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Abstract 

Water scarcity, rapid industrialization, urban growth, and increasing wastewater generation have 

made efficient wastewater treatment an important requirement for environmental protection and 

water reuse. Artificial membrane technology has become one of the most useful approaches in 

wastewater management because it can selectively separate suspended solids, microorganisms, 

organic pollutants, dissolved salts, heavy metals, dyes, oils, pharmaceuticals, and other contaminants 

from water. This paper reviews the role of artificial membranes in wastewater treatment, focusing on 

membrane principles, membrane types, materials, fabrication methods, fouling mechanisms, cleaning 

techniques, industrial and municipal applications, recent research trends, and major research gaps. 

Microfiltration, ultrafiltration, nanofiltration, and reverse osmosis are compared according to pore 

size, separation capacity, operating role, and application area. Membranes covered include polymeric 

membranes, such as polyvinylidene fluoride, polyethersulfone, polysulfone, cellulose acetate and 

polyamide, and ceramic membranes such as alumina, zirconia and titanium dioxide. The paper also 

suggests a methodology at a laboratory scale to evaluate the performance of the membrane using 

parameters such as pH, turbidity, total dissolved solids, total suspended solids, chemical oxygen 

demand, biochemical oxygen demand, conductivity, removal efficiency, water recovery, flux and 

rejection. The review concludes that artificial membrane technology is very effective for the 

production of reusable treated water; however, membrane fouling, high capital cost, energy demand, 

membrane replacement, pretreatment requirement and concentrate disposal are some of the major 

limitations. Future development should focus on low-cost antifouling membranes, nanocomposite 

materials, membrane bioreactors, hybrid treatment systems, resource recovery, low-energy operation, 

and smart monitoring. 

Keywords: artificial membrane; wastewater treatment; membrane technology; microfiltration; 

ultrafiltration; nanofiltration; reverse osmosis; membrane fouling; membrane cleaning; water reuse 

1. Introduction 

Water is one of the most important natural resources for life, agriculture, industry, sanitation, and 

ecosystem stability. Although water covers most of the Earth’s surface, only a small portion is 

available as freshwater for direct human use. Increasing population, urbanization, industrial 

development, climate change, and excessive use of freshwater have created serious pressure on 

available water resources. This has led to wastewater treatment and reuse becoming an important 

part of sustainable water management [1-5]. 
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Wastewater is produced by domestic households, industry, commercial establishments, hospitals, 

agriculture and stormwater runoff. Its composition depends on the source but normally includes 

suspended solids, organic matter, nutrients, pathogens, heavy metals, dyes, oils, pesticides, 

pharmaceuticals, dissolved salts and other hazardous chemicals. Direct discharge of untreated 

wastewater into rivers, lakes, soil or groundwater can lead to damage to aquatic life, pollution of 

drinking-water sources, health risks for the public and reduced potential for reuse of safe water 

[1,3,5]. 

Conventional treatment methods are widely used in wastewater treatment plants such as 

sedimentation, coagulation, biological oxidation, chemical precipitation, sand filtration, and 

disinfection. However, these methods may not be adequate for removal of dissolved ions, small 

organic molecules, emerging contaminants, high salinity pollutants and complex industrial effluents. 

This restriction has led to an increased interest in artificial membrane technology that can provide 

high separation efficiency, compact design, modular operation, and better treated-water quality [6-9]. 

Artificial membranes are engineered semi-permeable barriers that permit selected components, 

mainly water, to pass while retaining unwanted contaminants. Their separation ability depends on 

pore size, molecular size, charge, solubility, diffusivity, membrane material, and operating pressure. 

Because of this selective behavior, membrane systems are now used in municipal wastewater 

treatment, industrial effluent treatment, desalination, drinking-water production, groundwater 

recharge, water recycling, and high-purity water production [6,9,10]. 

This paper reviews artificial membranes in wastewater management and presents a research-style 

framework for their laboratory evaluation. The paper reviews types of membranes used in 

wastewater treatment, key membrane materials, common fabrication methods, fouling issues, 

cleaning strategies, applications, research trends and future needs. 

2. Principle of Artificial Membrane 

Artificial membranes act on the principle of selective separation. There is a membrane between the 

feed water and the treated water. Water is driven through the membrane as permeate by pressure or 

some other driving force, and rejected contaminants are retained in the concentrate or retentate 

stream [6,8,10]. 

