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Loofah sponge: a sustainable material for
wastewater desalination

Susmi Anna Thomas, & *2 Jayesh Cherusseri & *® and Deepthi N. Rajendran & *

Treatment of wastewater has become a necessity to address the shortage of drinking water in this era due to
population explosion as well as shortage of water resources. It is necessary to develop wastewater treatment
approaches that are facile, eco-friendly, scalable, and low cost. Among the various choices available to date,
desalination is a versatile and suitable method which involves an interfacial evaporation of salt ions from
seawater to produce freshwater. The desalination method involves a membrane-based process in which
the development of suitable and cost-effective ways is a prerequisite. There have been many membranes
developed in the recent past including carbon-based membranes (such as graphene membranes, graphene
oxide membranes, etc.), MXene-based membranes, etc. Among the various available choices, biomass-
based materials have become attractive to develop membranes which are economically feasible and
environmentally friendly materials that can be produced on a large scale. By considering the advantageous
features of biomass-based materials, water desalination becomes a cost-effective approach for the present
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and future. Herein, we review the recent developments of a biomass material, loofah sponge, for water
desalination applications by serving it as a sustainable membrane. Loofah sponge-based materials are

highly promising candidates for saltwater desalination. Initially we discuss the salient features of loofah

sponge that make it suitable for water desalination applications including chemical properties and further

we discuss the synthesis of various natural carbon derivatives from it including mesoporous carbons and
biochar. Furthermore, the preparations of composites with other materials systems such as transition metal
oxides and MXenes are outlined by emphasizing the microstructural and morphological influence on the

performance of membranes for water desalination applications. The present review provides an in-depth

understanding of natural loofah sponge-based membranes for desalination application.

Sustainability spotlight

Wastewater purification is mandatory for current and future drinking water standards. Loofah sponge is an environment-friendly sustainable material, which is

of low cost and its production is scalable, attracting great interest in the field of wastewater purification. The increasing demand for sustainable water puri-
fication technologies is manifested by UN Sustainable Development Goal 6: Clean Water and Sanitation. Accordingly, loofah sponge-based hybrid/
nanocomposite membranes are highly sustainable materials for developing wastewater purification by means of membranes for water desalination applica-

tions without making any harmful byproducts and pollution.

1. Introduction

Earth's surface is covered with almost 70% of water, but only
2.7% is available as freshwater, and out of which only 0.3% is
available as freshwater for human needs."* With respect to the
developments in the field of world economy, growth in pop-
ulation and freshwater resource consumption, the mean value
of global per capita freshwater resource has dropped by 50% in
the past 50 years. From reports, it is found that three-quarters of
the world population will be affected by the shortage in fresh-
water by 2050.>* After the COVID-19 disaster, pollution in
freshwater sources has become a serious problem which
accelerated research focus to freshwater resource protection as
well as developing novel technologies to convert wastewater to
freshwater. This has ended with a number of water treatment
technologies being evolved, among which most of them use
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membranes for the water treatment during the conversion
process, such as in the desalination process.’”

Water and energy are the two essential components which
are required for human life on Earth.*'* Energy scarcity is
becoming a nightmare to the world due to the rapid population
explosion.®™” Scarcity of water is a global issue in the aspect of
environmental pollution and human intervention. Both of these
issues are somewhat related and influence the overall develop-
ment in the economic and social context. Desalination is an
efficient water treatment technology which generates freshwater
by the removal of salt and other minerals and has become
a sustainable solution for water treatment and drinking water
production globally.'®>* About 19 000 desalination plants are
working to date, which produce almost 1 x 10* m*® per day of
freshwater.>® Desalination technology is classified with respect
to the driving mode of energy required for desalination, namely
thermally driven, electrically driven and mechanically driven
desalination methods.”**> The thermally driven desalination
method includes multiple effect desalination and multi-stage
flash processes.>® Mechanically driven desalination refers to
a membrane process such as reverse osmosis. Reverse osmosis
is a widely used method due to its reduced energy consumption
and flexible installation capacity.””*® An electrically driven
desalination process allows the passage of various ions to pass
through a selective exchange membrane under a direct current
electric field to produce freshwater. Irrespective of the high
energy consumption for these processes, the desalination
capacity continues to be increased by about 7% per annum
globally.*” In addition to this, the emerging desalination tech-
nology such as the solar water desalination process that
combines thermal energy and evaporation of freshwater thereby
separating the freshwater, is a feasible and cost-effective
method when compared to desalination technologies utilizing
electricity. Research and development of solar water desalina-
tion are still in their infancy.

