. “राजस्र्थानमधील वनमच गािािील मठाधीशाच्या संपत्तीचा िापर क्रांिीसाठी करण्याचा कट रचण्याि आला, ज्याि 

मोिीचंद सहभागी होिे; या कारिाईनंिर विवटशांनी शोधमोहीम राबिली, आवण महेंद्रकुमार नाटक प्रकरणाच्या माध्यमािनू 

मोिीचंदांसह अन्य क्रांिीकारकांना अटक झाली. त्यांना खुनासाठी फाशीची वशिा झाली.”१ िरंुुगािील त्यांचे आचरण शांि, उदात्त 

ि साधपुणाला साजेसे होिे. दशेभिीबरोबरच त्यांची जैन धमावनष्ठाही ठळक होिी. मोिीचंद ह े एक महान जैन क्रांिीकारक होिे 

ज्यांचे स्िािंत्र्यलढ्यािील योगदान अिलुनीय आह.े 

२. आण्णािाहेब लटे्ठ: 

   जैन समाजािील र्थोर नेिे आण्णासाहबे बाबाजी लटे्ठ यांचा जन्म ९ वडसेंबर १८७८ रोजी कुरंदिाड येर्थे झाला. 

त्यांनी १८९५ मध्ये मॅरीक ि १९०१ डेक्कन कॉलेजमधनू मुंबई विद्यापीठाची बी. ए. पदिी वमळिली. १९०३ मध्ये उच्च श्रेणीिनू 

एम. ए. पदिी उत्तीणा झाले. त्या काळामध्ये एम. ए. होणारे आण्णासाहबे लटे्ठ ह ेजैन समाजािील पवहलेच विद्यार्थी होिे. “१८९९ 

मध्ये ियाच्या एकविसाव्या िर्ी दविण महाराष्ट्र जैन सभा स्र्थापन करण्याि त्यांचा पढुाकार होिा; 'वजनविजय' या मावसकाचे 

संपादकत्िही सरुिािीच्या काळाि त्यांच्याकडे होिे.”२  

जैन समाजािील प्रविष्ठीि जैन व्यिींमाफा ि त्यांचा कोल्हापरूच्या राजर्ी शाहू छत्पिींशी वनकटचा संपका  आला. १९११ 

मध्ये लटे्ठची कोल्हापरू संस्र्थानाचे विद्यावधकारी म्हणनू नेमणकू करण्याि आली. १९१५ मध्ये त्यांनी डेक्कन िाह्मणेिर सभेची 

बेळगािमध्ये स्र्थापना केली. १९१६ साली पणु्याच्या लॉ कॉलेजमधनू एल. एल. बी. झाले. “त्यांनी १९१८ मध्ये 'डेक्कन रयि' हे 

इगं्रजी साप्तावहक सरुु केले.” ३  

१९२१ िे १९२९ या कालािधीि िे कोल्हापरू संस्र्थानाच्या विधीमंडळाचे सदस्य होिे. १९२४ मध्ये त्यांनी िाह्मणेिर 

कााँग्रेसचे अवधिेशन भरविले. “१९२७ साली आण्णासाहेब लटे्ठ  आवण गांधीजी यांची भेट झाली; १९३० मध्ये संस्र्थावनकांच्या 

माफा ि बाज ूमांडण्यासाठी इगं्लंडला गोलमेज पररर्दसेाठी गेले.” ४  

आण्णासाहबे लटे्ठ ह ेविटीश सरकारने वदलेल्या सिा पदव्यांचा त्याग करन कााँग्रेस पिाि आले होिे. त्या काळाि कााँग्रेस 

पि म्हणजे स्िािंत्र्यासाठी लढणारा पि अशी भवूमका असल्याने लटे्ठनी कााँग्रेसमध्ये प्रिेश केला होिा. “आण्णासाहिे लटे्ठनी 

स्िािंत्र्यचळिळीि सामान्य स्िािंत्र्यसैवनकाने ज्याप्रमाणे लढा वदला त्याप्रमाणे लढा वदला नसला िरीही संस्र्थाची राज्ययंत्णा 

कायािमपणे पाहणे, राष्ट्रीय स्िािंत्र्यासाठी जनजागिृी करणे यासारखे स्िािंत्र्यचळिळीला पोर्क असे काया त्यांनी केले.” ५   