The membrane process decides the separation mechanism. Separation in porous membranes such as 

microfiltration and ultrafiltration occurs mainly by size exclusion. Water and smaller molecules will 

pass through, while particles larger than the membrane pores will be retained. Nanofiltration is based 

on size exclusion and charge effects for separation. In reverse osmosis, the membrane is dense and 

separation is mainly explained by the solution-diffusion mechanism where water dissolves and 

diffuses through the membrane more easily than dissolved salts or other contaminants [6,9,10]. 

Important factors affecting membrane performance include pore size, surface charge, hydrophilicity, 

membrane thickness, feed-water composition, pressure, temperature, pH, flow rate, and fouling 

tendency. A membrane system performs well only when the membrane type is properly matched 

with the wastewater characteristics and treatment objective [7,8]. 

3. History of Membrane Technology 

The scientific basis of membrane technology started with the investigation of osmosis and semi-

permeable barriers. First tests showed that water could pass a selective barrier, but dissolved 
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substances were partially retained. These discoveries later helped to develop artificial semi-

permeable membranes and the theory of osmotic pressure [6,8]. 

One of the major breakthroughs was the development of asymmetric reverse osmosis membranes. 

These membranes made large-scale desalination and high quality water purification more feasible. 

The evolution of polymeric materials, such as cellulose acetate, polyamide, polysulfone, 

polyethersulfone and polyvinylidene fluoride, over time, improved the membrane strength, 

selectivity, chemical resistance and useful lifetime [6,11]. 

In later decades membrane technology moved out of reverse osmosis into microfiltration, 

ultrafiltration, nanofiltration, electrodialysis, membrane bioreactors, membrane distillation and 

hybrid membrane systems. Membranes are used for desalination but also for wastewater reuse, 

industrial effluent treatment, drinking-water purification, pharmaceutical removal, food processing, 

heavy-metal control and resource recovery [9,12]. 

4. Types of Membranes for Wastewater Treatment 

Membrane processes driven by pressure are generally classified into microfiltration, ultrafiltration, 

nanofiltration and reverse osmosis. These processes differ mainly in pore size, operating pressure 

and type of contaminants removed. 

4.1 Microfiltration 

Microfiltration has the largest pore size among the main pressure-driven membrane processes. Its 

pore size is generally about 0.1–10 µm. It is mainly used to remove suspended solids, silt, algae, 

bacteria and other large particles from wastewater. MF is often applied as a pretreatment to more 

selective membrane processes such as UF, NF or RO [7,9]. 

Microfiltration is run at relatively low pressure and can be used to improve clarity and reduce 

turbidity. It cannot, however, remove dissolved salts, small organic compounds or dissolved heavy-

metal ions unless these pollutants are bound to larger particles. 

4.2 Ultrafiltration 

The pore size of ultrafiltration is about 0.01–0.1 µm. It is capable of removing colloids, proteins, 

viruses, bacteria and fine suspended particles. UF is widely used in drinking water treatment, 

wastewater reuse, membrane bioreactors and industrial pretreatment [9,12]. 

UF is more selective than MF but still allows dissolved salts and many small molecules to pass 

through. Therefore, UF is useful where the main treatment goal is removal of turbidity, 

microorganisms, and macromolecules, but it may need to be combined with NF or RO when 

dissolved contaminants must also be removed. 

4.3 Nanofiltration 

Nanofiltration has a pore size of approximately 0.001–0.01 µm. It removes multivalent ions, dyes, 

pesticides, hardness-causing minerals, and many organic compounds. NF is often viewed as an 

intermediate process between UF and RO as it can reject smaller dissolved species than UF but is 

generally operated at lower pressure than RO [7,9]. 

http://www.irjmst.com/
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NF is widely used for water softening, decolorization, partial desalination and industrial wastewater 

treatment. Its performance depends strongly on pH, ionic strength, membrane charge, and the type of 

dissolved contaminants present. 

4.4 Reverse Osmosis 

Reverse osmosis is the finest pressure-driven membrane process and has an effective pore size below 

0.001 µm. RO is capable of removing dissolved salts, heavy metals, microorganisms, organic 

contaminants and many other dissolved impurities. It is widely used in seawater desalination, 

production of high purity water, advanced wastewater recycling, and industrial water reuse [6,10,13]. 