With respect to the efficacy in clean water production, solar-
driven interfacial desalination is developed as a promising
approach with minimization of the carbon footprint.**=* Efforts
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have been put forwarded to improve the efficiency of the solar-
driven interfacial desalination process, which include optimi-
zation in optical absorption, limitation of heat loss and
improvement in water evaporation.*® Salt ions accumulating
and crystallising at the evaporator's surface, microchannel
clogging, etc. weaken the performance of desalination.*® To
address this, salt mitigation strategies such as cleaning salt
crystallisation, usage of Janus membranes, and introduction of
diffusion backflow replenishment of salt ions through large-
sized channels are implemented.*” A high evaporation rate as
well as an efficient salt resistance are difficult to attain simul-
taneously when using concentrated brine water during a long
evaporation process.*® For a sustainable future, it is necessary to
develop renewable and sustainable water purification technol-
ogies that should be cost-effective and environmentally friendly.
In this context, solar water desalination is a promising method,
which is considered to be a green technology.** The cost effec-
tiveness, availability, and sustainable character make the solar
evaporation technique a promising route for purifying waste-
water, desalination of seawater, and steam disinfection. In
comparison with the traditional water purification methods,
solar desalination exhibits higher thermal efficiency, reduced
maintenance cost, flexibility, and ability to control the
production cost.* In the solar desalination process, the water
gets converted to steam at the interface of air and water hence
the interfacial evaporator material plays a crucial role in
absorbing the heat and its passage. The heat absorbed by the
evaporator is dissipated in the form of conduction, convection,
and radiation.** Various types of materials are used to prepare
the solar interfacial steam generators with a two-dimensional
porous architecture being proposed. In general, a two-
dimensional evaporator has three components: a solar
absorption layer having high light absorptivity, a conveyance
water structure having porosity and high hydrophilicity, and an
insulating substrate with a reduced thermal conductivity. With
respect to the deepening strategy for the solar absorption layer
features and substrates, an increase in the number of materials
and layer structures has been used.”” Currently, a solar
absorption layer is made of metal particles of plasma, semi-
conductor, and carbon components. These materials allow
conversion of solar energy to heat energy by obeying the prin-
ciples corresponding to local heating of plasma, creation and
relaxation in electrons, holes, and molecular thermal vibra-
tion.”® Among the various available choices, carbon materials
possess features such as broadband absorption and good pho-
tothermal features, which are broadly investigated. Although
carbon-based photothermal systems are developed, some of the
scientific problems still need to be resolved. Nanostructured
carbon materials such as carbon nanotubes, graphene, gra-
phene oxide, etc. are widely used as photothermal absorbing
materials for desalination applications.**** The major draw-
back of using these materials for commercial applications lies
in their huge cost associated with their synthesis; hence their
applications are limited.*****® To address this issue, biomass-
derived carbon materials are chosen and are found to be
effective materials which maintain their structure and
morphology after carbonization.** In comparison with synthetic
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materials, biomass-based materials have less negative impact
on the environment. Presently, the major biomass materials
explored include bamboo tree, wood, pollen, mushroom, algae,
etc.””* The evaporation rate of a wooden evaporator is a lower
value of about 0.5-1.17 kg m~> h™".>* Mushroom, biomass, and
other carbon components have the ability to retain their struc-
ture after carbonization. But the major demerit is their high
cultivation cost and longer duration required for cultivation.
For example, in the case of mushroom it takes about 4 months
and for bamboo, it takes about 1 year. In addition to this, when
biochar materials are applied in interfacial evaporation, they
cannot be perfectly sliced and arranged to create a large-area
evaporation because their own structure is not in a flat form.
After performing carbonization, smaller particle structures like
algae and pollen couldn’t be used for interfacial evaporation
directly without using binders. These binder materials are
water-insoluble and need to be dissolved in organic solvents
like N,N-dimethylformamide to prepare films, which leads to
high production costs as well as water pollution. Thus, it is
urgent to develop new materials which are easy to prepare
without using binders so that the evaporator will be green,
efficient, and afford pollution-free evaporation. By taking into
account these facts, material researchers and water scientists
are highly dedicated to developing other evaporators that are
free from drawbacks when compared with other materials.
Naturally occurring plants like mangroves thrive in water with
salinity greater than that of seawater. Generally, mangrove root
layer has high surface {-potential of approximately —91.4 £+
0.93 mV. With inspiration from the mangrove root layer which
is negatively charged, a polyelectrolyte hydrogel is used with
respect to its unique salt-rejection effect for high charge, this

Synthesis and Storage

Characterizations

R
g Water Desalination

v

Biochar Evaporator

Fig. 1 Contents of the present review. (a) Digital photograph of dried
loofah sponge. Reproduced with permission from ref. 58. Copyright
(2023) Elsevier Inc. (b) Cross-sectional SEM image of inner side of
loofah fiber. Reproduced with permission from ref. 58. Copyright
(2023) Elsevier Inc. (c) Digital photo of an outdoor water desalination
setup. Reproduced with permission from ref. 58. Copyright (2023)
Elsevier Inc. (d) Loofah sponge biochar evaporator. Reproduced with
permission from ref. 42. Copyright (2022) Elsevier Inc. (e) Digital image
of loofah plant. Reproduced with permission from ref. 61. Copyright
(2020) Royal Society of Chemistry.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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being termed a mangrove root with similar manner in the
desalination of water. Despite a polyelectrolyte hydrogel
network, indigenous design of an evaporation configuration to
increase dynamic water transportation is another parameter to
optimize the efficiency of solar desalination. In this review
article, we describe the salient features of a biomass material,
loofah sponge, for application in water desalination applica-
tions. Loofah sponge is a highly promising biomass material,
which is a naturally occurring plant fiber. We discuss its
importance in water desalination applications including the
synthesis of absorber materials, their properties, and perfor-
mance evaluations. The content of the present review is sche-
matically shown in Fig. 1.

2. Features of loofah sponge

Loofah sponge is commonly named as a vegetable sponge,
which is obtained from the mature dry fruit of Luffa cylindrica. It

View Article Online

RSC Sustainability

is composed of crisscrossed fibers and includes a three-
dimensional (3D) reticular architecture. Photographs of raw
Luffa cylindrica and dried loofah sponge are shown in
Fig. 2(a-c).

The loofah sponge is a rich plant resource and it is
commonly cultivated in tropical countries of Asia, Africa and
other sub-tropical regions. The attractive features of loofah
sponge include reduced density, eco-friendliness, non-toxicity,
biodegradability, and low cost. There exist two types of loofah
sponges: one with high density and the other with low density.
There are many varieties of the former. Applications of these
loofah sponge materials were studied widely in China, almost
400 years ago. The Chinese classic “Compendium of Materia
Medica” recorded the performance of loofah sponge and indi-
cated that “loofah sponge, with sweet and clod nature, has the
effect of clearing heat, cooling blood, detoxifying, promoting
circulation of blood and dredging collaterals”. Loofah sponges

Fig. 2 Digital photographs of (a) cylindrical loofah, (b) cortex in loofah sponge, and (c) loofah sponge. Reproduced with permission from ref. 56.

Copyright (2017) MDPI.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Statistical representation of the number of publications based on loofah sponge for various applications during 2006-2024. The inset
represents the percentage of citations received for these publications [source: Web of Science].

are used for cleaning devices, pillow filling and insole material.
Advancements in science and technology have led to the
application of loofah sponge in several fields of environmental
engineering, pharmaceutical engineering, industrial engi-
neering, and biomaterials science. With respect to the highly
porous character, biochar materials are prepared from loofah
sponge that can be further used in adsorption, electromagnetic
interference shielding, etc. The porous nature of loofah sponges
is associated with a higher degree of lignification, and it is
a promising biomass material for a variety of applications.*
Loofah sponge is largely available as a dried sponge, which is
a cost-effective biomass introduced from loofah plant fruit and
a commonly used cleaning tool with light-weight nature. Loofah

sponge is a cheap and widely available biomass having useful
mechanical strength and dimensional stability that has
a hydrophilic nature and hemicellulose favouring the absorp-
tion and transfer of water. It possesses a 3D network that acts as
a self-supporting substrate with porous architecture facilitating
enough space for air flow and ion exchange. By considering the
features of loofah sponge and loofah sponge-derived materials
for desalination, material researchers and water scientists are
currently exploring these materials as efficient candidates for
desalination applications. Among the various reports, some of
them are dedicated to the use of loofah sponge in water puri-
fication whereas others are focused on the application of loofah
sponge in the desalination treatment of salt water to produce

200
1807 gaag 2013 7.69%  7.69%
9l 2016 11.54% 7.69%
160 2017 g
=2o1s
W20 760y, (i
2 1407 oang 2021 ) 19.23%
2 _| 900 2022
® 120 2023
%) W0k 2024
g 10 11.54%
& 3.85%
80
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2 60
40
20
0 T ! T :
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
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Fig. 4 Statistical representation of the number of citations received for the publications based on loofah sponge for water purification during
2013-2024. The inset represents the percentage of number of these publications [source: Web of Sciencel.
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pure water. A statistical representation of the number of
publications based on loofah sponge for various applications
for the calendar years 2006-2024 is shown in Fig. 3. The
percentage of citations obtained for these publications during
the period 2014-2024 is given as an inset image in Fig. 3.

