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Abstract 
In present scenario the application of Polymer chemistry is various domain. It is used in sensing the 
moisture. This paper explores the synthesis and application of zinc oxide nanoparticles (ZnO-NP) 
deposited on polymer-based hygroscopic substrates to enhance the dielectric properties of capacitive 
sensors. The novel composite material, comprising ZnO-NP and cellulose-based substrates, offers 
superior moisture sensitivity, stability, and cost-effectiveness compared to conventional sensing 
materials. The synthesis process involves the controlled deposition of ZnO-NP onto polymer matrices, 
ensuring uniform distribution and optimal interaction with moisture. There are many ways which is 
used to confirm structural integrity of the composites. The integration of ZnO-NP enhances the 
dielectric response by increasing the polarization effect, thereby improving sensor accuracy and 
responsiveness. This study focuses on the application of ZnO-NP-polymer composites in tertiary 
packaging systems, where moisture monitoring is crucial for product integrity and shelf life. Compared 
to traditional moisture sensors, these composites demonstrate higher sensitivity, faster response times, 
and reduced environmental impact due to their biodegradable nature. The findings of this research 
highlight the potential of ZnO-NP-polymer composites as next-generation moisture sensors with 
applications in food packaging, pharmaceuticals, and environmental monitoring. Future research will 
explore further optimization and real-world implementation of these materials in industrial settings. 
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INTRODUCTION 

The application of polymer-based composites in 
sensor technology has gained significant attention 
due to their versatility, ease of processing, and 
tunable properties. These materials have been 
widely explored for their potential to enhance the 
performance of various sensing devices, 
particularly in environmental and industrial 
monitoring. Among these, zinc oxide nanoparticles 
(ZnO-NP), a widely used metal oxide 
semiconductor, exhibit remarkable dielectric 
properties that significantly enhance the sensitivity 
of capacitive sensors.[1] Their high surface area, 
excellent electrical characteristics, and ability to 
interact with moisture molecules make them ideal 
for integration into advanced moisture detection 
systems. 
 

When combined with hygroscopic polymeric 
materials such as cellulose, ZnO-NP composites 
provide a novel solution for real-time moisture 

*Author for Correspondence 

Jayant Rajaram Pawar 
 
1Associate Professor, Department of Biotechnology, Krishna 

Vishwa Vidyapeeth Deemed to be University, Karad, 
Maharashtra, India 
2Scientist, Department of Biotechnology, Centre for Materials 

for Electronics Technology (C-MET), Pune, Maharashtra, 
India 
3Associate Professor, Department of Biotechnology, Rajiv 

Gandhi Institute of IT & Biotechnology, Bharati Vidyapeeth 
Deemed to be University Katraj, Pune, Maharashtra, India 
4Research Associate, Department of Biotechnology, Krishna 

Vishwa Vidyapeeth Deemed to be University, Karad, 
Maharashtra, India 
5Assistant Professor, Department of Pharmacognosy, Krishna 

Institute of Pharmacy, Krishna Vishwa Vidyapeeth Deemed to 
be University, Karad, Maharashtra, India 

 

Received Date: February 28, 2025 
Accepted Date: March 21, 2025 

Published Date: May 30, 2025 

 
Citation: Jayant Rajaram Pawar, Manish Shinde, E.A. Singh, 

Amar Mohite, Rohan S. Phatak. Advances in Polymer 

Chemistry for Zinc Oxide Nanoparticle-Based Composites in 
Moisture Sensing Applications. Journal of Polymer & 
Composites. 2025; 13(Special Issue 5): S79–S85p. 



 

 

Advances in Polymer Chemistry for Zinc Oxide Nanoparticle                                                               Pawar et al. 

 

 

© STM Journals 2025. All Rights Reserved S80  
 

detection, particularly in industrial packaging systems. Cellulose-based materials are inherently 
hydrophilic, allowing efficient moisture absorption, while ZnO-NP contributes to enhanced dielectric 
response, leading to improved sensor accuracy and responsiveness.[2] The synergy between ZnO-NP 
and polymer substrates facilitates better charge distribution and polarization effects, resulting in more 
precise capacitive measurements. 
 