The main limitation of RO is its high pressure and energy requirement. RO also produces a 

concentrate stream that must be managed properly. Because RO membranes are sensitive to fouling 

and scaling, pretreatment is usually required before RO operation. 

Table 1. Comparison of Major Pressure-Driven Membrane Processes 

Membrane process 
Approximate pore 

size 
Major contaminants 

removed 
Common applications Main limitation 

Microfiltration 0.1–10 µm Suspended solids, 

algae, bacteria 
Pretreatment, 

municipal water 

treatment 

Poor removal of 

dissolved contaminants 

Ultrafiltration 0.01–0.1 µm Colloids, viruses, 

bacteria, proteins 
Drinking water, MBRs, 

wastewater reuse 
Allows salts and small 

molecules to pass 

Nanofiltration 0.001–0.01 µm Dyes, pesticides, 

hardness ions, 

multivalent ions 

Water softening, 

industrial wastewater 

treatment 

Sensitive to fouling 

and feed chemistry 

Reverse osmosis <0.001 µm Dissolved salts, heavy 

metals, 

microorganisms, 

dissolved impurities 

Desalination, high-

purity water, water 

reuse 

High pressure, energy 

demand, concentrate 

disposal 

 

5. Membrane Materials 

Membrane material is one of the most important factors controlling membrane performance. It 

influences the membrane’s permeability, selectivity, chemical stability, mechanical strength, fouling 

resistance, cleaning tolerance and lifetime. Wastewater-treatment membranes are generally classified 

into two groups: polymeric membranes and ceramic membranes [6,8,11]. 

5.1 Polymeric Membranes 

Polymeric membranes are widely used since they are relatively inexpensive, flexible and easy to 

fabricate. Polymeric materials such as polyvinylidene fluoride, polyethersulfone, polysulfone, 

cellulose acetate, and polyamide are common. 

Polyvinylidene fluoride is known for its chemical resistance, mechanical strength and relatively good 

fouling resistance. It is widely used in ultrafiltration and membrane bioreactors. Polyethersulfone has 

good thermal and chemical stability and is widely used in microfiltration and ultrafiltration. 

Polysulfone has good mechanical durability and is used for water and wastewater treatment. 

http://www.irjmst.com/
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Cellulose acetate was one of the earlier membrane materials used in reverse osmosis. It has a good 

salt rejection although it is less resistant to extreme pH. Polyamide is widely adopted in thin-film 

composite RO and NF membranes because of its high salt rejection capability [6,11]. 

5.2 Ceramic Membranes 

Ceramic membranes are composed of inorganic materials like alumina, zirconia and titanium 

dioxide. They have good stability at high temperature, chemical resistance, mechanical strength and 

long service life. These properties make them suitable for highly polluted industrial wastewater, 

high-temperature streams, oily wastewater, and chemically harsh environment [6,11]. 

The main disadvantage of ceramic membranes is their higher cost compared to polymeric 

membranes. But their durability and resistance to harsh cleaning chemicals can be advantageous in 

industries where polymeric membranes have a short lifespan. 

Table 2. Comparison of Typical Membrane Materials 

Membrane material Main properties Main applications Main limitation 

PVDF Chemical resistance; 

mechanical strength; fouling 

resistance 

UF, MBR Hydrophobicity still causes 

fouling 

PES Thermal and chemical 

stability 
MF, UF Fouling without surface 

modification 

PSf Mechanical strength and 

resistance 
Wastewater and water 

treatment 
Hydrophobic property 

Cellulose acetate Early RO use; salt rejection RO Limited resistance to extreme 

pH 

Polyamide High permeability and salt 

removal 
RO, NF Sensitive to oxidants, e.g., 

chlorine 

Ceramic membranes High thermal and chemical 

resistance; long life 
Industrial wastewater High initial capital investment 

6. Membrane Preparation Techniques 

Membrane fabrication controls pore size, structure, thickness, permeability, selectivity and 

mechanical properties. Common fabrication techniques include phase inversion, stretching, track 

etching, electrospinning, and interfacial polymerization [6,8,10]. 

6.1 Phase Inversion 

Polymeric membrane preparation by phase inversion is one of the most widely employed methods. 