३. हुतातमा आण्णािाहेब पत्रावळे : 

  आण्णासाहबे व्यंकाप्पा पत्ािळे यांचा जन्म १९२५ मध्ये कोल्हापरू वजल््ािील हािकणंगले येर्थे झाला. १९३८ मध्य े

आण्णा साििी पास झाले होिे. शालेय जीिनाि हुशार असल्याने त्यांना स्कॉलरवशपही वमळाली होिी. लहानपणािच त्यांना 

दशेाच्या स्िािंत्र्यासाठी काहीिरी करािे असे त्यांना िाटू लागले. घरची पररवस्र्थिी चांगली असिांनाही गोरगररबांना चांगले अन्न 

खाियास वमळि नाही असे िाटून आण्णा ह ेसाधेच जेिण घेि असि. लहानपणी राष्ट्रीय पढुाऱयांची स्फूिीदायी चररते् ि महात्मा 
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गांधी यांचे हररजन ितृ्तपत्ािील लेख िाचल्यामळेु िे स्िािंत्र्य वमळविण्याच्या भािनेने प्रेररि झाले होिे. “१९४२ मध्ये िावर्ाक 

परीिा आण्णांनी चांगली वदली पण प्रत्येक उत्तरपवत्केि 'गरुुजनहो, नोकरी सोडा, दशे स्ििंत् करण्यासाठी क्रांिीकायााि भाग घ्या,' 

असे वलहून ठेिले.” ६  

आण्णाच्या ियाच्या अठराव्या ि सांगली स्टेशनच्या चौकाि स्िािंत्र्यचळिळीच्या प्रचारार्था सभा चाल ूहोिी. या सभेिर 

पोलीसांनी गोळीबार केला. त्याि अनेक लोक जखमी, घायाळ झाले होिे. या लोकांना दिाखान्याि नेण्यासाठी आण्णा ह ेवहमिीने 

पढुे गेले. त्याचा पोलीसांना राग आला होिा. त्यांनी आण्णांच्या कारिायािर बारकाईने लि ठेिनू सांगलीच्या बरुुड गल्लीि बैठक 

चाल ू असिाना अचानक छापा टाकला, आण्णा पत्ािळेना अटक करन सांगलीच्या जेलमध्ये ठेिण्याि आले. जेलमध्य े

आण्णाबरोबर िसंिदादा ही होिे. एके वदिशी जेलमध्ये बंद असणाऱया सिा क्रािीकारकांनी िरंुुग फोडून बाहरे पळ काढला पोलीस 

सिा क्रांिीकारकांच्या मागाािर होिे. पोलीसांनी क्रांिीकारकांिर गोळ्या झाडल्या. त्यािलीच एक गोळी आण्णांना लागनू िे 

स्िािंत्र्यासाठी हुिात्मे झाले. आजही सांगलीमध्ये आण्णासाहबेांच्या स्िािंत्र्यासाठी वदलेल्या लढ्याची आठिण ठेिण्यासाठी िेर्थे 

‘हुिात्मा आण्णासाहबे पत्ािळे चौक’ उभारला आह.े 

४. भूपाल अणस्कुरे : 

  भरू्ाल अणस्कुरे यांचा जन्म १९२७ मध्ये कोल्हापरू वजल््ािील वठकपलुीं, िा. राधानगरी या गािी झाला. त्यांचे वशिण 

सहािीपयांि झाले. ियाच्या िेराव्या-चौदाव्या िर्ाापासनू वकराणा दकुान चालिनू घरच्या पररवस्र्थिीस हािभार लािला. व्यापाराच्या 

वनवमत्ताने सांगलीला येणे-जाणे होि असिांना त्यांची स्िािंत्र्यसैवनक पी. बी. पाटील यांच्याशी भेट झाली. त्यांच्या पररचयाने भपूाल 

अणस्कुरे यांची स्िािंत्र्य लढ्याि सहभाग घेण्याची इच्छा िाढू लागली. त्यांच्या स्िािंत्र्यचळिळीच्या ओढीने त्यांनी लग्न न करिा 

स्िािंत्र्याि सहभाग घेणे अवधक पसंि केले. “भपूाल यांनी १९४२ ची 'भारि छोडो' चळिळ चाल ू असिांना भवूमगि राहून या 