From this figure, it is clear that there is an increasing
research interest in using natural loofah sponge for a variety of
applications. Although the application of loofah sponge is re-
ported in 2006, its application in water purification is firstly
reported in the year 2013. The number of citations received for
the loofah sponge-based publications for water purification for
the calendar years 2013-2024 is shown in Fig. 4 and the number
of publications (in %) in each year is given as an inset image. A
review in the field of loofah sponge-based clean water produc-
tion is not reported in the literature and hence it is mandatory
and timely to understand the salient features of this material as
well as the preparation of loofah sponge-based materials for
water desalination performance enhancement.

3. Loofah sponge: an effective
material for desalination

Loofah sponge biochar is a potential material to develop a solar
absorption layer and its low cost and short cultivation cycle of

View Article Online
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2-3 months have attracted research interest.”” The processing of
loofah sponge avoids any complex approaches like molding and
binder preparation for the synthesis. It is possible to utilize its
structure directly as a solar absorption layer for an interfacial
evaporator after performing pressurization and carbonization
in a simple way without any addition of extra reagents. Network
architecture of these loofah sponges is prominent in splicing,
which produces a large areal evaporation. Loofah-based poly-
electrolyte hydrogel evaporator having bilayer structure is
designed to meet higher evaporation characteristics to intro-
duce highly efficient desalination for long-term performance.*®
A design of bilayer polyelectrolyte hydrogel with loofah sponge
was developed to meet the higher performance requirement for
water desalination. By mimicking the root layer of mangroves
with negatively charge as shown in Fig. 5a, sodium polyacrylate
carbonized loofah is prepared with a carbonized top layer and
coated with a polyacrylate hydrogel on the network to induce
salt resistance. The top portion of the carbonized layer has
broad light absorption and efficient light capturing, which acts
as solar absorber. But in the microchannels, restricted counter
ions, Na' ions, produce a Donnan potential, tending to redis-
tribute nearby in brine solution, leading to a salt resistance
effect. At the same time, a unique hydrophilic hierarchical
channel in loofah efficiently manages the water content in solar
steam generation. Sodium polyacrylate carbonized loofah

Evaporation

=

Roots cell

&Water release

—

Loofah

Loofah sponge Carbonization

—

Fig. 5

(@) Generation of mangrove-inspired solar vaporization; (b) synthesis process in sodium polyacrylate carbonized loofah; (c) detailed

procedure of polymerization of sodium acrylate on loofah. Reproduced with permission from ref. 58. Copyright (2023) Elsevier Inc.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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bilayer structure consists of two parts: a carbonized top layer
and a sodium polyacrylate hydrogel embedded in a micropo-
rous layer at the bottom with carbon loofah fiber for the supply
of water. Loofah fiber is chosen as a substrate because of its
reduced cost, effective hydrophilicity and the occurrence of
microporous channels in it. The preparation of this proposed
loofah fiber is shown in Fig. 5b. Initially, the top surface layer of
loofah sponge is carbonized to increase the absorption of light.
Later, sodium polyacrylate is synthesized by in situ polymeri-
zation of acrylic acid present in the network, which leads to
highly efficient water retention and ability for salt resistance to
allow solar desalination. Polymerization procedure for the
sodium polyacrylate hydrogel is given in Fig. 5c. Loofah bottom
layer is then submerged in sodium acrylic acid solution to
ensure solution fills its pores and kept in an oven for copoly-
merization. The large number of hydroxyl groups in cellulose of
the loofah skeleton and carboxyl groups present in sodium
polyacrylate help in cross-linking the polymer chains by non-
covalent hydrogen bonding.

The morphological and structural evaluation of loofah fiber
and sodium polyacrylate carbonized loofah is shown in Fig. 6.
Loofah harvested in the early stage is an edible component, but
a fully matured loofah act as a fibrous material (Fig. 6a). A
scanning electron microscope (SEM) image of loofah with the
corresponding energy-dispersive X-ray spectroscopy (EDS)
mapping images are presented in Fig. 6b. The SEM image
elucidates that the structure has microchannels in loofah fiber,
mostly lying in the micropore range for the transportation of
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water and a steam channel pathway inside. Fig. 6¢ shows the
FTIR spectra of loofah fiber. EDS spectra of sodium polyacrylate
confirming the distribution of elements C, O and Na suggest the
homogenous modification of surface of loofah by sodium poly-
acrylate. The characteristic peaks originate from the sodium
polyacrylate in the corresponding carbonized loofah fiber. The
natural layer untreated exhibits a porous interconnected struc-
ture that could hold hydrophilic loofah cellulose fibers (Fig. 6d).
Fig. 6e and f present cross-sectional SEM images at two different
magnifications show continuous arrangement of a honeycomb
structured microchannel and its diameter is in the range of 15
um. The original shape of loofah is found to be retained even
after undergoing carbonization. An illustration of a macropore
coated with sodium polyacrylate carbonized hydrogel after per-
forming the copolymerization procedure is shown in Fig. 6g,
which indicates an efficient synthesis of loofah fiber-based
sodium polyacrylate carbonized hydrogel. The SEM images
show the sectional loofah fiber (Fig. 6h and i) which is smooth as
a result of sodium polyacrylate carbonized hydrogel polymeri-
zation to attain higher evaporation rate of water without making
any change in its inherent structure of multiple microchannels
inside the fibers. In addition to this, it is found that the hydrogel-
coated loofah fiber exhibited a high porosity of about 96.54%
after the coating process.