This method consists in casting a polymer solution into a thin film and immersing it in a coagulation 

bath. The polymer solidifies to form a porous structure via exchange of solvent and non-solvent. This 

type of membrane is commonly used for MF, UF and some NF membranes [6,8]. 

6.2 Stretching 

The stretching method is mainly used for semi-crystalline polymers like PTFE. The polymer film is 

stretched in a controlled way to form interconnected pores. This method can yield membranes with 

high porosity and good mechanical strength. 
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6.3 Track Etching 

Track etching is a process of chemical etching of the tracks formed in a polymer film which has been 

irradiated by high energy radiation. It creates membranes with uniform and controlled pore size. 

Track-etched membranes are mainly used in laboratory filtrations and medical applications. 

6.4 Electrospinning 

Electrospinning is a process that uses a high voltage electric field to make very fine polymer fibers. 

These fibers can be assembled into membranes of nanofibers with high surface area and high 

permeability. Electrospun membranes have attracted increasing research interest for advanced 

wastewater treatment, adsorption-enhanced filtration and membrane modification [11]. 

6.5 Interfacial Polymerization 

Interfacial polymerization is the polymerization of two monomers at the interface of two non-

miscible liquids. It is a very thin selective layer deposited on a porous support and is extensively 

used for the fabrication of thin-film composite RO and NF membranes [6,13]. 

Table 3. Comparison of Membrane Fabrication Techniques 

Technique Principle Common applications Main advantage 

Phase inversion Polymer precipitation by 

solvent exchange 
MF, UF, NF Simple and cost effective 

Stretching Pore formation by mechanical 

stretching 
PTFE membranes High porosity 

Track etching Radiation followed by 

chemical etching 
Laboratory and medical 

membranes 
Pore size uniformity 

Electrospinning Nanofibers from electric field Research on advanced 

filtration 
Large surface area 

Interfacial polymerization Thin selective layer formation RO and NF membranes High selectivity 

7. Membrane Fouling 

Membrane fouling is one of the most challenging issues in membrane-based wastewater treatment. 

Fouling is the buildup of undesired materials on the surface of the membrane or within its pores. It 

reduces water flux, increases operating pressure, increases energy consumption, decreases 

contaminant removal efficiency, increases cleaning frequency and shortens membrane life 

[6,9,10,12]. 

7.1 Fouling by Particulates 

Particulate fouling occurs when suspended solids, clay, silt and fine particles accumulate on the 

membrane surface or block membrane pores. This phenomenon is often observed in microfiltration 

and ultrafiltration systems, especially when the wastewater has a high turbidity. 

7.2 Organic Fouling 

Organic fouling is caused by natural organic matter, proteins, oils, fats, humic substances, dyes, 

surfactants and other organic compounds. These substances may adsorb on the surface of the 

membrane or form a gel-like layer, which reduces the water permeability. 

http://www.irjmst.com/
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7.3 Inorganic Scale and Fouling 

Inorganic fouling, also known as scaling, results from the precipitation of dissolved salts such as 

calcium carbonate, calcium sulfate, silica and magnesium hydroxide. Scaling is especially prevalent 

in nanofiltration and reverse osmosis systems, where dissolved salts accumulate on the membrane’s 

surface. 

7.4 Biofouling 

Biofouling is the adhesion of bacteria, fungi and algae on the membrane surface and the formation of 

a biofilm. Biofilms limit water flow, increase pressure requirements and make cleaning more 

difficult. Biofouling is a common problem in membrane bioreactors and long-term water reuse 

systems [12]. 

Table 4. Types of Membrane Fouling 

Type of fouling Main cause Typical membrane system Impact on performance 

Particulate fouling Silt, suspended solids, clay MF, UF Cake-layer formation and 

pore blockage 

Organic fouling Oils, proteins, humic 

substances, dyes 
UF, NF, RO Flux decay and permeability 

degradation 

Inorganic fouling Precipitated salts and minerals NF, RO Scaling and pressure increase 

Biofouling Microbial adhesion and 

biofilm formation 
UF, MBR, RO, MF Difficulty in cleaning and 

long-term flux loss 

8. Fouling Control and Membrane Cleaning 

Membrane operation needs fouling control for stable operation. The primary strategies for fouling 

control include pretreatment, optimized operating conditions, physical cleaning, chemical cleaning, 

biological cleaning, and antifouling membrane design [6,10,12]. 

