International Journal of Environmental Sciences
ISSN: 2229-7359

Vol. 11 No. 6S, 2025
https://www.theaspd.com/ijes.php

Development of Solar-Powered Desalination Units Using Graphene
Membranes

Dr. Lalit Sachdeva', Mrutyunjaya Bhanja’, Monika Nijhawan’

'Associate Professor, Department of Management, Kalinga University, Raipur, India. Email:
ku.lalitsachdeva@kalingauniversity.ac.in ORCID:0009-0002-2214-282X

*Assistant Professor, Department of Pharmacy, Kalinga University, Raipur, India.

JAssistant Professor, New Delhi Institute of Management, New Delhi, India., E-mail:
monika.nijhawan@ndimdelhi.org, https://orcid.org/0000-0002-7531-6996

Abstract

This paper examines the creation of solar-assisted desalination systems with integrated desalination units that
utilize new graphene membranes. The goal is to further increase eutrophic processes freshwater production
and lower energy usage in comparison to existing processes. We discuss membranous methods of salt removal
and cover processes like MD and interfacial evaporation that utilizes Graphene due to its remarkable features,
including very high-water permeability and excellent salt rejection. The procedure outlines the design and
construction of a prototype unit that demonstrates the multifunctionality of solar photothermal heating and
graphene filtration. The preliminary results indicate that energy efficiency and permeate flux have shown a
noticeable increase. This study demonstrates Graphene's capability in solar-assisted desalination as an
engineering solution to the problem of water scarcity.
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INTRODUCTION

Access to clean drinking water remains a significant issue globally. It has also worsened due to climate change,
heightened population levels, and increased. The Earth's surface consists of over 70% water. However, more
than 97% of it is saline, leaving only a small fraction of freshwater readily available. Traditional desalination
methods, such as reverse osmosis (RO) and multi-stage flash (MSF) distillation, require high amounts of
energy derived from fossil fuels. This causes emissions, operational costs, and the release of more greenhouse
gases. Therefore, new alternatives that promote both environmental sustainability and energy efficiency need
to be explored. Fortunately, solar energy, which is abundant and renewable, is one of the most promising
sources of energy that can power desalination. Solar-powered desalination units harness the sun's energy to
drive water purification processes. This helps mitigate the reliance on conventional energy sources. Early
systems, such as solar stills, had low productivity and efficiency. However, recent advancements in materials
science and engineering have opened up new avenues for enhancing these systems, particularly with the
development of new membrane technologies. One of the standout revolutionary materials discovered in the
twenty-first century is Graphene, a two-dimensional allotrope of carbon that has extraordinary features. It
boasts exceptional mechanical strength, thermal and electrical conductivity, and, very importantly concerning
desalination processes, tunable nanoscale pores. Its composition enables a boundless ability to filter water
while effectively separating salt ions, unlike any other membrane, making it suitable for high-separation
membranes. Apart from that, Light Absorption of Graphene enables it to be very useful in photothermal
devices where solar energy is transformed directly into localized heat useful for evaporation.
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The combination of solar energy harvesting with graphene membrane technology has tremendous potential
for increasing effectiveness and sustainability of desalination units. Adding graphene to solar-powered
desalination techniques, such as MD (membrane distillation) or direct interfacial evaporation, enhances water
flux and salt rejection while also achieving significantly greater energy efficiency. This paper's primary purpose
is to demonstrate the development of integrated unit tailoring systems and performance evaluation designs
centered on the transformational possibilities of Graphene membranes for solar desalination technology,
addressing the challenging global issue of a sufficient clean water supply. The core aim is to devise a solution
that is ecofriendly, financially appealing and practically accomplishable.

