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Abstract: Freshwater scarcity has become a critical global issue due to population growth, industrialization, climate change, and the 

depletion of natural freshwater resources. Saline water, including seawater and brackish water, represents a promising alternative source 

for freshwater production. However, high salt concentrations and dissolved impurities limit its direct use for domestic, agricultural, and 

industrial purposes. Desalination technologies have emerged as effective methods for converting saline water into usable freshwater. This 

review critically examines major saline water treatment technologies, including thermal desalination methods such as multi-stage flash 

distillation, multi-effect distillation, and vapor compression, along with membrane-based technologies including reverse osmosis, 

nanofiltration, electrodialysis, forward osmosis, and membrane distillation. The advantages, limitations, and performance characteristics 

of these technologies are discussed with emphasis on energy consumption, membrane fouling, and operational cost. Recent developments 

in membrane materials, nanotechnology, renewable energy integration, and hybrid desalination systems are also explored. Furthermore, 

current challenges, research gaps, and future opportunities for sustainable desalination are highlighted. The study concludes that 

membrane-based desalination, especially reverse osmosis integrated with renewable energy systems, offers considerable potential for 

addressing future freshwater demands. 
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1. Introduction 
 

Freshwater scarcity has become one of the most pressing 

global concerns due to rapid industrialization, urbanization, 

population growth, and climate variability [1]. The increasing 

demand for clean water has intensified pressure on 

conventional freshwater resources such as rivers, lakes, and 

groundwater reserves. Approximately 97% of the Earth’s 

water exists as saline water in oceans and seas, whereas only 

a limited proportion is available as freshwater suitable for 

human consumption [2]. Consequently, saline water 

treatment has emerged as an essential strategy for sustainable 

water resource management. 

 

Saline water generally includes seawater, brackish water, 

saline groundwater, and industrial saline wastewater. These 

water sources contain high concentrations of dissolved salts, 

mainly sodium chloride, magnesium, calcium, sulfate, and 

bicarbonate ions, making them unsuitable for direct 

consumption and industrial use. Based on total dissolved 

solids (TDS), saline water may be categorized into seawater 

(35,000–45,000 mg/L TDS) and brackish water (1,000–

10,000 mg/L TDS). High salinity not only affects drinking 

water quality but also contributes to equipment corrosion, 

membrane scaling, and reduced agricultural productivity [3]. 

 

Desalination is the process of removing dissolved salts and 

impurities from saline water to produce freshwater suitable 

for domestic, industrial, and agricultural applications. Earlier 

desalination systems primarily relied on thermal evaporation 

processes, which required high energy consumption and 

significant capital investment [4]. However, technological 

advancements have increasingly shifted attention toward 

membrane-based desalination technologies due to their 

comparatively lower energy requirements and improved 

operational flexibility. 

 

Among various desalination technologies, reverse osmosis 

(RO) has emerged as the dominant process owing to its high 

salt rejection efficiency and lower energy consumption 

compared with thermal methods [5]. Other techniques such as 

nanofiltration (NF), electrodialysis (ED), forward osmosis 

(FO), and membrane distillation (MD) have also gained 

increasing attention for specialized saline water treatment 

applications. Despite significant progress, several challenges 

including membrane fouling, energy demand, and brine 

disposal continue to limit the widespread adoption of 

desalination technologies. 

 

This review discusses major saline water treatment 

technologies, recent technological advancements, operational 

challenges, and future prospects for sustainable desalination 

systems. 

 

2. Saline Water Treatment Technologies 
 

2.1 Thermal Desalination Technologies 

 

Thermal desalination technologies are among the oldest 

methods used for saline water treatment. These systems 

operate based on the evaporation and condensation principle, 

in which water is vaporized while dissolved salts remain 

behind [6]. Thermal processes are particularly suitable for 

treating highly saline seawater and are widely applied in 

regions with abundant thermal energy resources. 
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2.1.1 Multi-Stage Flash Distillation (MSF) 

Multi-stage flash distillation is one of the most commercially 

established thermal desalination technologies. In MSF, saline 

water is heated at elevated temperatures and passed through a 

series of chambers maintained at progressively lower 

pressures. The sudden pressure reduction causes rapid 

vaporization or flashing of water. The generated vapor is 

condensed to produce freshwater. 