The synthesis of ZnO-NP-polymer composites involves a controlled deposition process, ensuring 
uniform distribution of nanoparticles within the polymer matrix. Various characterization techniques, 

including scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), and 
X-ray diffraction (XRD), are employed to confirm the structural integrity, morphology, and functional 

properties of the composites.[3] These techniques provide crucial insights into the interaction between 
ZnO-NP and the polymer matrix, optimizing the material's performance for sensing applications. 

 

One of the most promising applications of ZnO-NP-polymer composites is in tertiary packaging 
systems, where maintaining optimal humidity levels is critical for product integrity. Excess moisture 

can lead to spoilage, degradation, and reduced shelf life, particularly in food, pharmaceutical, and 
electronic industries. Conventional moisture sensors often suffer from limitations such as slow response 

times, high production costs, and environmental concerns.[4] In contrast, ZnO-NP-polymer composites 
offer several advantages, including higher sensitivity, faster response times, biodegradability, and cost-

effective fabrication processes, making them an attractive alternative for large-scale deployment. Figure 
1 schematically illustrates the process steps for preparing ZnO-NP deposited cellulose paper as 

dielectric substrate. 
 

Moreover, the environmental sustainability of these composites is an important factor in modern 
sensor development. The use of cellulose, a biodegradable and renewable polymer, reduces the 

ecological footprint of moisture sensors while maintaining high performance.[5] This aligns with the 
growing demand for eco-friendly materials in the sensor industry, contributing to a more sustainable 

approach to industrial monitoring. 
 

Beyond packaging applications, ZnO-NP-polymer composites hold potential for broader use in areas 

such as smart agriculture, wearable electronics, and environmental monitoring. Their ability to detect 
and respond to varying humidity levels in real time makes them suitable for precision agriculture, where 

moisture control is essential for optimizing crop yields.[6] Similarly, in wearable electronics, these 
composites can be integrated into smart textiles for health monitoring applications. 

 
Future research will focus on optimizing the synthesis methods, enhancing the stability of ZnO-NP 

within the polymer matrix, and expanding the range of applications for these advanced composites.[7] 
By refining material properties and exploring new fabrication techniques, ZnO-NP-polymer composites 

can revolutionize moisture sensing technology and pave the way for next-generation smart sensors in 
diverse industrial and environmental domains. 

 
POLYMER CHEMISTRY AND COMPOSITE FABRICATION 

Synthesis of ZnO-NP Composites 

The ZnO-NP composite is synthesized by depositing a thin layer of zinc oxide nanoparticles onto a 

cellulose-based substrate, ensuring uniform dispersion and optimal interaction with moisture. The 
synthesis process involves several critical steps to achieve the desired structural and functional 

properties of the composite: 

• Precursor preparation: A 0.2M zinc acetate solution is prepared by dissolving zinc acetate in 
50 mL of deionized water. Simultaneously, 0.8M urea is dissolved in 50 mL of aqueous 

ethylene glycol to facilitate controlled precipitation.[8] 
• Solution mixing: The two solutions are mixed under continuous stirring to form a homogeneous 

precursor solution. This step ensures even distribution of reactants, which is essential for 
uniform nanoparticle growth. 
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• Hydrothermal synthesis: The mixed solution is transferred to an autoclave and heated at 200°C 

for 30 hours, inducing the formation of ZnO nanoparticles through controlled precipitation. The 

autoclaving process promotes crystallinity, influencing the dielectric properties of the final 

composite. 

• Purification and calcination: The synthesized ZnO nanoparticles are purified via centrifugation 

to remove residual reactants and unreacted precursors. Subsequently, the purified ZnO-NP is 

subjected to calcination at 600°C for 8 hours to enhance its porosity, improve crystallinity, and 

remove organic impurities. The resulting material consists of highly porous ZnO-NP flakes 

with enhanced surface area for moisture interaction.[9] 

• Deposition on cellulose substrate: The ZnO-NP flakes are dispersed in ethanol to create a stable 

suspension. The cellulose-based substrate is then dipped into this suspension, ensuring uniform 

coating and effective integration of nanoparticles into the polymer matrix. The dipping process 

may be repeated multiple times to achieve the desired nanoparticle loading, followed by 

controlled drying to maintain adhesion and stability.[10] 

 

Polymer-Based Dielectric Substrates 

Cellulose, a natural polymer, is an excellent hygroscopic matrix for ZnO-NP deposition due to its 

high porosity, moisture absorption capability, and biodegradability. Unlike synthetic polymer 

substrates, cellulose offers an eco-friendly alternative while maintaining desirable mechanical and 

dielectric properties for capacitive sensing applications. 