A solar desalination experiment was performed with carbon
loofah fiber and four evaporators having various contents of
sodium polyacrylate hydrogel carbon loofah fiber kept in
seawater under 1 sun. The authors of this work observed that

(a) Loofah fiber photograph; (b) SEM image of loofah sponge and corresponding EDS mapping; (c) FTIR spectra; (d) 3D porous structure in

loofah fiber; (e and f) cross-sectional views inside loofah fiber; (g—i) surface and sectional SEM images of sodium polyacrylate carbonized loofah.

Reproduced with permission from ref. 58. Copyright (2023) Elsevier Inc.
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carbon loofah fiber exhibited a reduced salt rejection value of
8.6%, indicating that there exists a large quantity of NaCl
growth inside the hydrogel. This salt rejection value of sodium
polyacrylate hydrogel-carbon loofah fiber is found to be
increased with respect to the concentration of sodium poly-
acrylate loading amount and it is found to be 60.1%, 73.4%,
80.2%, and 82.4% for 10, 15, 20, and 25 wt%, respectively. By
evaluating the repeatability character of sodium polyacrylate
carbon loofah fiber for ten cycles, a stable performance was
obtained, although there was an accumulation of salt on the
surface. The assembled evaporator maintained a salinity from
36 to 200 g kg~ without any deposition of salt for longer time of
desalination. The practical applicability of outdoor solar desa-
lination was also evaluated by the authors of this work. A
schematic representation and construction pattern of solar
water purification with solar energy are shown in Fig. 7a and b,
respectively. The production of water vapour with sodium pol-
yacrylate carbon loofah fiber on the left contacts the glass plate
and forms into water droplets by collecting in the right
chamber. This sodium polyacrylate carbon loofah fiber not only
introduces clean water for desalination but it also exhibits
excellent performance in water remediation that removes metal
ions, organic dye, alkaline and acidic solutions in sewage, as
depicted in Fig. 7c. The pH measured for acidic and alkaline
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solutions in sewage before and after the desalination are
depicted in Fig. 7e. Further, the concentrations of four cations
(Na*, Ca®", Mg*", and K") in the purified water were determined
after the desalination process and found to be lower than those
suggested by the World Health Organization (WHO) as shown
in Fig. 7d and the test results for the other four cations are
depicted in Fig. 7f.

Activated carbon synthesized from the loofah sponge using
phosphoric acid was used for adsorbing cefalexin present in
aqueous solution.* The activated carbon exhibits a porous
architecture having micropores and mesopores and shows 95%
adsorption for cefalexin. It exhibits maximum adsorption effi-
ciency of 55.11 mg g~ ' at a temperature of 308 K. The authors of
this work observed that the equilibrium data agree with the
Freundlich isotherm, which represents multilayer adsorption
and cefalexin adsorption by activated carbon, indicating
a pseudo-second-order reaction. It is possible to use an ami-
nated phenolated lignin by combining with hydrophilic poly-
ethylene glycol onto hydrophilic loofah sponge.® The authors of
this work introduced lignin as a material for photothermal
conversion and it shows an efficient and a controllable effi-
ciency for photothermal conversion through adjusting the
amount of grafted conjugated structures in a simple procedure.
The authors introduced lignin as photothermal conversion

fm‘-
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(a) Pictorial representation and (b) digital photo of an outdoor setup; (c) heavy metal ion and dye before and after purification; (d) primary

element concentration in saltwater before and after performing desalination; (e) pH value measured for acidic and alkaline solutions in sewage; (f)
heavy metal ion concentration after performing purification. Reproduced with permission from ref. 58. Copyright (2023) Elsevier Inc.
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candidate for solar evaporator fabrication because of its strong
and efficient -7 molecular interaction. An evaporation effi-
ciency of 97.6% with an evaporation rate of 1.75 kg m > h™* is
achieved under 1 sun illumination. A bilayer structure of loofah
sponge was developed, which consists of a blackened top layer
and a native alignment of the bottom layer having good light
and water absorption characteristics for a stable and sustain-
able solar evaporator. For the top layer, the black-coloured
rough loofah fiber surface exhibits an antireflection perfor-
mance. At the same time, light is trapped between the layered
porous mesh. An image of a loofah fruit is shown in Fig. 8a.
There exists a limitation in the broad solar absorption spectrum
of native loofah sponge. To optimize the solar-driven evapora-
tion application of loofah sponge, a carbonization procedure
was performed to blacken the surface layer. This leads to

Fig. 8
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a dramatic increase in absorption of light at the top layer, which
is schematically shown in Fig. 8b. In comparison with a non-
integrated double-layered structure, the proposed integrated
bilayer architecture in this work removes the gap between two
layers for minimizing the thermal and water resistance. The
evaporator thus fabricated showed an integrated architecture
having a carbonized layer of thickness ~2 mm on the top
surface to facilitate adsorption of light. In addition to this, there
is an untreated natural layer having thickness ~8 mm in the
bottom of the evaporator. The light absorption occured at the
solar evaporator is schematically shown in Fig. 8c-e. In
comparison with a flat and dense structure, the interconnected
porous architecture consists of coarse fibers which thereby
increases absorption of light by trapping, increase in surface
area, and antireflection phenomena. There are three major

(a) Digital image of loofah plant. (b) Schematic representation of loofah sponge-based solar steam introduction system prepared on

a large scale with surface carbonized loofah sponge. (c) Multilayer architecture of evaporator. (d) Macropore of evaporator. (e) Microchannel of
evaporator. Mechanism corresponding to transfer of mass in evaporator. (f) Evaporator has several features like vapor transportation of inter-
connected microchannels, broader spectrum of absorption of light in carbonized surface as well as properties of heat localization and interfacial
salt exchange. (g) Concentration of salt gradient between microchannel and macropore enabled exchange of salt for preventing this salt
accumulation. Reproduced with permission from ref. 61. Copyright (2020) Royal Society of Chemistry.
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phenomena for this trapping of light. The first one is the
internal light scattering and trapping in this multilayer struc-
ture having limited availability of space between the layers (as
shown in Fig. 8c). Secondly, the light makes multiple reflections
inside macropores introduced between fibers (Fig. 8d). Thirdly,
it is clear from Fig. 8e that microchannels present inside the
fiber maximize light absorption with trapping of light inside
channels. On the other hand, hydrophilic loofah cellulose fiber
having abundant hydroxyl groups can make a quick absorption
of water. Besides this, hydrophilicity and microchannel
combination make the surface of infiltrating liquid as a capil-
lary, producing a rising of liquid along the microchannel wall.
Here, the hydrophilic fiber and its internal microchannel
structure provides enough water supply for the transportation
of water to heat the surface by capillary action (Fig. 8f). When
the water absorbed in the localized heat surface evaporates, it
introduces tension; hence it becomes difficult to balance and
maintain running cycles. Moreover, water transfers from
different directions to localized surface heating through pores
connected at the microscale. During the process of desalina-
tion, evaporation of water continuously on the upper surface
leads to an increase in concentration of salt at the localized
heating surface. From Fig. 8g, we can find that salt concentra-
tion in microchannels is much higher than that of macropores
in sponge due to the limitation in water content of micro-
channels, producing a horizontal salt concentration gradient.
Here, the distribution of salt concentration is in the order of
upper-layer microchannel > upper-layer macropore > lower-
layer microchannel > lower-layer macropore. The concentra-
tion gradient of salt leads to a salt exchange between micro-
channels and 3D porous structure in sponge. In the vertical
direction, there exists a spontaneous exchange of highly saline
water in the upper layer with lower saline water in the lower
layer for diluting the concentration of salt in the upper layer
(Fig. 8f). At the same time, loofah sponge exhibits efficient
hydrophilicity which rapidly absorbs the water to vaporize brine
at the heating surface to remove accumulation of salt. The
inherently present porous architecture in fibers and micro-
channels addresses the accumulation of salt spontaneously.