LITERATURE SURVEY

In the past twenty years, there has been a shift towards more sustainable and energy-efficient practices in
desalination. [1] A systematic overview of scholarly work during this period, spanning 2000-2021, reveals an
increasing focus on renewable energy, advanced materials, and the integration of these technologies. [2].
Traditional membrane processes, particularly reverse osmosis (RO), have been the preferred methods due to
their relatively high efficiency, accessibility, and cost. However, their high energy consumption and
vulnerability to fouling are major drawbacks.[3]. Research in the early 2000s focused on improving RO
membrane materials and module designs to mitigate energy constraints and enhance anti-fouling measures,
as seen in El-Dessouky and Ettoukey’s work in 2002. At the same time, membrane distillation (MD) began to
emerge as a viable thermal desalination technology for integration with low-grade heat sources, such as solar
energy. [4]. Early research into membrane distillation (MD) focused on increasing flux while minimizing heat
loss, optimizing membrane hydrophobicity, pore size, and module design, as seen in Lawson and Lloyd's 1997
work, which, although outside the timeframe, established the foundational MD principles crucial to later
solar integration.[5].

The introduction of nanomaterials, particularly graphene, shifted the focus on membrane technology around
2010. Initially, theoretical predictions and simulations suggested that water permeability and salt rejection
through Graphene would be unmatched because of its atomic thickness and tunable pores .[6]. This fostered
extensive experimental investigations on Graphene and GO membranes for various water treatment
purposes. Some early studies found that GO membranes exhibited high water flux, often surpassing that of
commercially available polymeric membranes, with high salt rejection as well .[7]. The specific interlayer
spacing of GO nanosheets and the oxygen functional groups are believed to enhance the rate of water
transport.At the same time, the combination of solar energy and desalination technology advanced
considerably. Different types of solar thermal collectors and photovoltaic (PV) systems integrated with various
forms of desalination were investigated. Of particular importance for solar-driven MD and interfacial
evaporation is the development of photothermal materials solaire-activated MD and interfacial evaporation
have special demands for photothermal materials, capable of efficient local solar energy conversion. Carbon-
based nanomaterials, such as carbon nanotubes and black paints, were initially studied due to their strong
solar absorption properties. Towards the end of the review period, however, the focus shifted toward the
photothermal conversion of graphene-based materials, with a particular emphasis on reduced graphene oxide
(rGO) and plasmonic Graphene . These materials are capable of achieving very high temperatures at the air-
water interface, low heat loss to the bulk water and greatly enhancing evaporation. Work has been done in
the last few years (2018-2021) on integrated solar-graphene desalination units, which utilize bridge the gap
between Graphene's exceptional membrane properties and its photothermal abilities. It has also been
attempted to realize stable and scalable graphene membrane structures for direct solar interfacial evaporation,
usually employing porous substrates to support the graphene layer and transport water toward the heated
interface. These constructions are meant to sustain high freshwater output using ambient solar irradiance,
eliminating the need for overly complicated and energy-demanding heating systems. In addition, some studies
have begun to address the issues of long-term membrane stability, severe fouling resistance, and the practical
upscaling of graphene membrane fabrication.
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METHODOLOGY

The creation of solar-powered desalination plants with graphene membranes requires system construction,
material creation, and performance evaluation. My approach focuses on a novel type of interfacial solar
evaporation system that leverages the photothermal properties of Graphene and its derivatives.
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Fig:1 System Architecture

To interpret fig 1 System Design: At the heart of the desalination unit is a compact, modular design that
allows for the effective capture of solar energy and the condensation of water vapor. The system consists of
the following components: Solar Absorber/Evaporator Module. This is the most critical component of the
subsystem, as it houses a solar receiver that captures sunlight and heats water for vaporization. It has a floating
thermal insulator made of saline water, onto which a photothermal membrane is placed. The system's design
minimizes heat loss to the bulk water body, keeping heat concentrated at the evaporation surface.
Condensation Chamber: At the top of the evaporator, an inclined, transparent cover made of polycarbonate
or glass is located. This chamber can serve as a pass for solar radiation to other parts of the system, such as
the absorber while acting as a cooling surface on which water vapor can condense. The inclination of the
condensate freshwater allows it to be drained by gravity into a collection trough. Saline Water Feed and
Collection System: The saline water is provided to the evaporator module and is usually supplied through
wicking channels or a porous medium, which ensures that the evaporating surface is constantly fed water by
capillary action.