 

MSF offers several advantages, including high reliability, 

large-scale operational capability, and excellent water 

quality. Additionally, the technology can effectively treat 

highly saline feed water [7]. However, MSF systems require 

substantial thermal energy and high capital investment. 

Problems such as scaling and corrosion further increase 

maintenance requirements. 

 

2.1.2 Multi-Effect Distillation (MED) 

Multi-effect distillation operates using multiple evaporation 

chambers called effects, where vapor generated in one stage 

acts as the heat source for the subsequent stage. This 

arrangement improves thermal efficiency and reduces energy 

consumption compared to MSF. 

 

MED systems generally operate at lower temperatures, 

reducing scaling tendencies and enhancing operational 

efficiency. Despite these benefits, MED still requires 

considerable infrastructure investment and maintenance. 

 

2.1.3 Vapor Compression (VC) 

Vapor compression desalination involves the compression of 

generated water vapor to recover latent heat and improve 

process efficiency. The compressed vapor transfers thermal 

energy back to the system, reducing external heating 

requirements. 

 

VC technology is suitable for small- and medium-scale 

desalination plants and can effectively utilize industrial waste 

heat [8]. However, high equipment costs and electricity 

requirements limit large-scale implementation. 

 

2.2 Membrane-Based Desalination Technologies 

 

Membrane-based technologies have become increasingly 

important because of their lower energy demand and high 

treatment efficiency. These processes employ semi-

permeable membranes that selectively remove salts and 

contaminants. 

 

2.2.1 Reverse Osmosis (RO) 

Reverse osmosis is currently the most widely adopted 

desalination technology for saline water treatment. In RO 

systems, pressure greater than osmotic pressure is applied to 

saline water, forcing water molecules through semi-

permeable membranes while retaining dissolved salts and 

contaminants. 

 

A typical RO system consists of pretreatment units, high-

pressure pumps, membrane modules, permeate collection 

systems, and concentrate discharge systems. Pretreatment is 

essential to minimize membrane fouling caused by suspended 

solids, microorganisms, and hardness ions. 

 

RO systems generally achieve salt rejection efficiencies 

exceeding 95–99%, making them highly suitable for seawater 

desalination. Additional advantages include compact design, 

operational flexibility, and lower energy consumption than 

thermal processes. 

 

Despite these advantages, membrane fouling and scaling 

remain significant operational concerns. Fouling caused by 

organic matter, biofilm formation, and inorganic precipitation 

reduces membrane permeability and increases maintenance 

costs. Brine disposal is another environmental concern 

associated with RO desalination. 

 

2.2.2 Nanofiltration (NF) 

Nanofiltration is a pressure-driven membrane technology that 

operates at lower pressures than reverse osmosis. NF 

membranes selectively remove multivalent ions, organic 

matter, and suspended particles while allowing partial 

passage of monovalent salts [9]. 

 

NF is widely applied for brackish water desalination, water 

softening, and pretreatment before RO systems. Lower 

operational pressure reduces energy requirements and 

operating costs. However, NF exhibits lower salt rejection 

than RO and is less effective for seawater desalination. 

 

2.2.3 Electrodialysis (ED) 

Electrodialysis is an electrochemical separation process that 

utilizes ion-exchange membranes and electrical potential to 

remove dissolved ions from saline water. Under an electric 

field, positively charged ions move toward the cathode, 

whereas negatively charged ions migrate toward the anode. 

 

ED is particularly effective for brackish water desalination 

due to its lower energy requirement for moderate salinity 

levels. The process demonstrates high selectivity and reduced 

fouling tendencies compared to pressure-driven systems. 

However, ED becomes less economical for highly saline 

seawater applications. 

 

2.2.4 Forward Osmosis (FO) 

Forward osmosis is an emerging membrane technology based 

on osmotic pressure differences rather than hydraulic 

pressure. In FO systems, water naturally moves through a 

membrane from saline feed water into a concentrated draw 

solution. 

 

FO exhibits several advantages including lower fouling 

tendency, reduced hydraulic pressure, and lower energy 

consumption [10]. Nevertheless, regeneration of draw 

solutions and lower productivity remain major limitations. 

 

2.2.5 Membrane Distillation (MD) 

Membrane distillation combines thermal and membrane 

separation principles. In this process, heated saline water 

contacts a hydrophobic membrane, allowing only water vapor 

to pass while retaining dissolved salts. 