Pretreatment is the removal of pollutant load before wastewater reaches the membrane. Screening, 

sedimentation, coagulation, adsorption, biological treatment and microfiltration are common 

pretreatment methods. Optimized operating conditions include pressure, flow rate, recovery, pH and 

temperature control to decrease fouling stress. 

Physical cleaning removes loosely attached foulants without chemicals. Backwashing is a common 

practice in MF and UF systems in which clean water is passed through the membrane in the reverse 

direction. Forward flushing increases the water flow over the membrane surface to wash away 

deposits. Air scouring is a process to introduce air bubbles to generate turbulence to remove 

particles, especially for membrane bioreactors [12]. 

Chemical cleaning is applied when fouling cannot be removed by physical means. Acid cleaning 

removes inorganic deposits and metal deposits. Alkaline cleaning removes oils, proteins, fats and 

other organic foulants. Oxidizing agents may be used for microbial fouling when the membrane 

material is compatible. Chelating agents such as EDTA can remove metal deposits. However, 

cleaning chemicals must be chosen carefully because some membrane materials, especially many 

polyamide RO membranes, can be damaged by oxidants such as chlorine [6,13]. 

Table 5. Membrane Cleaning Methods 
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Cleaning method Purpose Common applications 

Backwashing Removes loose particles MF, UF 

Forward flushing Removes surface deposits MF, UF, NF 

Air scouring Controls biofilm and suspended solids MBR systems 

Acid cleaning Removes inorganic scale NF, RO 

Alkaline cleaning Removes organic fouling MF, UF, RO 

Oxidizing agents Removes microorganisms and biofilms Selected MF and UF membranes 

EDTA cleaning Removes metal deposits NF, RO 

9. Uses: Industrial and Municipal 

Artificial membrane technology is widely applied in the treatment of industrial and municipal 

wastewaters because of its capability to produce high quality treated water, reducing the pollutant 

discharge and reusing water [1,3,9]. 

9.1 Applications in Industry 

In the textile industry membrane systems are used to remove dyes, color, salts and organic pollutants 

from dyeing and finishing wastewater. In the food and beverage industry, membranes can be used to 

treat wastewater containing oils, fats, proteins and suspended solids, and can support water reuse and 

product recovery. Advanced membrane treatment is good for pharmaceutical wastewater that may 

have antibiotics, active pharmaceutical ingredients, and persistent organic pollutants. Membranes are 

used to separate toxic chemicals, solvents and dissolved salts in chemical industries. Membrane 

systems are used for removal of chromium, nickel, copper, zinc, lead and other metals in 

electroplating and metal-finishing industries. Membranes have been used in oil and gas industries for 

the separation of oil, grease, suspended solids and hydrocarbons from produced water [7,9]. 

9.2 Municipal Use 

Municipal wastewater treatment plants are using membrane technology to improve the quality of 

treated effluent and to recycle water. Membrane bioreactors combine biological treatment and 

membrane filtration for the removal of organic matter, suspended solids and microorganisms [12]. 

Treated wastewater can be reused for landscape irrigation, industrial cooling, toilet flushing, 

groundwater recharge, and other non-potable uses [4]. 

Table 6. Major Applications of Membrane Technology 

Industry/sector Main wastewater pollutants Membrane function 

Textile industry Color, organic pollutants, salts, dyes Color removal and reuse of water 

Food and beverage Oils, fats, proteins, suspended solids Product recovery and reuse 

Pharmaceutical industry APIs, antibiotics, organic pollutants More pollutant removal 

Chemical industry Toxics, solvents, salts Effluent polishing 

Electroplating Cr, Ni, Cu, Zn, Pb Removal of heavy metals 
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Industry/sector Main wastewater pollutants Membrane function 

Oil and gas Oil, grease, hydrocarbons Produced water treatment 

Municipal sewage Organics, pathogens, suspended solids Water reuse and MBR treatment 

Power plants Salts and impurities in solution Boiler and cooling water treatment 

10. Recent Trends in Research 

Membrane research to date has concentrated on improving separation efficiency, reducing fouling, 

reducing energy consumption and expanding water reuse [2,11]. 

10.1 Membranes with Nanocomposites 

Nanocomposite membranes are prepared by addition of nanomaterials including graphene oxide, 

titanium dioxide, silver nanoparticles, zinc oxide and carbon nanotubes to polymeric membranes. 