चळिळीि काया करणाऱया स्िािंत्र्यसैवनकांच्या जेिणाची ि और्धपाण्याची िे व्यिस्र्था पाहि; िसेच िे क्रांिीकारकांना बंदकुा, 

बााँब, डायनामाईट या िस्िहूी परुिि.” ७ 

भवूमगिांना भपूाल यांनी मदि केल्याने विटीश सरकारने त्यांना अटक केली. िरंुुगाि असिांना त्यांचा अनवन्िि छळ 

करण्याि आला. िरंुुगािनू सटुण्यासाठी विवटशांनी त्यांना माफीचा सािीदार होण्यास सांवगिले पण त्यामुळे आपल्याच सहकाऱयांना 

विटीश पकडिील ह ेलिाि आल्याने त्यांनी माफीचा सािीदार होण्यास नकार वदला. कोल्हापरूचे बापसूाहबे वमरजे यांनी पाच हजार 

रपयांच्या जामीनािर भपूाल अणस्कुरे यांची सटुका करन आणली. िरंुुगािील अनवन्िि छळामळेु भपूाल यांची प्रकृिी वबघडली 

होिी. त्यामुळे त्यांच्यािर वमरजेि उपचार सरु होिे. १९४५ मध्ये विटीशांनी पनु्हा त्यांच्याविरुद्ध खटला भरला. पण त्याच वदिशी 

त्याचा स्िगािास झाला. विटीश या स्िािंत्र्यप्रेमी दशेभिाचे काहीही वबघडि ूशकले नाही. 

५. स्वातांत्र्यवीर िातप्पा : 

  कोल्हापरू वजल््ािील कडिी वशिापरू या गािी १९१४ मध्ये सािप्पाचा जन्म झाला. सािप्पाचे वशिण बेिाचेच झाले. 

गािामध्ये िे शेिी करायचे. वटळकयगु संपनू गांधीयगुाला सरुुिाि झाली होिी. १९३० मध्ये गािामध्ये असहकार चळिळीची 

स्ियंसेिक दले वनमााण झाली होिी त्याि त्यांनी सहभाग नोंदविला. या पर्थकामाफा ि त्यांनी आजबूाजूच्या खेड्यामध्ये स्िािंत्र्यप्रेरणा 

जागिृ केली. “१९४० च्या िैयविक सत्याग्रहाि सािप्पांनी दोनिेळा सहभाग घेिला; त्यासाठी त्यांना दोनदा वहडंलगा िरंुुगाि जािे 

लागले होिे.” ८  

गांधीजींचा ऑगस्टचा क्रांिीसंदशे १२ ऑगस्टला वशिापरूाि पोहचला. सािप्पांनी चािडीिर विरंगा फडकािला ि गािाि 

सभा आवण वमरिणकू काढली. १५ ऑगस्टला कडिी वशिापरूमध्ये चाळीसे िे पन्नास बंदकूधारी ि दहा-पंधरा लाठीधारी पोलीस 
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गािाि आले. सािाप्पाच्या नेितृ्िाखाली वनघालेली प्रभािफेरी पोलीसांनी र्थांबिली. पण सािप्पाचा प्रभािफेरी पणूा करण्याचा 

वनधार होिा. िेव्हा पोलीसांनी प्रभािफेरीिील लोकािर लाठीमार, गोळीबार करण्यास सरुिाि केली. सािप्पानी मध्ये राष्ट्रध्िज 

घेऊन िंदमेािरमच्या घोर्णा वदल्या. सािप्पािर पोलीसानी गोळ्या झाडल्या. अखेरच्या िणापयां सािप्पाचा िंद ेमािरम ्जयघोर् 

सरु होिा. अशा पद्धिीने सािप्पाने दशेासाठी विस्मरण पत्करले. 

६. स्वातांत्र्यिैक्षिक बी. एि. पाटील : 

  स्िािंत्र्यसैवनक बी. एस. पाटील यांचा जन्म गडवहंग्लज जिळच्या वगजिणे या गािी १८ एवप्रल, १९२७ मध्ये झाला. त्यांचे 

पणूा नाि बाबरूाि सािगोंडा पाटील होिे. बी. एस. पाटील यांनी शेिीिर स्ियंस्फूिीने काम करि आपले वशिण घेिले. त्या 

काळामध्ये दशेासाठी लढणाऱया माधिराि बागल, रत्नाप्पा कंुभार, वदनकरराि मदु्राळे, पी. बी. पाटील यांचा आदशा बी. एस. 

