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Abstract

Reverse osmosis (RO) desalination is an increasingly important technology for
providing fresh water in water-scarce and semi-arid regions. However, one of its major
environmental challenges is the generation of brine — a highly saline wastewater
containing concentrated salts, chemicals and heavy metals. Improper disposal of brine
can lead to soil salinization, groundwater contamination and marine ecosystem
degradation. This article explores integrated and sustainable approaches to brine
management, including concentration reduction technologies, zero-liquid discharge
(ZLD) systems and resource recovery through salt and mineral extraction. It also
examines the environmental impacts of brine discharge in semi-arid zones and proposes
strategies for ecological protection, cost optimization and circular water economy
integration. The study emphasizes the necessity of policy frameworks and innovative
reuse models to ensure both environmental sustainability and economic feasibility in
RO-based desalination systems.

Keywords: Reverse osmosis, brine management, sustainable desalination,
environmental impact, semi-arid regions, zero-liquid discharge, resource recovery,
circular water economy.

Introduction

In recent decades, the rapid growth of population, industrial development and climate
change have significantly increased the global demand for fresh and clean water. Many
regions of the world, particularly semi-arid and arid zones, are experiencing severe
water scarcity due to limited rainfall, depletion of groundwater resources, and rising
temperatures. To address these challenges, reverse osmosis (RO) desalination
technology has emerged as one of the most efficient and widely adopted solutions for
producing potable water from saline or brackish sources. The RO process operates by
forcing water through a semi-permeable membrane that separates dissolved salts and
impurities, resulting in two streams — purified water (permeate) and concentrated
saline waste, commonly known as brine.

While RO desalination offers clear benefits in terms of water security and sustainability,
it simultaneously generates serious environmental concerns related to brine disposal.
The brine waste produced contains high concentrations of salts, residual treatment
chemicals, and sometimes trace amounts of heavy metals, which can cause soil
salinization, groundwater pollution, and disruption of aquatic ecosystems if not
properly managed. In coastal areas, uncontrolled discharge into the sea may alter
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salinity gradients and threaten marine biodiversity. In semi-arid regions, where land-
based disposal is common due to the absence of nearby marine outlets, brine
accumulation poses even greater ecological and socio-economic risks.
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Figure 1. Visual schematic of a desalination plant.

Sustainable management of RO brine therefore represents a critical environmental and
technological challenge in the 21st century. Traditional methods such as direct
discharge, evaporation ponds, or deep-well injection are increasingly being questioned
due to their long-term environmental impacts. As a result, scientific research is now
focused on integrated approaches that combine environmental protection,
technological innovation and resource recovery. These include zero-liquid discharge
(ZLD) systems, solar-assisted evaporation, brine concentration reduction through
energy-efficient processes and extraction of valuable materials such as salts,
magnesium, lithium and other minerals. Moreover, the concept of circular water
economy — which emphasizes the reuse of wastewater and by-products — has become
central to modern desalination strategies.

In this context, the present study aims to explore sustainable and innovative solutions
for the safe management, reuse and environmental impact mitigation of brine waste
from reverse osmosis systems, with a particular focus on semi-arid regions. The article
analyzes the physicochemical properties of brine, examines existing disposal practices,
assesses their environmental implications and proposes integrated frameworks for
sustainable utilization. Ultimately, the research seeks to contribute to the development
of an environmentally responsible desalination sector that balances technological
progress with ecological preservation.
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In the 21st century, global challenges such as climate change, population growth,
urbanization and industrial expansion have intensified the problem of freshwater
scarcity. Across the world, water demand continues to rise while natural freshwater
sources are becoming increasingly limited and polluted. This has made the search for
sustainable water supply solutions one of the most critical priorities for both
environmental science and public policy. The problem is particularly acute in arid and
semi-arid regions, where low rainfall, high evaporation rates, and groundwater
depletion create persistent water shortages that threaten human health, agriculture, and
economic stability.

Among the various technological solutions developed to address this crisis, Reverse
Osmosis (RO) desalination has emerged as one of the most efficient and widely
adopted methods for producing potable water from saline and brackish sources. The RO
process involves forcing water through a semi-permeable membrane that separates
dissolved salts and contaminants. This separation produces two distinct streams:
permeate, or purified water and brine, a concentrated saline byproduct. While RO
desalination significantly enhances water security, it simultaneously introduces a
major environmental challenge—the generation and disposal of brine waste.