These materials can enhance water permeability, mechanical strength, contaminant removal, 

antimicrobial activity and fouling resistance [11]. 

10.2 Surface Modification to Prevent Fouling 

Fouling is a major problem and therefore much attention has been paid to surface modification. 

Hydrophilic coatings, surface grafting, plasma treatment and nanoparticle modification can decrease 

the attachment of organic matter and microorganisms to the membrane surface [10,11]. 

10.3 Membrane Bioreactors 

Membrane bioreactors combine biological degradation and membrane filtration. They produce high 

quality treated water and are especially useful in municipal wastewater reuse. Recent studies are 

related to decreasing aeration energy, biofouling control and improvement of membrane 

configuration [12]. 

10.4 Hybrid Membrane Systems 

Hybrid systems are based on membrane processes in combination with adsorption, coagulation, 

biological treatment, photocatalysis or advanced oxidation. Such systems are useful for complex 

wastewaters since a single treatment method may not be effective to remove all pollutants [2,9]. 

10.5 Recovery of Resources 

Modern wastewater management is evolving from just removing pollutants to recovering resources. 

Membrane systems may also be used for recovery of clean water, nutrients, metals, salts, and 

reusable chemicals. This approach supports the circular economy and sustainable water management 

[1,4]. 

10.6 Smart Surveillance 

Artificial intelligence, machine learning and Internet of Things technologies are increasingly being 

investigated for membrane monitoring. These tools could be useful for predicting fouling, scheduling 

cleaning, optimizing operating conditions and reducing operational cost. 

11. Research Gaps 
Although artificial membrane technology has improved wastewater treatment, several research gaps 

remain. 
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First, membrane fouling continues to be the most important limitation. Fouling reduces the flux, 

increases the operating pressure, increases the energy consumption and shortens the life of the 

membrane [6,10]. 

Second, high capital expenditure and energy input are required for advanced membrane systems, 

especially NF and RO. This restricts their application in small-scale and low-resource treatment 

plants [13]. 

Third, a lot of studies are performed in the laboratory, under controlled conditions. Actual 

wastewater contains mixed pollutants, variable pH, salts, oils, suspended solids and biological 

activity and more long-term studies with real municipal and industrial wastewater are required. 

Fourth, the need for more research on emerging contaminants such as pharmaceuticals, personal-care 

products, microplastics, endocrine-disrupting compounds, and persistent industrial chemicals, as 

conventional treatment may not completely remove them [2]. 

Fifth, we need sustainable membrane materials. Future membranes should be inexpensive, durable, 

chemically stable, resistant to fouling and environmentally safer. 

Sixth, hybrid systems should be optimized. The performance can be improved by combining 

membranes with biological treatment, adsorption, coagulation, photocatalysis or oxidation. However, 

system design must balance removal efficiency, energy consumption, cost and operational simplicity. 

12. Experimental Section 

This section describes a laboratory scale method for assessing the performance of artificial 

membranes in wastewater treatment. The method is intended for the comparison of raw wastewater 

and treated permeate using typical water-quality parameters. 

12.1 Materials and Chemicals 

The chemicals required are distilled water, hydrochloric acid, sodium hydroxide, sulfuric acid, 

potassium dichromate, silver sulfate catalyst, ferrous ammonium sulfate, EDTA, buffer solutions of 

pH 4.0, 7.0 and 9.2, COD digestion reagents and BOD nutrient solution. 

12.2 Instruments 

The instruments required are pH meter, conductivity meter, turbidity meter, UV–Visible 

spectrophotometer, COD digester, BOD incubator, vacuum filtration unit, analytical electronic 

balance, membrane filtration unit, measuring cylinders, volumetric flasks, pipettes and beakers. 

12.3 Experimental Setups 

The experimental setup consists of a laboratory-scale membrane filtration unit, comprising a feed-

water tank, feed pump, pressure gauge, membrane module, flow-control valve, permeate collection 

tank, and reject-water collection tank. 