पाटील यांच्या समोर होिा. शालेय जीिनािच बी. एस. पाटलांनी खादी िापरायला सरु करन स्िािंत्र्यलढ्याि उडी घेिली. ८ 

ऑगस्ट १९४२ मध्ये गांधीजींनी मुंबईच्या गिावलया टंक  मैदानािर 'चले जाि'ची हाक दऊेन इगं्रजांना भारि सोडून जाण्यास 

सांवगिले. याची मावहिी वमळिाच १० ऑगस्टला गडवहंग्लजला आल्यानंिर बी. एस. पाटील यांना शाळेिील वमत्ांना एकत् करन 

गािाि भव्य वमरिणूक काढली.  

या वमरिणकूीनंिर झालेल्या सभेि बी. एस. पाटील यांनी दशेभिीने ओर्थबलेले प्रभािी भार्ण केले. बी. एस. पाटील ि 

त्यांच्या समविचारी वमत्ांच्या मनाि जहाल क्रांिीचे विचार येऊ लागले. बी. एस. पाटील यांच्या पढुाकाराने 'निजीिन पिाची' 

स्र्थापना करण्याि आली. या पिाने भवूमगि राहून विटीशांना सळो की पळो करण्याचे धोरण स्िीकारले. त्याचाच एक भाग म्हणनू 

बी. एस. पाटील ि त्यांच्या सहकाऱयांनी गारगोटी येर्थील सरकारी कचेरीिर हल्ला करण्याचे वनविि केले. १३ ऑगस्ट १९४२ मध्ये 

गारगोटी येर्थील कचेरीिर हल्ला करण्याचे ठरविण्याि आले. पण ित्पिूीच काही क्रांिीकारकांनी कचेरीिर हल्ला केला. 

पोलीसांच्या गोळीबाराि साि क्रांिीकारक मारले गेले. या हल्ल्यासाठी बी. एस. पाटील यांनी क्रांिीकारकांना शस्त्रे परुविली अशी 

मावहिी पोलीसांना वमळाल्याने त्यांना अटक करण्यासाठी पोलीस त्यांचा शोध घेऊ लागले. बी. एस. पाटील या काळाि भवूमगि 

होऊन काया कर लागले. “कोल्हापरूाि गािठी बााँबचे प्रयोग करण्यासाठी बी. एस. पाटील येणार असल्याची मावहिी पोलीसांना 

वमळाल्याने बेळगािहून कोल्हापरूला आलेल्या बी. एस. पाटील यांना अटक करण्याि आली.” ९  

िरंुुगाि त्यांचा अनवन्िि छळ करण्याि आला. स्िािंत्र्य चळिळीचा जोर िाढू लागला होिा. गांधीजींनी विटीशांबरोबर 

िाटाघाटी करन १९४७ पिूी सिा राजकैद्यांना सोडले पावहजे, अशी अट घाली. त्यामुळे क्रांिीकारकांची विटीशांनी जेलमधनू 

सटुका केली. त्याि बी. एस. पाटील यांचाही सहभाग होिा. 

७. माक्षणकचांद बांडूचांद दोशी : 

  मावणकचंद यांचा जन्म बंडूचंद ि हुलजबाई यांच्या पोटी २८ फेििुारी १९०८ मध्ये झाला. बालियाि त्यांच्यािर 

जैनधमााचे ि वशिचररत्ाचे संस्कार झाले. वशिणासाठी सोलापरू येर्थे आले असिांना रामकृष्ट्ण जाज,ू डॉ. आंगोळीकर या 

दशेभिांशी त्यांचा संबंध आला. “मळुशीचा सत्याग्रह, जावलयनिाला बाग हत्याकांड, महात्मा गांधीचा बवहष्ट्कार कायाक्रम आवण 

अॅनी बेझंट यांची व्याख्याने यामळेु िे राष्ट्रकायााि दाखल झाले. 