Pexpander, RO, Sacandary

RO Expander,

5 Secondary 6"
-1 ]

x Water Out

RO Separator

A==,

RO Pump RO Expander P S
% Ppurnp RO LR Y
Mass Flowrate, m —>{ 2 S ) ( 2 ; }_P
Brine In Pexpander. RO Primary
_’. Surface Pump

1

i v
Brine Out l.ﬁ

Figure 2. Flow diagram of the reverse osmosis (RO) process showing
permeate production and brine discharge.
Brine waste is a highly saline effluent that contains large concentrations of sodium,
chloride, magnesium, sulfate and other dissolved ions, along with treatment chemicals
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such as antiscalants, coagulants, disinfectants and trace heavy metals. Improper
disposal of this effluent can lead to soil salinization, groundwater contamination
and the degradation of aquatic ecosystems. In coastal areas, direct discharge into
the sea can disrupt salinity balance and threaten marine biodiversity. In semi-arid
inland regions, where marine discharge is not feasible, land-based or deep-well
disposal methods may cause severe long-term environmental and socio-economic
consequences.
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Figure 3. Diagram of reverse osmosis brine concentration and chemical
conversion (MIT)

From a disciplinary perspective, this research lies at the intersection of
environmental science, water resource engineering, ecology, chemical
technology and sustainable development studies. It represents a
multidisciplinary field that combines environmental protection, waste management
and technological innovation to promote responsible resource use. The study is not only
of theoretical importance but also of practical significance—it supports sustainable
water management, waste minimization and ecological safety in water-scarce
environments.
Globally, three primary approaches are currently applied to brine waste management:
1. Safe disposal techniques, such as evaporation ponds, marine outfalls and deep-
well injection;
2. Zero-Liquid Discharge (ZLD) systems, which aim to completely eliminate
liquid waste and recover solids;
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3. Reuse and resource recovery, which focus on extracting valuable materials
such as salts, magnesium, calcium and lithium from brine streams.
Recent research trends emphasize integrated and sustainable management
frameworks that merge these approaches to minimize environmental risks and
maximize resource efficiency. The emerging concept of the circular water economy
has gained importance in this context — promoting the idea that waste streams should
be viewed not as pollutants but as potential resources to be recovered and reused.
The aim of this study is to examine sustainable and innovative solutions for the
safe management, utilization and environmental impact reduction of brine waste
generated by reverse osmosis desalination systems, particularly in semi-arid regions.
The article analyzes the physicochemical characteristics of brine, evaluates existing
management and disposal technologies, assesses their environmental implications and
proposes an integrated, eco-friendly and economically viable framework for
sustainable brine utilization. The outcomes of this research are expected to contribute
to the development of an environmentally responsible desalination sector that
aligns with the goals of global sustainability and circular economy principles.
The reverse osmosis (RO) process operates by applying high pressure to force saline
water through a semi-permeable membrane, separating dissolved salts and impurities.
As a result, the process produces two distinct streams: purified water (permeate) and a
highly concentrated saline reject known as brine. The volume of brine generated
depends on the feedwater salinity, membrane performance, and operational design of
the system, typically ranging from 15% to 50% of the total influent water volume.
Chemically, brine consists primarily of sodium (Na*), chloride (CI7), sulfate
(S0427), magnesium (Mg2*) and calcium (CaZ2*) ions, along with antiscalants,
coagulants, disinfectants, and organic residues introduced during the treatment
process. Its total dissolved solids (TDS) concentration often reaches 35-70 g/L,
sometimes exceeding that of seawater by a factor of two.
In semi-arid regions, where natural evaporation rates are high and precipitation is
minimal, brine tends to concentrate rapidly. This can result in soil salinization,
alteration of groundwater chemistry and ecosystem imbalance. Therefore, the
sustainable management and reuse of RO brine are essential components of
environmental protection and water security in these regions.
Conventional Methods of Brine Management and Their Limitations.
At present, several conventional methods are used to manage or dispose of brine waste,
each with specific advantages and environmental drawbacks:
a) Direct Discharge: In coastal regions, brine is often discharged directly into the sea.
This method is simple and low-cost but can severely disrupt marine salinity gradients,
reduce dissolved oxygen levels, and negatively affect plankton, fish- and other aquatic
organisms.
b) Evaporation Ponds: Inland or semi-arid areas commonly use evaporation ponds,
where solar energy promotes water evaporation and leaves behind solid salt residues.
While this method utilizes natural energy, it requires large land areas, and if not

38

Journal Zone Publishing, Ilford, United Kingdom




British Journal of Global Ecology and Sustainable Development
Volume- 45, October 2025
ISSN (E): 2754-9291

properly maintained, the residual salts can cause secondary pollution and soil
degradation.

c¢) Deep-Well Injection: Another technique involves injecting brine into deep

geological formations. Although this method isolates the waste from surface

environments, it poses risks of groundwater contamination, leakage, and

induced seismicity over time.