Wastewater is obtained from a municipal or industrial source of choice. Before treatment, initial 

water-quality parameters are measured. The wastewater then passes through the membrane filtration 

unit under controlled pressure and flow. Separate streams of permeate and reject are collected. The 

treated sample is analyzed using the same water-quality parameters, and results are compared before 

and after membrane filtration. 
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12.4 Membrane Specifications 

A typical laboratory membrane system may use UF or RO membranes depending on the treatment 

objective. For UF, PVDF membranes may be used with pore size of 0.01–0.1 µm, effective area of 

0.5–1.0 m², operating pressure of 1–5 bar, temperature range of 20–35°C, pH range of 2–10, and 

water recovery of 70–90%. 

Table 7. Suggested Laboratory Membrane Specifications 

Parameter Suggested specification 

Membrane type UF or RO 

Material PVDF for UF; polyamide for RO if available 

Configuration Hollow fiber or flat sheet 

UF pore size 0.01–0.1 µm 

Effective area 0.5–1.0 m² 

UF operating pressure 1–5 bar 

Operating temperature 20–35°C 

pH range 2–10 

Water recovery 70–90% 

 

12.5 Sampling Method 

Wastewater samples should be collected according to standard sampling procedures. Clean 

polyethylene bottles should be used and rinsed with sample water before collection. Samples should 

be taken from the middle of the flow, where possible, and labeled with sample ID, date and time, 

transported in an ice box and analyzed within 24 hours. 

12.6 Water Quality Analysis 

The water quality analysis should be done according to the APHA standard methods for parameters 

like pH, turbidity, TDS, TSS, COD, BOD and conductivity [14]. 

Table 8. Water-Quality Parameters and Methods 

Parameter Method 

pH Digital pH meter 

Turbidity Nephelometric method 

TDS Conductivity-based method 

TSS Gravimetric method 

COD Closed reflux method 

BOD Five-day incubation method 
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Parameter Method 

Conductivity Conductivity meter 

 

12.7 Calculations 

Removal efficiency is calculated as: 

Removal Efficiency (%) = [(Ci − Cf) / Ci] × 100 

where Ci is the initial concentration and Cf is the final concentration. 

Water recovery is calculated as: 

Water Recovery (%) = [Permeate Volume / Feed Volume] × 100 

Membrane flux is calculated as: 

J = Q / (A × t) 

where J is membrane flux in L/m²·h, Q is permeate volume in litres, A is membrane area in m², and t 

is filtration time in hours. 

Rejection is calculated as: 

R = [1 − (Cp / Cf)] × 100 

where Cp is permeate concentration and Cf is feed concentration. 

12.8 Statistical Analysis 

Experimental data should be analyzed using descriptive and inferential statistical methods. The 

mean, standard deviation, minimum and maximum should be calculated. Pretreatment and post-

treatment values can be compared with a paired t-test. If more than one type of membrane is tested, 

one-way ANOVA can be used. Correlation and regression analyses may be used to analyze 

relationships between operating conditions and membrane performance. A p-value below 0.05 may 

be considered statistically significant. 

13. Proposed Result Presentation 

The present material does not include actual experimental readings. Therefore, this section provides 

a recommended format for future result presentation. Actual values should be inserted only after 

laboratory analysis. 

Table 9. Suggested Format for Before-and-After Treatment Results 

Parameter Raw wastewater Treated permeate 
Removal efficiency 

(%) 
Standard/limit 

pH To be measured To be measured Not applicable Insert standard 

Turbidity To be measured To be measured To be calculated Insert standard 

TSS To be measured To be measured To be calculated Insert standard 
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Parameter Raw wastewater Treated permeate 
Removal efficiency 

(%) 
Standard/limit 

TDS To be measured To be measured To be calculated Insert standard 

COD To be measured To be measured To be calculated Insert standard 

BOD To be measured To be measured To be calculated Insert standard 

Conductivity To be measured To be measured To be calculated Insert standard 

Heavy metals, if tested To be measured To be measured To be calculated Insert standard 

 

The discussion should focus on whether membrane filtration improves water quality. A reduction in 

turbidity and TSS would indicate effective suspended and colloidal matter removal. Removal of 

organic load will lead to decrease of COD and BOD. If the membrane is tighter, for example NF or 

RO, then lower TDS or conductivity would be expected. Heavy metals should be removed in 

comparison to discharge or reuse standards if heavy metals are analyzed [4,5,14]. 