A digital image of a native loofah sponge is shown in Fig. 9a.
There exists a 3D porous architecture between fibers and
different layers which have pores with varied sizes. The surface
morphology of loofah sponge is studied further by SEM imaging.
From Fig. 9b, it is clear that the evaporator upper layer retains its
original shape after carbonization. Here, the upper carbonized
layer has an interconnected porous structure, benefiting light
transportation. Unlike a flat surface which depends upon the
angle of incident light, a coarse fiber cylindrical surface helps in
increasing the specific surface area for absorption of light to
a greater extent. Here, sunlight absorption was effectively
maintained throughout the day. Multilayered architecture
extends the multi-scattered optical pathways and causes
a reduction in reflectivity, contributing ultra-high light absorp-
tion capacity to the evaporator. The macropores introduced in
fibers facilitate light trapping. Here, incident light tends to
produce multiple reflections inside macropores and micro-
channels, which increases the light absorption of the material

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and generates heat. The unique structure of microchannels
inside fibers leads to light trapping as shown in Fig. 9c. Zoomed
views of the channel structure of the evaporator are shown in
Fig. 9d-g. These channels make a continuous arrangement and
the channel diameter ranges from 10 to 20 um. These well-
arranged channels make an extension in the coarse fiber direc-
tion as shown in Fig. 9f and g. The authors of this work evaluated
the solar-driven evaporation capability of the loofah evaporator
with respect to the mass change of water in a beaker under
different solar irradiation powers of 1, 2, 3, and 5 sun at 20 °C
with 40% humidity. At the same time, by the optimization of the
carbonized layer of the evaporator having various thicknesses,
a higher performance was obtained for a layer thickness of 2 mm.
During evaporation, water evaporates in the form of steam over
the loofah-based evaporator, as shown in Fig. 10a. A pictorial
representation of a solar-driven steam generator is shown in
Fig. 10b. Here, the evaporator is placed in a container that is
floated on water, without any of the auxiliary equipment. A
perfect balancing of the combination of broadband adsorption
of light, localization of heat, water evaporation, and water supply
facilitates a higher evaporation rate and efficiency of conversion.
The mass change of pure water, natural loofah sponge, carbon-
ized wood, and carbonized loofah sponge under illumination of
1 sun is shown in Fig. 10c. In accordance with this 3D porous
architecture, the microchannel behaves as a capillary in fibers of
loofah sponge, having an evaporation rate of 1.42 kg m—> h™",
which is greater than that of natural loofah sponge (0.45 kg m >
h™") or a wood evaporator (0.82 kg m > h™"). Natural loofah
sponge exhibits a lower value for solar absorption because of the
lack of natural colour and unidirectionally aligned wood chan-
nels. This interconnected microchannel provides water absorp-
tion which transports to the surface of the evaporator from
different directions, which promotes water evaporation. The
authors also determined the rate of pure water evaporation. The
evaporation rate shown by this loofah-based evaporator is 6.5
times greater than that for pure water where it was only 0.22 kg
m>h,

The evaporation rates shown by this loofah-based evaporator
at different solar irradiation powers are depicted in Fig. 10d.
The variation in the evaporation rate and the efficiency of
carbonized loofah sponge at different optical concentrations
are shown in Fig. 10e. An increase in solar illumination power
can produce a high evaporation rate and reached a maximum
evaporation rate of 6.62 kg m~> h™ ! under 5 sun. The efficiency
of carbonized loofah sponge is found to be 89.9%, 92.0%,
90.1%, and 90.7% for 1, 2, 3, and 5 sun, respectively. The cyclic
performance of the evaporator at different solar illuminations
of 1, 2, 3, and 5 sun, each cycle being sustained for more than
1 h, is shown in Fig. 10f. Here, the evaporator introduces
a superior character for reusability. The authors of this work
compared the performance of the carbonized loofah sponge-
based solar evaporator with those reported in the literature as
depicted in Fig. 10g. From this graph, it is clear that the evap-
oration rate and efficiency of carbonized loofah sponge are
higher than many of the reported works. The advantage of this
work is scalability. As it is easy to synthesize loofah sponge
membrane by physical and chemical methods in a short

RSC Sustainability, 2025, 3, 2806-2832 | 2815
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Fig. 9 Structural and morphological characterization of loofah-sponge-based evaporator. (a) Digital image showing geometrical feature in
loofah sponge; (b) SEM image of loofah fiber, (c) SEM image representing a cross-sectional view of multiple microchannels inside the fiber; (d and
e) SEM images of channel structure at different magnifications; (f and g) along-channel SEM images with interlaced channel at various
magnifications. Reproduced with permission from ref. 61. Copyright (2020) Royal Society of Chemistry.

processing time and no sophisticated equipment required.
Hence, the production cost is very low, being highly economical
for potential marketing and commercialization.

