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1. Introduction

The Rapid industrialization has resulted in a substantial increase in the generation of wastewater containing
complex mixtures of organic and inorganic contaminants. Industries such as textiles, pharmaceuticals,
petrochemicals, food processing, and metal finishing discharge effluents that pose serious environmental and
public health risks if inadequately treated. Conventional wastewater treatment methods, including sedimentation,
coagulation, and biological processes, often struggle to meet increasingly stringent discharge regulations due to
limited removal efficiency for dissolved and non-biodegradable pollutants [1]. Membrane-based separation
technologies have gained significant attention as advanced treatment solutions capable of overcoming the
limitations of traditional processes. Filtration membranes provide selective barriers that allow water to pass
while retaining contaminants based on size exclusion, charge interactions, and adsorption phenomena. The
scalability, modularity, and compatibility of membrane systems with existing treatment infrastructure make them
attractive for industrial wastewater applications [2]. Despite their advantages, membrane technologies face
challenges related to fouling, limited flux, and material degradation under harsh industrial conditions. Fouling
caused by organic matter, suspended solids, and microbial growth leads to flux decline, increased energy
consumption, and frequent cleaning requirements. Therefore, the development of high-performance membranes
with enhanced permeability, selectivity, and fouling resistance is critical for improving treatment efficiency and
operational sustainability [3]. Advances in polymer science and fabrication techniques have enabled precise
control over membrane morphology and surface chemistry. Phase inversion methods allow tailoring of pore size
distribution, porosity, and hydrophilicity, directly influencing filtration performance. Incorporation of functional
additives and surface modifications further enhances membrane resistance to fouling and chemical degradation
[4]. This study focuses on the development and experimental evaluation of polymeric filtration membranes
designed specifically for industrial wastewater treatment. The research aims to establish relationships between
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membrane fabrication parameters, structural characteristics, and filtration performance. By systematically
analyzing transport behavior and fouling mechanisms, the study contributes to the optimization of membrane
systems for robust and efficient industrial water management.

2. Membrane Fabrication and Material Characterization

The filtration membranes investigated in this study were fabricated using a controlled phase inversion process,
which is widely employed for producing asymmetric polymeric membranes. A polymer solution was prepared
by dissolving a selected polymer matrix in an appropriate solvent under controlled temperature and stirring
conditions. Additives were incorporated to modify membrane porosity and surface hydrophilicity, enhancing
water permeability and reducing fouling susceptibility [5]. The casting solution was uniformly spread on a glass
substrate and immersed in a non-solvent coagulation bath to induce phase separation. The rate of solvent–non-
solvent exchange governed the formation of membrane microstructure, resulting in a dense selective layer
supported by a porous substructure. Fabrication parameters such as polymer concentration, additive content, and
coagulation conditions were systematically varied to optimize membrane morphology. Physicochemical
characterization of fabricated membranes was performed to evaluate structural and surface properties. Scanning
electron microscopy was used to examine cross-sectional and surface morphology, revealing pore distribution
and layer thickness. Porosity measurements were conducted to quantify void fraction, while contact angle
analysis provided insights into surface wettability. Mechanical strength testing ensured that membranes could
withstand operational pressures encountered in industrial treatment systems. Chemical stability was assessed by
exposing membranes to representative industrial wastewater constituents and evaluating changes in structure and
performance. These characterization steps established a comprehensive understanding of material properties
influencing filtration behavior.

Fig. 1 Membrane Filtration

3. Experimental Setup and Filtration Methodology

The Membrane performance evaluation was conducted using a laboratory-scale cross-flow filtration system
designed to simulate industrial operating conditions. Synthetic wastewater containing representative organic
pollutants, suspended solids, and dissolved contaminants was prepared to ensure reproducibility. The system
allowed precise control of transmembrane pressure, flow rate, and temperature. Pure water permeability tests
were conducted to establish baseline membrane performance. Subsequently, filtration experiments using
wastewater feeds were performed to evaluate flux behavior and contaminant rejection. Key parameters such as



Prateek Et. El DOI: 10.36297/vw.jei.v6i2.811

7

permeate flux, rejection efficiency, and pressure drop were continuously monitored. Fouling behavior was
assessed through extended filtration runs, during which flux decline patterns were recorded. Cleaning protocols
involving physical rinsing and chemical cleaning were applied to evaluate flux recovery and membrane
resilience. The experimental methodology enabled detailed analysis of short-term and long-term membrane
performance under realistic conditions [6].

4. Results and Transport Mechanism Analysis

The developed membranes exhibited significantly higher permeate flux compared to conventional commercial
membranes while maintaining high contaminant rejection efficiency. Enhanced permeability was attributed to
optimized pore structure and increased surface hydrophilicity, which facilitated water transport and reduced
resistance [7]. Flux decline analysis revealed slower fouling rates, indicating improved resistance to organic and
particulate fouling. Transport mechanism analysis suggested that size exclusion dominated rejection behavior for
suspended solids, while adsorption and charge-based interactions contributed to the removal of dissolved
pollutants. Electrostatic interactions between membrane surface and charged contaminants played a critical role
in improving selectivity. The results confirmed that membrane morphology and surface chemistry jointly govern
separation performance, highlighting the importance of integrated design strategies.

5. Fouling Behavior and Performance Sustainability

Fouling experiments demonstrated that the membranes maintained stable performance over extended operation
periods. Flux recovery after cleaning exceeded acceptable thresholds, indicating reversible fouling characteristics.
The hydrophilic surface reduced adhesion of foulants, thereby lowering irreversible fouling potential [8]. Long-
term stability tests showed minimal degradation in membrane structure and performance, confirming suitability
for industrial applications. These findings underscore the effectiveness of tailored membrane design in
enhancing operational sustainability and reducing maintenance requirements.

6. Discussion and Industrial Implications

The results of this study have significant implications for industrial wastewater treatment. High-performance
membranes can enable compact treatment systems capable of handling variable wastewater loads with consistent
effluent quality. Reduced fouling and improved flux translate into lower operational costs and energy
consumption. Integration of such membranes into existing treatment plants could enhance treatment efficiency
while meeting stringent regulatory standards. The findings support the adoption of membrane-based solutions as
key components of sustainable industrial water management strategies.

7. conclusion

This research demonstrates the successful development and testing of high-performance filtration membranes
tailored for industrial wastewater treatment applications. Through controlled fabrication and systematic
evaluation, membranes exhibiting enhanced permeability, high rejection efficiency, and strong fouling resistance
were achieved. The study provides comprehensive insights into membrane transport behavior, fouling dynamics,
and long-term stability under realistic operating conditions. These findings contribute to advancing membrane
technology as a reliable and scalable solution for industrial wastewater challenges. Future research should focus
on pilot-scale validation and integration with hybrid treatment systems to further enhance performance and
sustainability.
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