 

Compared to agar-based composites, cellulose provides several advantages: 

• Enhanced mechanical stability: Cellulose-based composites exhibit superior mechanical 

strength, allowing them to withstand handling, environmental fluctuations, and prolonged usage 

without degradation. This stability is crucial for applications in industrial packaging and real-

time moisture sensing. 

• Extended shelf life: Due to its inherent structural integrity and resistance to microbial 

degradation, cellulose-based substrates offer a longer shelf life compared to agar-based 

alternatives. This makes them more suitable for industrial deployment in moisture-sensitive 

applications.[11] 

• Uniform nanoparticle dispersion: The fibrous structure of cellulose facilitates even distribution 

of ZnO-NP, ensuring consistent dielectric properties across the substrate. This homogeneity 

contributes to improved sensor accuracy, rapid response times, and better reproducibility in real-

world applications. 

 

The synergistic combination of ZnO-NP and cellulose forms a robust composite material with high 

dielectric sensitivity, making it an ideal candidate for advanced capacitive moisture sensors. Future 

studies will explore the impact of cellulose modification on sensor performance and investigate 

alternative biopolymer matrices for further optimization. 

 

CHARACTERIZATION OF ZNO-NP POLYMER COMPOSITES 

Morphological Analysis 

The structural and surface morphology of the ZnO-NP-cellulose composite is analyzed using Field 

Emission Scanning Electron Microscopy (FESEM) and Transmission Electron Microscopy (TEM). 

FESEM images reveal that the ZnO-NP exhibits a highly porous, flake-like morphology, which 

provides an increased surface area for moisture adsorption. The porous nature of ZnO enhances water 

vapor interaction, facilitating rapid changes in dielectric properties. TEM analysis further confirms the 

uniform distribution of ZnO-NP across the cellulose matrix, ensuring effective integration without 

significant nanoparticle agglomeration.[12] This even dispersion is critical for maintaining consistent 

electrical properties and ensuring reproducibility in sensing performance. Additionally, energy-

dispersive X-ray spectroscopy (EDS) mapping validates the presence of ZnO within the polymeric 

substrate, confirming successful nanoparticle deposition. 
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Dielectric and Capacitance Properties 

The dielectric behavior of the ZnO-NP-cellulose composite is evaluated under varying moisture 

conditions to determine its effectiveness in capacitive sensing. Measurements indicate a substantial 

increase in capacitance with rising humidity levels, demonstrating the composite’s high sensitivity to 

moisture fluctuations. This response is attributed to the enhanced dielectric constant of ZnO-NP, which 

facilitates improved charge polarization in the presence of absorbed water molecules. [13] Furthermore, 

real-time capacitance measurements highlight the material’s rapid response and recovery time, proving 

its suitability for continuous humidity monitoring. Compared to conventional moisture sensors, the 

ZnO-NP-cellulose composite exhibits superior sensitivity, making it a promising candidate for 

applications in industrial packaging, environmental monitoring, and smart sensor technologies. 

 

APPLICATION IN MOISTURE SENSING FOR TERTIARY PACKAGING SYSTEMS 

The developed ZnO-NP-cellulose sensor is specifically designed for integration into tertiary 

packaging systems to enable real-time moisture detection. These packaging systems, commonly used 

for food, pharmaceutical, and electronic products, require effective humidity monitoring to prevent 

spoilage, degradation, and potential malfunctions.[14] The ZnO-NP-cellulose sensor addresses these 

challenges by providing an efficient, low-cost, and eco-friendly solution for continuous moisture 

monitoring. 