One of the methods available for the synthesis of a loofah
sponge-based solar absorption layer in a solar interfacial evap-
orator is by compression and carbonization.*” In a typical
procedure, loofah sponges are initially prepared by removing

2816 | RSC Sustainability, 2025, 3, 2806-2832

the seeds from common towel gourd and then drying. Insu-
lation substrate is synthesized from polystyrene foam with
a density of 11 kg m > and a water transport structure is made
from melamine foam having a density of 8 kg m . Chemical
reagents utilized for the synthesis of the absorption layer are
ethanol, potassium chloride, sodium chloride, calcium chlo-
ride, magnesium sulfate, sodium bicarbonate, and magnesium

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.10 Loofah-based evaporator setup and its characterization. (a) Digital image of visible vapor created with illumination of 3 sun. (b) Schematic
representation of solar water evaporation experimental arrangement. (c) Change in mass of water with pure water, natural loofah sponge,
carbonized wood and carbonized loofah sponge with irradiation of 1 sun. (d) Change in mass of carbonized loofah sponge. (e) Evaporation rate

and efficiency of carbonized loofah sponge under solar illumination powers of 1, 2, 3, and 5 kW m

~2_(f) Water evaporation cyclic characteristics of

carbonized loofah sponge with different solar illumination rates, each cycle being sustained for greater than 1 h. (g) Evaporator system
production with loofah sponge in comparison with previously reported values under an irradiation of 1 sun. Reproduced with permission from

ref. 61. Copyright (2020) Royal Society of Chemistry.

nitrate. Solar absorption layers with two kinds of loofah sponge
biochar are shown in Fig. 11a. The synthesis procedure for
compressed loofah sponge biochar involves three steps of
compression, washing and carbonization. Here, a cylinder of
5 cm in diameter is cut from the outer ring of loofah sponge,
which has a thickness in the range of 0.6-0.8 cm. This loofah
sponge cylinder is further washed using deionized water and
dried in an oven at 50 °C for 2 h. Further, these materials are
kept in a tubular furnace for pyrolysis at 800 °C with a heat rate
of 2 °C min~" under nitrogen atmosphere for 2 h. Natural
loofah sponge has a porous architecture where the pores consist
of large gaps between fibrous structure. There exists a diverse
structure in these naturally grown loofah sponges. These pores
provide efficient channels for water and steam transportation.
At 800 °C, loofah sponge lost its water content and shrank,
producing pores and biochar structure that is more compact. A
schematic representation of structure of internal and external
water conveyance substrate is shown in Fig. 11b. Fig. 1lc
compares the structure of a loofah sponge biochar evaporator.

© 2025 The Author(s). Published by the Royal Society of Chemistry

From the SEM images provided in Fig. 12a and b, it is clear that
loofah sponge biochar maintained a porous architecture, with
a skeleton surface roughness. This biochar is arranged in the
form of fiber clusters, which are intertwining with each other
and there exist many pores in the fiber surface. From the cross-
sectional view of loofah sponge biochar, it is clear that there
exist tubular holes in fiber, and the internal diameter of the
holes is in the range of 4-10 pm. The pore size of loofah sponge
biochar is increased in comparison with natural loofah sponge
due to an increase in specific surface area from 1.8 to 544.1 m?*
g~ ". The BET N, sorption isotherms for these two materials are
given in Fig. 12c.

Because of the presence of hemicellulose, cellulose, and
other constituents in the loofah sponge, it undergoes a decom-
position at high temperature, producing volatile substances like
H,0, CO and CO,. The evaporation of these volatile substances
tends to make towel gourd biochar pores abundant. However,
these volatile substances sometimes create a large number of
holes during evaporation. On irradiation of sunlight to the

RSC Sustainability, 2025, 3, 2806-2832 | 2817
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(a) Synthesis process of loofah sponge biochar solar absorption layer. (b) Schematic representation of structure of internal and external

water conveyance substrate. (c) Schematic comparison of structure of a loofah sponge biochar evaporator. Reproduced with permission from

ref. 42. Copyright (2022) Elsevier Inc.

loofah sponge biochar surface, light makes a constant reflection
between the tight pore structure, thereby increasing the vibra-
tion frequency of the carbon lattice and increasing loofah
sponge biochar's photothermal conversion efficiency. In addi-
tion to this, higher porosity facilitates channels for efficient
water and steam flow and enhances water evaporation. The
FTIR spectrum of towel gourd complex biochar is shown in
Fig. 12d, which contains prominent peaks located at 1100, 1600,
and 3430 cm ™' corresponding to C-0, C=0, and N-O/N-H. By
performing carbonization in loofah sponge, hydrophilic groups

2818 | RSC Sustainability, 2025, 3, 2806-2832

(N-O and N-H), which contain higher nitrogen content, are lost.
However, some of the oxygen-containing functional groups still
remain, namely C-O and C=O0. Hydrophilic nature is favour-
able for water and steam transportation of towel gourd complex
biochar. Fig. 12e represents the XPS survey spectra of natural
loofah sponge and natural loofah sponge biochar, where the
peaks corresponding to C 1s, N 1s, and O 1s are positioned at
285, 400, and 523 eV, respectively. The N 1s peak with lower
intensity represents a lower content of nitrogen in the material.
After performing carbonization, the carbon content in loofah

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(@) SEM image of loofah sponge biochar with x100 magnification; (b) SEM image showing the surface structure in loofah sponge biochar

with x1000 magnification; (c) N, adsorption—desorption isotherms (d) FTIR spectra and (e) XPS survey spectra of natural loofah sponge and
biochar of natural loofah sponge; (f) XPS deconvolution spectra fitting of O 1s; (g) Raman spectrum and (h) XRD pattern of loofah sponge biochar.
Reproduced with permission from ref. 42. Copyright (2022) Elsevier Inc.

sponge is increased from 48.35% to 91.12% with an oxygen
content of 6.79%. The O 1s deconvoluted XPS spectrum
(Fig. 12f) indicates that the various oxygen-containing func-
tional groups are C-O and C=0. Hydrophilic groups ensure an
effective hydrophilicity in loofah sponge biochar, which trans-
port steam and water effectively. The Raman spectrum of
natural loofah sponge biochar is given in Fig. 12g. There are two

© 2025 The Author(s). Published by the Royal Society of Chemistry

prominent peaks located at 1330.4 and 1597.5 cm™ ', named as

D-band and G-band, respectively. Here, the D-band, corre-
sponding to atomic lattice defects, may be due to the presence
of amorphous carbon or defective carbon in the structure. The
G-band corresponds to in-plane stretching vibration in C atom
of sp® hybrid, that represents crystalline carbon or ordered
carbon. Graphitization degree in a carbon material is indicated