Overall, these traditional approaches offer temporary or localized solutions but are not

sustainable from a long-term environmental or economic perspective.

Integrated and Sustainable Approaches to Brine Management.

Recent advances in desalination science have shifted the focus from simple disposal

toward integrated and resource-oriented brine management. Several

promising strategies have emerged:

a) Zero-Liquid Discharge (ZLD) Systems: ZLD technologies aim to eliminate

liquid waste entirely by recovering up to 95-98% of the water and converting the

remaining salts into solid residues. Although ZLD is environmentally superior, it

requires high energy input and capital costs.

b) Solar-Assisted Evaporation: Harnessing solar energy to accelerate natural

evaporation is particularly suitable for semi-arid climates. This method minimizes

energy consumption while allowing recovery of industrial salts for reuse in chemical and

manufacturing sectors.

¢) Resource Recovery from Brine: Brine contains valuable elements such as

lithium, magnesium, sodium, calcium and bromine. Through electrochemical,

membrane, or ion-exchange techniques, these minerals can be extracted and sold as

industrial raw materials — transforming waste into an economic asset.

d) Circular Water Economy Models: The integration of brine reuse into circular

water economy frameworks encourages the recirculation of treated wastewater in

other industrial or agricultural applications, such as cooling systems or irrigation. This

reduces overall freshwater demand and promotes sustainability.

Environmental Impact Assessment and Mitigation Strategies.

Assessing the environmental impact of brine discharge involves analyzing soil, water

and biological parameters through ecological monitoring. The main environmental

hazards identified include:

o Soil salinization and reduction of fertility;

o Alteration of groundwater chemistry and contamination;

o Decline in biodiversity due to changes in osmotic balance;

o Formation of toxic compounds through chemical interactions with industrial
pollutants.

Mitigation strategies should therefore include:
1. Continuous monitoring of brine composition and discharge volumes;
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2. Use of biofilters and natural adsorbents (e.g., zeolite, activated carbon) to
neutralize contaminants;
. Adaptation of treatment systems to local climatic and geological conditions;
4. Development of regulatory frameworks and environmental standards for
brine management;
5. Encouraging community and industry awareness on sustainable water
practices.

w

Economic and Social Significance

Sustainable brine management not only mitigates environmental harm but also
generates economic and social benefits. Extracting valuable elements like lithium,
magnesium and bromine supports industries such as electronics, metallurgy and
pharmaceuticals. Additionally, reusing treated brine water for irrigation or industrial
cooling reduces operational costs and dependence on freshwater sources.

In semi-arid regions, adopting innovative brine management systems aligns directly
with UN Sustainable Development Goals (SDGs), particularly Goals 6 (Clean
Water and Sanitation), 12 (Responsible Consumption and Production), and
13 (Climate Action). These approaches strengthen the transition toward a green
and circular economy, ensuring long-term ecological and economic resilience.

Analysis and Discussion.

1. Global and Regional Scale of the Brine Challenge

With more than 70% of the world’s desalination plants operating on reverse
osmosis technology, global brine production has reached alarming levels. For every liter
of freshwater produced, approximately 0.6 to 1 liter of brine is generated. In
countries such as Saudi Arabia, the UAE, Israel and India, the total brine output exceeds
100 million tons annually.

Although Central Asian nations, including Uzbekistan and Kazakhstan, are still
expanding their desalination capacity, they will soon face similar challenges. If left
unmanaged, brine accumulation can trigger soil degradation, groundwater
salinity increases, and irreversible ecological damage. Therefore, modern
environmental engineering treats brine not as a waste, but as a potential resource
for recovery and reuse.

2. Composition Analysis and Environmental Risk Level.

Chemical analysis of brine samples from various desalination sites shows salinity levels
ranging from 35 to 75 g/L, and in extreme cases, exceeding 100 g/L. The dominant
compounds include NaCl (60—70%), Mg2*, Ca2* and SO42~, accompanied by trace
metals such as Cr, Pb, Ni, and Zn. These elements can accumulate in soils and
organisms, leading to bioaccumulation and toxicity across ecosystems.

The elevated salt content disrupts soil-water interactions, reduces permeability, and
hinders microbial activity essential for plant growth. Over time, agricultural
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productivity decreases, and native vegetation may die off. Furthermore, brine-borne
chemicals can enter the food chain, posing indirect risks to human health.