14. Discussion 

Artificial membrane technology has several advantages over conventional wastewater-treatment 

methods. It can produce high-quality treated water, requires less land area, can be automated, and 

can be used in modular systems. These properties are especially desirable for water reuse, industrial 

recycling and decentralized treatment applications [1,7,9]. 

The selection of a membrane process should depend on the target pollutant. MF and UF are suitable 

when the main aim is removal of suspended solids, turbidity, bacteria, and colloids. NF is used for 

dye removal, water softening, pesticide removal as well as for partial removal of multivalent ions. 

RO is appropriate for high purity water or strong removal of dissolved ions [6,9,10]. 

The membrane material selected also influences system performance. Polymeric membranes are 

cheaper and easier to manufacture but are prone to fouling or degradation depending on feed water 

quality and cleaning conditions. Ceramic membranes are more chemically and thermally stable but 

their higher cost limits their use to special industrial applications. Surface modification and 

nanocomposite development are promising strategies for improving fouling resistance, permeability 

and selectivity [11]. 

Fouling is the main operational problem. A membrane with a high initial removal may have a 

decreasing long-term performance due to organic deposits, biofilm growth, scaling or pore blocking. 

Thus, pretreatment, cleaning, optimized operation and antifouling membrane design are required for 

practical application [6,10,12]. 

Hybrid membrane systems will likely play an increasing role in the future of wastewater treatment. 

Combination of membranes with adsorption, biological treatment, coagulation, photocatalysis or 

advanced oxidation can enhance pollutant removal and reduce fouling stress. These systems are 

particularly advantageous for complex industrial wastewater and emerging contaminants [2,9]. 
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15. Opportunities 

Future research directions of artificial membranes for wastewater treatment should include low-cost 

materials, fouling control, energy reduction, real-wastewater validation, resource recovery, and 

digital monitoring. 

The demand for low cost and durable membranes for small and medium scale wastewater treatment 

plants is increasing. Many of the advanced membranes work well in the lab, but may be too 

expensive for field use. Practical adoption can be improved with sustainable materials and simple 

fabrication methods. 

Fouling is the main reason for flux decline and high maintenance cost, thus antifouling surfaces 

should be improved. Hydrophilic coatings, nanocomposite additives, surface grafting, and better 

membrane morphology can reduce foulant attachment [11]. 

Hybrid systems should be optimized depending on the type of wastewater. Membranes should not be 

used alone. In many cases membranes can be combined with biological treatment, adsorption, 

coagulation or oxidation for better results. 

More long-term studies using real wastewater are needed. Real wastewater contains mixed pollutants 

and variable operating conditions that cannot be fully represented by synthetic laboratory solutions. 

Resource recovery should become a central goal. Wastewater also contains recoverable water, 

nutrients, salts, metals and energy. Membrane systems are helpful to aid in the separation and 

concentration of these resources, thus supporting circular economy principles [1,4]. 

Smart monitoring may help in improving membrane operation. AI, machine learning, and sensor-

based systems can help predict fouling, control cleaning schedules, minimize downtime and optimize 

performance. 

16. Conclusion 

Artificial membrane technology is an important and efficient method for wastewater management. 

MF, UF, NF and RO membranes can remove a variety of contaminants including suspended solids, 

microorganisms, organic matter, dyes, salts and heavy metals. Polymeric membranes are still widely 

used due to their flexibility and relative low cost. Ceramic membranes are useful in harsh industrial 

wastewaters due to their chemical and thermal stability. 

Membrane fabrication methods, including phase inversion, electrospinning, and interfacial 

polymerization, can tailor membranes with specific pore structures and separation properties. 

However, membrane fouling remains a significant obstacle, leading to a decrease in water flux, an 

increase in pressure and energy requirements, and a reduction in membrane lifespan. Thus 

pretreatment, cleaning, optimized operation and antifouling membrane design are essential. 

The trend is towards more sustainable wastewater treatment with membrane technology, as 

evidenced by recent developments like nanocomposite membranes, membrane bioreactors, hybrid 

membrane systems, resource recovery, low energy processes and smart monitoring. For a complete 

experimental research paper, future work should include actual wastewater sampling, membrane 

filtration experiments, before-and-after water-quality analysis, statistical validation, and comparison 

with discharge or reuse standards. With such data, artificial membrane technology can be evaluated 
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not only as a treatment method but also as a practical strategy for water conservation, environmental 

protection, and sustainable reuse. 
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