RSC Sustainability, 2025, 3, 2806-2832 | 2819
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by the intensity ratio of D-band to G-band (I : Ig). A large Ip/Ig
ratio represents a lower graphitization degree and the structure
tends to be disordered. The XRD pattern of natural loofah
sponge biochar is shown in Fig. 12h. In this pattern, there are
broad diffraction peaks located at 21.9° and 43.3°, which
correspond to 002 and 100 planes of graphite. A broadness in
the peaks and reduced intensity reflect a reduced crystallinity
and disordered structure in natural loofah sponge biochar. The
as-prepared natural loofah sponge biochar possesses an inter-
woven structure with hollow fibers, and has a spacing of 10-100
pm. This higher pore diameter has negative impact on solar
absorption, transfer of heat, and water transportation through
the channels. From an analysis of the cross-sectional view, the
authors observed that there exists a dense distribution of hollow
spheres through the tubular holes having pore diameter varying
between 4 and 10 um. The tubular structure can be classified
into transverse and longitudinal and the holes through the
tubular structure make an arrangement in the transverse
direction. The transport of water in the solar absorption layer is
hindered with multiple pipe walls, and there is a reduction in
the water transport layer. If the holes through the tubes are
arranged longitudinally, the transmission rate of water is
consistent along the hole direction, and thereby an increase in
transmission rate can be achieved. Despite this, with respect to
the slow rate of water transmission in tubular holes which are
transversely arranged, the air in these holes introduces thermal
resistance. This thermal resistance will hinder the transfer of
heat from solar absorption layer to water. Most hollow fibers
present in the solar absorption layer of natural loofah sponge
biochar are arranged horizontally, greatly affecting the water
transport and thermal conductivity of this absorption layer and
hindering water evaporation. The authors of this work per-
formed a desalination experiment with environmental condi-
tions such as temperature of ~26 °C and humidity of ~35%.
Here, the sunlight is obtained using a solar simulator and
indoor evaporation experiment is performed with light intensity
of 1000 W m ™2, From this experiment, it is observed that the
natural loofah sponge biochar interfacial evaporator rate is 2.85
times that of normal seawater, reaching a maximum evapora-
tion rate of 1.284 kg m~> h™". This rate is found to be lower than
that of a squashed natural loofah sponge biochar interfacial
evaporator, which was about 1.565 kg m > h ™, The evaporation
rate of this squashed natural loofah sponge biochar interfacial
evaporator is 3.64 times that of normal seawater, indicating the
effective utilization of towel gourd biochar in the interface
evaporation. Solar reflection and transmission losses for the
natural loofah sponge biochar and squashed natural loofah
sponge biochar were found to be 14.77% and 10.79%, respec-
tively. The actual evaporation efficiency of the natural loofah
sponge biochar was 61.37% whereas it was 80.66% for the
squashed natural loofah sponge biochar. The evaporation effi-
ciency of natural loofah sponge biochar is 61.37%, which is
lower than the theoretical evaporation rate predicted (70.74%).
This is due to the occurrence of a network architecture in the
natural loofah sponge biochar and a reduced longitudinal water
conveyance capacity. This leads to more dissipation of heat in
the boundary between solar absorption layer and water

2820 | RSC Sustainability, 2025, 3, 2806-2832
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conveyance architecture, which is not utilized in the evapora-
tion of water. This study showed that by using natural loofah
sponge biochar, high efficiency can be achieved while using it in
solar interfacial evaporator with a reduced cost and showing
scalability.

The first and foremost importance is given the ways to
improve the solar desalination efficiency of these loofah
sponges by increasing the solar absorption. This has resulted in
the use of carbonaceous materials to combine with natural
loofah sponge. With respect to the higher light absorption
efficiency of graphene oxide and reduced graphene oxide,
loofah sponge can be incorporated with these materials by
preparing composite structures. The preparation of loofah
sponge with reduced graphene oxide using a facile hydro-
thermal approach has been reported recently.®” In a typical
experimental procedure, the loofah sponge was cut into pieces
and washed with ethanol and DI water. In order to prepare
a loofah sponge/graphene oxide composite, the cleaned loofah
sponge pieces were immersed in graphene oxide suspension
and kept at a temperature of 20 °C for 12 h to create an ice-
containing bulk component. Later, this bulk component was
freeze-dried to remove water and a loofah sponge@graphene
oxide aerogel was prepared. Further, this aerogel was trans-
ferred into a Teflon-lined vessel and kept at a temperature of
150 °C for 10 h to execute hydrothermal reaction of loofah
sponge in order to reduce the graphene oxide. In this study, the
authors of this work produced a partially modified loofah
sponge with hydrophobic reduced graphene oxide in which
there is a Janus architecture containing hydrophilic-hydro-
phobic components. This partially modified loofah sponge with
reduced graphene oxide possesses a two-layer Janus structure,
having a bottom layer of unmodified loofah sponge containing
macropores with a mean diameter of 500 pum, whereas the
upper layer of reduced graphene oxide-modified loofah sponge
exhibits a multi-scale porous architecture. Here, the unmodi-
fied bottom layer has a macroporous architecture created
through interweaving fibers with diameter ranging between 100
and 200 pm. On the other hand, the upper layer has a hierar-
chical structure inferred from modification of reduced gra-
phene oxide on hydrothermally synthesized loofah sponge
fibers, while maintaining the structural qualities. The pore
diameter of the upper-layer portion is calculated to be 100 pm,
which is less than that of the lower layer. Hierarchical structure
of the upper layer favours solar absorption by large amounts of
refraction and reflection. The loofah sponge/graphene oxide
composite was further used for a solar-driven interfacial water
evaporation experiment using seawater. The change in mass of
seawater with respect to time was calculated and an evaporation
rate of 0.24 kg m~> h™ " was obtained at 1 sun illumination. The
partially modified, hydrothermally synthesized loofah sponge
with graphene oxide exhibits a higher evaporation rate of 1.54
kg m~> h™'. But the loofah sponge, reduced graphene oxide and
hydrothermally synthesized loofah sponge fibers exhibited
evaporation rates of 0.82, 1.02, and 1.07 kg m > h™*, respec-
tively. The efficient salt resistance introduced by the hydro-
phobic side of the hydrophilic-hydrophobic Janus architecture
helped in achieving good desalination efficiency.®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Capacitive deionization using porous electrode material is an
efficient electrochemical technology for the desalination of
brackish water. Nanoporous carbon materials like carbon aero-
gel, graphene, carbon nanofiber and activated carbon are indis-
pensable and prevalent for wide application due to their large
surface area, prominent adsorption capacity, and good stability.
High-quality activated carbon can be synthesized from natural
loofah sponge.® In a typical procedure, the loofah sponge was
washed three times with deionized water and dried at 105 °C
overnight. Later, it was taken in a porcelain boat and transferred
into a tubular furnace, maintaining the temperature at 600 °C for
1 h, and loofah sponge biochar was obtained. Further, this
loofah sponge biochar was activated in KOH medium by mixing
KOH and loofah sponge biochar at different ratios using deion-
ized water and further annealed at a temperature of 800 °C for
1 h under nitrogen atmosphere. In order to remove the insoluble
components, the resulting black powder was immersed in dilute
HCI and washed several times with deionized water and dried in
vacuum for 12 h at 80 °C. The biochar to alkali ratio was varied
suchas1:1,1:2,and 1:4 and the authors of this work prepared
different combinations of resultant product. By using SEM
analysis, it was observed that multi-channelled carbon product
crushed to short fibers with irregularly branched short fibers
holds a length of 6-75 um and width of 2-40 um. The channel
possesses a thickness of 0.1 um. Large numbers of micro-holes
were present in the activated carbon with a ratio of 1:4 having
diameters of 2-5 um, which indicates that an increase in KOH-to-
biochar ratio helped in improving the microstructure. These
investigations indicated a net-like fibrous vascular system in
loofah sponge and a high fiber fraction, like cellulose, lignin, and
hemicellulose. This porous architecture having smooth and
straight channels on a micrometer scale has prominent appli-
cations in boosting transfer of electrolyte ions in solution, being
favourable for deionization. Electrosorptive desalination char-
acteristics of the materials were evaluated using a potentiostat by
performing membrane capacitive deionization at 1 Vwith 10 mM
NaCl having initial conductivity of 1025 uS ecm . In the elec-
trosorption stage, there are typical curves, characterizing rapid
removal of salt ions from the aqueous solution. The removal
efficiency of loofah sponge-derived biochar-based activated
carbon is 19.8%, 19.5%, and 40.1% for 1:1, 1:2, and 1:4
samples, respectively, which indicates that the sample with
a ratio 1:4 has higher electrosorption capacity. Here, a fluctua-
tion in pH is not affected the membrane capacitive deionization
process. In addition to this, an activated carbon electrode is
a necessary component in membrane capacitive deionization,
which is attained through the application of bias voltage. For
desorption, there is an increase in conductivity and the recovery
rates are 90%, 84%, and 97% for 1:1, 1:2, and 1:4 samples,
respectively. These results show an efficient electrosorption
behaviour for regeneration at a ratio of 1: 4. With an increase in
ion concentration to 10 mM, this particular ratio (1:4) leads to
a high electrosorption capacity of 22.5 mg g™ for brackish water.
The presence of uniquely oriented micrometer-scale channels
provides an efficient utilization of the available electrode surface
area. These obtained results demonstrate the feasibility of
resource recovery from loofah sponge fiber, being a promising