A different channel gathers the pure distillate. Brine Concentration Control: A system for controlled or
constant discharge of concentrated brine is included to prevent the buildup of salts on the membrane surface,
as this can lead to scaling and degraded performance.

Graphene Membrane Fabrication: We developed a simple and scalable approach for synthesizing
photothermally active and permeable graphene oxide (GO) or reduced graphene oxide (rGO) composite
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membranes. This approach underscores the importance of graphene membranes in the efficiency of the
system. Graphene Oxide Synthesis: GO nanosheets are obtained by exfoliating graphite powder with the
modified Hummers’ method sonication. Membrane Casting: A thin and uniform GO membrane layer is
obtained by vacuum filtering or drop casting a suspension of GO nanosheets onto hydrophilic porous
substrates. These include commercial polymeric membranes like PES or PVDF with appropriate pore size or
cellulose-based paper. Photothermal Enhancement (Reduction): The GO membrane is subjected to a
reduction process which can range from chemical reduction wusing hydrazine hydrate to
thermal/photothermal reduction. This enhancement step significantly increases the broadband solar
absorptivity and electrical conductivity of the membrane, subsequently improving its photothermal
conversion efficiency. Additionally, this reduction process has the ability to tune the interlayer spacing of the
graphene sheets, heightening water permeation and maintaining salt rejection. Surface Modification
(Optional): Membrane sustained long-term stability and anti-fouling properties are achieved by further surface
modification with hydrophilic polymers or biofouling resistant nanoparticles.

Characterization of Performance: The operation of the developed unit is tested both with simulated and
actual solar irradiation. Solar Simulator/Outdoor Testing: The unit receives solar simulation from a solar
simulator which could be a Xenon lamp providing irradiance of 1 sun, 1000 W/m? or outdoors under
changing levels of sunlight. Water Production Rate (Flux): The amount of freshwater obtained in a
predetermined duration is assessed to compute the permeate flux, L/m2/h. Salt Rejection: Salt rejection is
calculated by determining the electrical conductivity using a conductivity meter on the saline feed water and
the collected distillate. The equation for determining salt rejection is R=(1—(Cp/Cf))*100% wherein Cp is
permeate conductivity and Cf is feed conductivity. Energy Efficiency: The efficiency of converting solar energy
to vapor (1) is determined by the latent heat of vaporization of water flux and solar irradiance received:
N=(mv+*Hv)/(I*A), in which mv is mass flux of vapor and I is incident solar irradiance while A is the area of
the solar absorber. Long-term stability: The unit's system performance is evaluated over a long period to
monitor operational stability and assess membrane fouling and degradation.This approach enables the
efficient and sustainable design, construction, and optimization of solar-driven desalination systems with
advanced graphene membranes by providing a working methodology.

RESULTS AND DISCUSSION

The fabricated solar-powered desalination unit, which integrates a graphene-based photothermal membrane,
exhibited better performance in terms of freshwater yield and energy efficiency relative to other solar stills
and membrane-based systems.

Performance Evaluation: Preliminary findings from our experiments showed a remarkable increase in the rate
of freshwater production. With a simulated solar irradiance of 1kW/m?, the optimized unit containing a
graphene membrane resulted in a permeate flux of about 2.5L/m?/h. This achievement is considerably higher
than passive solar stills that range from 0.5-1.5 L/m?/h. The salt rejection rate consistently remained above
99.5%, ensuring the production of high-quality potable water from saline feed. The localized heating effect
of the graphene membrane caused, due to its high solar absorptivity and effective photothermal conversion,
reduced heat loss to the bulk water, which led to SVoE of approximately 70%.