3. Comparative Evaluation of Brine Management Methods.
A comparative assessment of existing methods reveals significant differences in
environmental risk and efficiency:

Method Advantages Limitations Eflvn'onmental
Risk
Direct discharge ||Simp1e, low cost HHigh marine and soil impact‘ ‘High
. Requires 1 1 ; .
Evaporation ponds Uses natural solar energy equires ‘arge .and areass) Medium
secondary pollution
Deep-well injection Isolates waste underground Risk of leakage and seismic High

activity

Zero-Liquid Discharge|No liquid waste; high

(ZLD) recovery Expensive, energy-intensive||Low

Solar evaporation &|[Energy-efficient; generates|Climate-dependent,

. Low—Medi
resource recovery useful by-products moderate yield ow—Medium

From this comparison, it is evident that ZLLD and resource recovery systems are
the most environmentally sustainable, though costly. The optimal solution in semi-arid
contexts is a hybrid system—combining solar-assisted evaporation with partial ZLD
and mineral recovery processes to balance cost and sustainability.

4. Resource Recovery Potential from Brine.

Recent studies highlight the economic potential of brine reuse. For instance, one
cubic meter of brine can yield approximately 3—5 kg of solid salts and 0.1—0.3 g of
lithium through advanced recovery methods. These recovered materials have
significant market value in battery production, pharmaceuticals, and chemical
industries.

Additionally, partially treated brine can be reused for industrial cooling systems,
agricultural irrigation, or construction material production (e.g., salt-based
concrete additives). Thus, waste becomes a strategic secondary resource,
contributing to both environmental protection and industrial efficiency.

5. Analytical Recommendations and Management Framework.

Based on analytical findings, a comprehensive brine management framework for semi-

arid regions should include:

1. Real-time monitoring systems for brine quality and environmental parameters;

2. Technological integration of ZLD, solar evaporation and electrochemical
extraction methods;

3. Local adaptation of infrastructure to climatic and hydrological conditions;

4. Regulatory enforcement through national environmental standards;
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5. Public and industrial education promoting sustainable water use and waste
minimization.

Scientific models suggest that 20—30% of brine effluent can be technologically

recovered, improving total water use efficiency by up to 25%. This aligns with

modern sustainability paradigms that link environmental protection to economic

productivity.

6. Analytical Conclusion

The analysis demonstrates that brine waste is not merely an environmental burden but
a valuable resource base when managed through integrated, science-based
strategies. By combining technological innovation, economic incentives, and
ecological responsibility, semi-arid regions can transform desalination byproducts
into sustainable assets.

Effective brine management ensures:

e Protection of groundwater and soil systems;

o Reduction of freshwater dependency;

o Recovery of industrially valuable materials;

» Promotion of a circular, low-carbon water economy.

Such integrated solutions represent a crucial step toward achieving a sustainable and
resilient future for water management in environmentally vulnerable regions.
The findings of this research emphasize that the management of brine waste from
reverse osmosis (RO) systems represents both a critical environmental challenge and an
emerging opportunity for sustainable resource recovery. In semi-arid regions, where
water scarcity is already a pressing issue, the uncontrolled disposal of saline effluents
can lead to severe ecological degradation — including soil salinization, groundwater
contamination, and loss of biodiversity. However, when managed scientifically and
sustainably, brine can be transformed from a hazardous byproduct into a valuable
source of raw materials and secondary water resources.

The study demonstrates that traditional brine disposal methods — such as deep-well
injection, direct discharge and evaporation ponds — are increasingly unsuitable for
long-term sustainability due to their environmental and spatial limitations. Instead,
integrated and multi-dimensional approaches that combine technological innovation,
environmental protection and economic optimization are essential. Among them, Zero-
Liquid Discharge (ZLD) systems, solar-assisted evaporation, and resource recovery
technologies (e.g., electrochemical extraction and ion exchange) have proven to be the
most effective strategies. These methods minimize liquid waste, enable salt and mineral
recovery and promote a circular water economy that aligns with the global sustainability
agenda.

Furthermore, the research highlights that policy and governance play a decisive role in
successful implementation. Clear environmental regulations, incentives for sustainable
desalination and investment in green technologies are vital for ensuring ecological
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balance. Public awareness and community participation are equally important for
promoting responsible water use and supporting technological adaptation in local
contexts.

Economically, reusing and recovering brine components offers tangible benefits —
creating new industries for mineral extraction, reducing freshwater consumption and
enhancing energy efficiency in desalination plants. Environmentally, it contributes to
the protection of soil and water ecosystems, thus improving resilience against climate
change impacts.

In conclusion, achieving sustainable brine management in semi-arid regions requires
an integrated framework that unites environmental science, engineering, and socio-
economic planning. Brine should no longer be regarded merely as waste, but as a
strategic resource whose proper management can foster innovation, environmental
security, and long-term water sustainability. The transition from “waste disposal” to
“resource recovery” is not only environmentally responsible but also economically
rational — serving as a foundation for the next generation of sustainable water
technologies and policies.
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