 

Sensor Design and Components 

The sensor system is constructed using the following key components: 

• Parallel plate capacitors: The core sensing mechanism is based on parallel plate capacitors, 

where the ZnO-NP-cellulose composite serves as the dielectric material. The porous and 

hygroscopic nature of the composite allows for enhanced interaction with moisture, leading to 

significant variations in capacitance in response to humidity changes.[15] 

• Microcontroller-based system: A compact and low-power microcontroller is integrated into the 

sensor setup to facilitate real-time moisture monitoring. The microcontroller continuously 

records capacitance values and converts them into corresponding humidity readings. The 

collected data can be transmitted to a display module, cloud storage, or a wireless communication 

system for remote monitoring.[16] 

• Optimized electrode configuration: The electrode size is carefully optimized at 3 cm × 3 cm, 

ensuring enhanced sensitivity and a uniform electric field across the ZnO-NP-cellulose 

composite. This optimization leads to improved charge polarization and a more accurate response 

to moisture variations. 

 

Comparative Performance Analysis 

To evaluate the effectiveness of the ZnO-NP-cellulose sensor, comparative studies are conducted 

against traditional capacitive moisture sensors. The following performance metrics highlight the 

advantages of the developed sensor: 

• Higher moisture sensitivity: The ZnO-NP-cellulose composite exhibits significantly greater 

changes in capacitance compared to conventional polymer-based dielectric materials. This 

enhanced sensitivity allows for precise detection of minor humidity fluctuations, making the 

sensor ideal for applications requiring real-time environmental control.[17] 

• Improved stability and longevity: Unlike traditional moisture sensors that degrade over time due 

to prolonged exposure to humidity, the ZnO-NP-cellulose composite demonstrates excellent 

structural integrity and long-term performance. The cellulose matrix provides mechanical 

robustness, while the ZnO nanoparticles maintain their dielectric properties even after repeated 

exposure to varying humidity conditions.[18] 

• Low power consumption: The sensor system operates with minimal power requirements, making 

it suitable for energy-efficient applications such as IoT-based smart packaging. The low-power 

microcontroller ensures continuous monitoring while maximizing battery life, a crucial feature 

for large-scale industrial deployment.[19] 
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• Faster response and recovery time: Real-time testing confirms that the ZnO-NP-cellulose sensor 

exhibits rapid response and recovery rates when exposed to changing moisture levels. This 

feature ensures immediate detection of humidity fluctuations, allowing for prompt intervention 

in moisture-sensitive packaging systems.[20] 

 

Potential Industrial Applications 

Beyond tertiary packaging systems, the ZnO-NP-cellulose sensor holds potential for broader 

applications, including: 

• Food and beverage industry: Preventing spoilage by monitoring humidity levels in storage and 

transportation.[21] 

• Pharmaceutical packaging: Ensuring drug stability by detecting excess moisture that may 

compromise medicinal formulations.[22-23] 

• Electronic component storage: Protecting sensitive devices from humidity-induced damage.[24-

25] 

 

Future research will focus on further optimizing sensor performance, developing wireless 

connectivity features, and integrating AI-based predictive analytics for enhanced moisture control in 

industrial applications. 

 

CONCLUSION 

The integration of polymer chemistry in ZnO-NP-based composites provides a robust platform for 

advanced moisture sensing applications. The combination of ZnO nanoparticles with a cellulose-based 

dielectric substrate results in a highly sensitive, stable, and eco-friendly sensing material, making it a 

viable alternative to conventional moisture sensors. The inherent porosity and hygroscopic nature of 

cellulose enhance moisture absorption, while ZnO-NP contributes to superior dielectric properties, 

enabling precise capacitance-based humidity detection. Additionally, the cost-effectiveness and 

biodegradability of cellulose make these composites a sustainable choice for large-scale industrial 

deployment. Future research should focus on optimizing polymer-nanoparticle interactions to further 

improve sensor performance. Modifications to the cellulose matrix, such as functionalization with 

conductive polymers or cross-linking with other biopolymers, could enhance mechanical durability and 

extend the operational lifespan of the sensors. Additionally, exploring alternative biopolymer substrates, 

such as chitosan or starch-based materials, may offer further advancements in moisture sensing 

capabilities. Beyond packaging applications, ZnO-NP-polymer composites have the potential to 

revolutionize humidity sensing in diverse industries. In pharmaceuticals, they could help maintain drug 

stability by ensuring optimal storage conditions. In the textile industry, wearable humidity sensors 

integrated into fabrics could enable smart clothing for health monitoring. By advancing material design 

and integrating wireless connectivity, AI-driven analytics, and IoT capabilities, ZnO-NP-cellulose 

sensors could shape the next generation of intelligent, eco-friendly moisture sensing solutions. 
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