१९४२ च्या 'भारि छोडो' आंदोलनाि त्यांनी खेड्यापाड्याि वफरन जोरदार उठाि घडिून आणला. या मोचााि सहभागी 

झालेल्या लोकािर पोलीसानी गोळीबार केला त्याि सहा लोक शहीद झाले. ७ सप्टेंबर १९४२ रोजी सभेला भार्णाद्वारे संबोधीि 

करि असिांना पोलीसांनी मावणकचंद यांना अटक केली. त्याच्या अटकेमुळे लोकिोभ झाला. वठकवठकाणी अटकेच्या वनरे्धार्था 

हडिाळ पाळण्याि आले. सरकारने मावणकचंदाना सािारा येर्थे एक िर्ा सश्रम कारािास आवण ५० रुपये दडंाची वशिा ठोठािली. 
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िरंुुगामध्ये मावणकचंदानी १२५ ग्रंर्थ िाचले. रत्नककरंड, श्रािकाचार, गीिाई, वद कॅवपटल ह ेग्रंर्थही िाचले. “१९४३ मध्ये िरंुुगािनू 

सटुल्यािर त्यांनी गािोगािी जाऊन राष्ट्रीय सेिादलाचे जाळे विणले; शांििामय सहजीिनासाठी मावणकचंदांनी शांिीसेना वशवबरे 

घेऊन जनशिी संघटीि केली, त्यांच्या कायाामुळे मावणकचंदांना ‘संिश्री’ ि ‘छोटे गांधीजी’ ही उपाधी वमळाली.” १०  

८. देशभि बाबािाहेब खांक्षजरे : 

 यांचा जन्म १९२० मध्ये झाला. यांनी विद्यार्थी दशेपासनूच स्िािंत्र्यलढ्याि सहभाग घेिला. चलेजाि आंदोलनानंिर 

सरकारी कायाालयािर हल्ले करण्यास त्यांनी प्रारंभ केला. अनेक रेल्िे स्टेशन जाळून उदध््िस्ि केली. यामध्ये चदंरू यरे्थील क्रांिी 

सैवनकांनी पढुाकार घेिला होिा. या गटाचे नेितृ्ि शंकरराि पाटील यांच्याकडे होिे. त्यामध्ये कनााटकािील काही स्िािंत्र्यसैवनक 

सावमल झाले होिे. त्यांनी हािकणगले स्टेशन उदध््िस्ि करण्याचा वनणाय घेिला. यामध्ये बाबासाहबे खंवजरे यांचा पढुाकार 

महत्त्िाचा ठरला. या. स्टेशनच्या संरिणासाठी आठ पहारेकरी होिे. त्यांना एका गटान े रोखनू धरले. काहींनी स्टेशन मास्िरला 

िाब्याि घेिल,े भल्या मोठ्या हािोड्याने घण घालनू टेवलग्राफ यंत् फोडले आवण बरोबर आणलेल्या पत्न्नास डब्यािील रॉकेल 

वशपडून स्टेशन इमारिीला आग लािली. सिात् अफिा उठली की, पाचशे लोकांच्या िकुडीने स्टेशन जाळले. या घटनेिील 

सहभागींची नािे पोलीसांनी शोधली. सहा मवहने खटला चालला. त्याि २९ आरोपीपैकी २३ जणांना ५ िर्ाांची सत्तमजुरी ि ५०० 

रु. दडं ठोठािण्याि आला. यामध्ये बाबासाहबे खंवजरेचा सहभाग होिा. “पढुे स्िािंत्र्य वमळाल्यािर इचलकरंजी ि सभोििालची 

गािे महाराष्ट्राि यािी म्हणनू दशेभि बाबासाहबे खंवजरेंनी मौवलक काया केले.” ११ िे आमदार असल्याने त्यांचे म्हणणे मान्य करािे 

लागले. िसेच इचलकरंजी नगरीचा कायापालट घडिनू आणण्यासाठी त्यांनी सहकारी चळिळीचा मागा स्िीकारला.   

९. दादा अप्पाजी बडे: 

  दादा अप्पाजी बडे यांनी स्िािंत्र्यचळिळीि महत्त्िपणूा काया केले. संपणूा महाराष्ट्राला 'बडे मास्िर' म्हणनू पररवचि होिे. 