 

MD provides excellent salt rejection and can effectively 

utilize low-grade waste heat or solar energy. However, 

challenges including temperature polarization and membrane 

wetting continue to hinder commercialization. 
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3. Recent Advances in Saline Water Treatment 

Technologies 
 

Rapid advancements in membrane science, nanotechnology, 

renewable energy integration, and hybrid treatment systems 

have significantly improved the performance and 

sustainability of saline water treatment technologies [11]. 

These innovations focus on enhancing desalination 

efficiency, minimizing energy consumption, reducing 

membrane fouling, and lowering operational costs. 

 

3.1 Advanced Membrane Materials 

 

Membrane performance plays a critical role in desalination 

efficiency because permeability, selectivity, and fouling 

resistance directly influence system productivity. 

Conventional polymeric membranes often suffer from 

scaling, biological fouling, and mechanical degradation. 

Therefore, considerable efforts have been made to develop 

advanced membrane materials with superior physicochemical 

properties. 

 

3.1.1 Thin-Film Composite Membranes 

Thin-film composite (TFC) membranes have become highly 

popular in reverse osmosis systems because of their excellent 

permeability and salt rejection efficiency. TFC membranes 

consist of multiple layers including a porous support layer and 

a thin selective active layer responsible for contaminant 

rejection. 

 

Recent developments in TFC membranes focus on: Improved 

hydrophilicity, Enhanced chlorine resistance, Better fouling 

resistance, Increased membrane durability 

 

These improvements significantly reduce energy 

consumption while increasing membrane lifespan and 

operational efficiency. 

 

3.1.2 Graphene Oxide Membranes 

Graphene oxide (GO)-based membranes have attracted 

considerable attention due to their exceptional water transport 

properties and molecular sieving capability. The layered 

nanostructure of GO membranes enables selective transport 

of water molecules while effectively restricting dissolved 

salts. 

 

GO membranes offer several advantages: High water 

permeability, Excellent salt rejection efficiency, Reduced 

membrane fouling, Enhanced mechanical strength although 

graphene-based membranes demonstrate promising 

desalination performance, large-scale commercialization 

remains challenging because of fabrication complexity and 

production costs. 

 

3.1.3 Nanocomposite Membranes 

Nanocomposite membranes incorporate nanoparticles such as 

titanium dioxide (TiO₂), silica nanoparticles, silver 

nanoparticles, and carbon nanotubes into membrane 

structures to enhance performance [12]. Nanoparticle 

incorporation improves: Surface hydrophilicity, Antifouling 

characteristics, Mechanical strength, Thermal stability, 

Antimicrobial activity These improvements contribute to 

enhanced membrane productivity and reduced maintenance 

frequency. 

 

3.2 Renewable Energy Integration 

 

Energy consumption remains one of the most critical 

limitations of desalination technologies. Consequently, 

integrating renewable energy resources into desalination 

systems has emerged as an effective strategy for improving 

sustainability and reducing greenhouse gas emissions [13]. 

 

Solar-Powered Desalination 

Solar energy has gained considerable attention due to its 

abundant availability, particularly in arid and coastal regions 

experiencing freshwater scarcity. Solar desalination systems 

may be integrated with reverse osmosis, membrane 

distillation, and thermal desalination units. Solar-assisted 

reverse osmosis offers: Lower operational cost, Reduced 

carbon emissions, Greater suitability for remote locations, 

Improved sustainability 

 

Wind-Powered Desalination 

Wind energy-based desalination systems are increasingly 

explored for coastal regions with strong wind resources. 

Wind-generated electricity can directly power membrane 

desalination plants, reducing dependence on fossil fuels. 

 

Hybrid Renewable Systems 

Hybrid renewable systems combining solar and wind energy 

improve reliability by overcoming intermittency limitations 

associated with individual renewable sources. These systems 

are increasingly recognized as viable solutions for sustainable 

freshwater production. 

 

3.3 Hybrid Desalination Systems 

 

Hybrid desalination systems combine multiple treatment 

technologies to maximize water recovery and reduce process 

limitations [14]. 

 

RO–NF Hybrid Systems 

Nanofiltration is frequently used as a pretreatment process 

before reverse osmosis to reduce membrane scaling and 

fouling. NF removes hardness ions and organic contaminants, 

thereby improving RO membrane performance. 