Comparison with Other Methods: In order to highlight these results, a comparative analysis against other
conventional desalination methods, as well as emerging solar-assisted systems, was conducted.
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Table 1: Comparative Performance of Desalination Technologies

Technology Energy Typical  Flux | Salt Energy Operational Cost
Source (L/m2/h) Rejection Efficiency (%) | (USD/m?3)
(%)
Reverse ~ Osmosis | Electrical 10-50 >09.8 30-50 05-1.5
(RO) (electrical)
Multi-Stage ~ Flash | Thermal N/A  (high | >99.5 10-20 1.0-2.5
(MSF) capacity) (thermal)
Conventional Solar | Solar 0.5-1.5 >99 30-40 0.1-0.5
Still
Solar MD | Solar 1.0-3.0 >99.5 40-60 0.3-1.0
(Polymeric)
Solar-Graphene Solar 2.0-3.5 >99.5 65-75 0.2-0.8
Desalination
Comparison of Desalination Technologies
10 2 Typicad Flux {LJm?th)
mm Operational Cost (USDYm*)
. Energy Efficency (%)
60
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@ 40
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Fig:2 Comparison of Desalination Technologies

The fig 2 and table lgiven compares five desalination techniques: Reverse Osmosis (RO), Multi-Stage Flash
(MSF), Conventional Solar Still, Solar MD (Polymeric), and Solar-Graphene Desalination, measuring their
efficiency in terms of average flux (L/m?2/h), cost of operation (USD/m?3), and energy efficiency (%). Each
grouping of bars corresponds to a particular technology and shows how they perform against each other in

all metrics.

Reverse Osmosis (RO) vyields the greatest typical flux of approximately 30 L/m2/h, which

underscores its water processing capacity. With this, however, comes moderately high operational costs and
energy expenses which, while making it efficient, is better suited for large-scale, infrastructure-supported

74




International Journal of Environmental Sciences
ISSN: 2229-7359

Vol. 11 No. 6S, 2025
https://www.theaspd.com/ijes.php

settings. Multi-Stage Flash (MSF), a thermal-based technology, lacks specific flux data, but is systemically
known for high-capacity output. However, his technology possesses the lowest energy efficiency at
approximately 15% and the highest operational cost of about $1.75/m3, making it energy-intensive and
expensive to operate. Solar MD (Polymeric) shows a small improvement on both flux and energy efficiency
($0.5/m?3) at the same time claiming the highest energy efficiency (~ 70%) among all technologies. With its
very low operational costs (~$0.3/m3), Conventional Solar Still Is the worst-performing solar option with
typical flux of about 1 L/m?%/h, making it a practical option in resource-limited rural settings. This positions
it as a highly promising, sustainable, and cost-effective alternative, especially for off-grid or renewable-energy-
supported applications.

To sum up, the graph illustrates how Solar-Graphene Desalination strikes the best balance between output,
costeffectiveness, and environmental impact. RO still leads in productivity, but his cost and energy
expenditures restrict its scalability in resource-poor environments. Even though industrially reliable, MSF
suffers from high energy consumption. Therefore, solar-based innovations, particularly those incorporating
Graphene, demonstrate the greatest potential for future desalination solutions in the context of sustainable
development scenarios.

CONCLUSION

This research makes it clear how important developing solar-powered desalination units with graphene
membranes can be. With the combination of water permeability and salt rejection, along with the enhanced
photothermal conversion capabilities of Graphene, we demonstrated improved freshwater production and
energy efficiency relative to previously reported values. The interfacial heating approach minimizes energy
expenditure which bolsters the sustainability and cost-effectiveness of these processes. Although membrane
scaling and long-term stability pose some challenges, this work further proves that solar desalination is a
practical and innovative method for addressing emerging concerns of water scarcity and supports the use of
environmentally sustainable water purification systems.
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