त्यांचा जन्म ३ ऑगस्ट, १९०८ मध्ये इस्लामपरू येर्थे झाला. साििीपयांिचे वशिण पणूा करन त्यांनी वशिकाची नोकरी पत्करली. ४ 

एवप्रल १९३० मध्ये नोकरीचा राजीनामा दऊेन गांधीजींच्या वमठाच्या सत्याग्रहाि सहभागी झाले. २८ मे १९३० रोजी धरासना येर्थ े

बडे गरुुजी आवण त्यांचे ६५ सहकारी गेले असिा विवटशांनी त्यांना सत्याग्रह र्थांबिण्याबाबि सांवगिलं. त्यािेळी बडे गरुुजींनी 

त्यांना बाणेदार उत्तर वदल ‘आम्ही र्थांबण्यासाठी आलेलो नाही िर मीठ नेण्यासाठी आलो आहोि’. राष्ट्रीय कााँग्रसेची सभासद 

संख्या िाढविणे, ग्रामोद्योग, दारबंदी, अस्पशृ्यिा वनिारण, स्त्री-वशिण इत्यादी काया अव्याहिपणे केले. 'चले जाि' आंदोलनािही 

त्यांनी सक्रीय भवूमका घेिली. “'राष्ट्रसेिा दल' या प्रविसरकारमधील संस्र्थेिही त्यांनी िरुणांना प्रवशिण दणे्याचे महत्त्िाचे काया 

केले.” १२  

क्षिष्ट्कषष: 

दविण महाराष्ट्रािील जैन समाजाचा इविहास, त्यािील व्यविमत्त्िांचे काया आवण संस्र्थांच ेयोगदान ह ेकेिळ या प्रदशेापरुिे 

मयाावदि नसनू, महाराष्ट्राच्या आवण दशेाच्या सामावजक-सांस्कृविक जीिनािरही आपला ठसा उमटिणारे आह.े या प्रकरणाचा 

सखोल अभ्यास केल्यानंिर ह े स्पष्टपणे लिाि येिे की, जैन समाजाने आपल्या मलू्यांिर, परंपरांिर आवण आधवुनकिेच्या 

स्िीकारािर आधारलेली समाजसेिा, वशिण, उद्योग, सावहत्य, कला, पयाािरण, आरोग्य आवण स्त्री-उन्निी अशा विविध िेत्ांि 

मोलाची कामवगरी बजािली आह.े 

जैन धमााच्या अवहसंा, अपररग्रह, सत्य आवण समिा या ित्त्िांचा प्रभाि जैन समाजाच्या प्रत्येक कृिीि वदसनू येिो. दविण 

महाराष्ट्रािील जैन समाजाने या ित्त्िांचा अिलंब करि समाजाच्या सिाांगीण विकासासाठी आपले जीिन समवपाि केले आह.े जैन 
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समाजाच्या विविध घटकांनी – कासार, सैििाल, पंचम, श्वेिांबर, वदगंबर – आपापल्या परंपरेनसुार सामावजक, धावमाक आवण 

सांस्कृविक िेत्ांि महत्त्िपूणा योगदान वदले आह.े 

शेिटी, दविण महाराष्ट्रािील जैन समाजाचा प्रिास हा परंपरा आवण आधवुनकिा, धमा आवण समाजकारण, स्र्थावनकिा 

आवण जागविकिा यांचा एक सुंदर संगम आह.े या समाजाने आपल्या किृात्िािनू महाराष्ट्राच्या आवण देशाच्या प्रगिीला एक निी 

वदशा वदली आह.े भविष्ट्यािही जैन समाजाच्या मूल्यांचा, कायााचा आवण संस्र्थांच्या योगदानाचा आदशा समाजािील इिर 

घटकांसाठी प्रेरणादायी ठरेल, याि शंका नाही. अशा प्रकारे, दविण महाराष्ट्रािील जैन व्यविमत्त्िे ि संस्र्थांच ेयोगदान ह ेसमाजाच्या 

सिाांगीण विकासासाठी आवण मानिी मलू्यांच्या संिधानासाठी अत्यंि महत्त्िाचे आह.े या योगदानाचा अभ्यास केल्याने समाजसेिा, 

नेितृ्ि, धमा, वशिण, उद्योग आवण आधवुनकिेचा संगम कसा साधािा, ह ेवशकायला वमळिे. 
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