 

FO–RO Hybrid Systems 

Forward osmosis pretreatment reduces membrane fouling and 

improves overall water recovery in reverse osmosis systems. 

 

MD–RO Hybrid Systems 

Membrane distillation can recover freshwater from reverse 

osmosis reject streams, reducing brine discharge and 

improving process sustainability. Hybrid technologies are 

increasingly preferred because they: Improve water recovery 

efficiency, Reduce membrane fouling, Minimize operational 

costs, Enhance environmental sustainability 

 

4. Challenges and Research Gaps 
 

Despite remarkable progress, saline water treatment 

technologies continue to face several technical, economic, 

and environmental challenges. 

Paper ID: SR22817093018 DOI: https://dx.doi.org/10.21275/SR22817093018 1593 

www.ijsr.net
http://creativecommons.org/licenses/by/4.0/


International Journal of Science and Research (IJSR) 
ISSN: 2319-7064 

SJIF (2021): 7.86 

Volume 11 Issue 8, August 2022 

www.ijsr.net 
Licensed Under Creative Commons Attribution CC BY 

4.1 Energy Consumption 

 

Energy demand remains one of the primary concerns in 

desalination systems. Thermal technologies consume 

substantial heat energy, whereas membrane-based systems 

require electricity for pressure generation and pumping 

operations. 

 

Although energy recovery systems have reduced power 

requirements in reverse osmosis plants, desalination remains 

relatively energy-intensive, particularly in developing 

countries. 

 

Future research should emphasize: Energy-efficient 

membranes, Renewable energy integration, Low-pressure 

desalination systems [15]. 

 

4.2 Membrane Fouling and Scaling 

 

Membrane fouling significantly reduces desalination 

efficiency and increases operational costs. Fouling may occur 

due to: Organic deposition, Biological growth (biofouling), 

Colloidal accumulation, Inorganic scaling 

 

Scaling caused by calcium carbonate, calcium sulfate, and 

silica precipitation decreases membrane permeability and 

operational lifespan. 

 

Advanced pretreatment systems and antifouling membrane 

materials are therefore essential for improving desalination 

efficiency. 

 

4.3 Brine Disposal 

 

Desalination generates concentrated brine streams containing 

elevated salt concentrations and residual chemicals. Improper 

disposal of brine may adversely affect aquatic ecosystems by 

increasing salinity levels and disturbing marine biodiversity. 

 

Sustainable brine management strategies such as: Salt 

recovery, Resource valorization, Zero liquid discharge (ZLD) 

systems require further research and commercialization. 

 

4.4 Economic Constraints 

 

High capital investment and maintenance costs continue to 

limit desalination implementation in developing regions. 

Membrane replacement, pretreatment infrastructure, and 

energy expenses significantly contribute to operational cost. 

 

The development of low-cost membranes and decentralized 

desalination systems suitable for rural communities remains 

an important research priority. 

 

5. Future Perspectives and Conclusion 
 

Saline water treatment technologies are expected to become 

increasingly sustainable, efficient, and economically feasible 

due to advancements in materials science, renewable energy 

integration, and smart process monitoring. 

 

Artificial intelligence and machine learning are emerging as 

valuable tools for predicting membrane fouling, optimizing 

pressure conditions, and improving desalination plant 

efficiency. Likewise, self-cleaning and highly antifouling 

membranes are expected to significantly reduce maintenance 

requirements. 

 

The integration of desalination systems with renewable 

energy resources such as solar and wind energy will further 

reduce environmental impacts and operational expenses. 

Hybrid desalination systems combining membrane 

technologies and thermal processes are likely to improve 

freshwater recovery while minimizing brine disposal 

problems. 

 

In conclusion, saline water treatment technologies have 

become essential for addressing increasing freshwater 

scarcity worldwide. Thermal desalination methods remain 

suitable for highly saline water, whereas membrane-based 

technologies, particularly reverse osmosis, dominate modern 

desalination because of their high efficiency and lower energy 

requirements. Although challenges such as fouling, energy 

consumption, and brine management remain significant, 

continued technological advancements are expected to 

improve sustainability and affordability. Future research 

should focus on advanced membrane materials, renewable 

energy integration, and sustainable brine management 

strategies to ensure long-term freshwater security. 
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