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

candidate for water desalination, and such environmentally
friendly solutions are highly recommended. To avoid the prob-
lems associated with the electrode material's reduced salt
adsorption capacity and lower charge efficiency for operation, it
is required to prevent co-ion expulsion during charging. In
addition to this, a reverse potential is applied for electrode
regeneration. A demerit of this method is the re-adsorption of
ions to the opposite electrode during the capacitive deionization
process.®

To improve the features of membrane capacitive deioniza-
tion, electrode materials are developed with large surface area,
uniform pore-size distribution, and good electrical conductivity.
An in-depth study was conducted to evaluate the influence of
applied potential and concentration of salt-on-salt adsorption
capacity, energy consumption, and charge efficiency in
a membrane capacitive deionization system with loofah sponge-
derived biowaste carbon.®* Here, a commercially available
loofah sponge was cut into pieces and kept for carbonization
under argon atmosphere for 1 h at 800 °C. In order to activate
the loofah sponge-derived carbon, it was later mixed with KOH
in 1:2 ratio in 30 mL of deionized water for 10 h and dried at
80 °C in an oven. The prepared mixture was further heated to
a temperature of 800 °C at a rate of 5 °C min™* for 1 h. A
schematic diagram of the membrane capacitive deionization
cell utilizing a loofah sponge-derived activated carbon electrode
is shown in Fig. 13. A typical membrane capacitive deionization
system is composed of an ion exchange membrane pair kept in
front of the loofah sponge-derived activated carbon electrodes
with a nylon spacer. Here, the authors of this work prepared
electrode materials with a thickness of 200 um and an overall
electrode mass (carbon black, active material, and poly-
vinylidene difluoride) of 100 mg. The authors evaluated the
electrosorption characteristics before and after performing
KOH chemical activation. After carbonization and KOH activa-
tion, there exists a porous architecture in the loofah sponge-
derived activated carbon whereas pristine loofah sponge was
composed of interconnected fiber networks. The presence of
the interconnected porous architecture introduced an effective
pathway for rapid diffusion of ion species. With respect to the
higher surface area and hierarchical pores with uniform pore-
size distribution, the loofah sponge-derived activated carbon
exhibited a large number of active sites for ion adsorption.

To evaluate the desalination characteristics, a positive
potential was introduced to the membrane capacitive deion-
ization system across two electrodes in the charging process for
ion adsorption from solution consisting of a known NaCl
concentration and a negative potential for the electrode
discharge for the ions expelled in the waste stream. The desa-
lination performance of loofah sponge-derived activated carbon
at 2500 mg L™ " initial concentration within a potential window
of 0.8-1.2 V in NaCl solution is shown in Fig. 14a. With the
applied potential, there exists a sharp reduction in solution
conductivity initially for charging and then adsorption attains
equilibrium with a reduction in conductivity until reaching
a plateau. Fig. 14b presents a positive correlation of transient
current response with respect to an increase in potential.
Fig. 14c shows the salt adsorption capacity of loofah sponge-
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Fig. 13 Schematic representation of the synthesis process of loofah sponge-derived carbon after activation (represented in the figure as SDL-A)
for membrane capacitive deionization. Reproduced with permission from ref. 64. Copyright (2019) Royal Society of Chemistry.

derived activated carbon electrode at various applied potentials.
By varying the applied potential from 0.8 to 1.2 V, the salt
adsorption capacity increased from 23 to 38 mg g~ ', which
indicates that higher cell potential enhances the electrosorption
capacity. The phenomena observed are due to the occurrence of
stronger electrostatic force and formation of thicker electrical
double layer with an increase in voltage. The cyclic stability of
loofah sponge-derived activated carbon electrode at 2500 mg
per mL NaCl solution for charge/discharge cycles is found to be
good and a major reduction in removal capacity was observed
(Fig. 14d). This result confirms that the activated carbon elec-
trode can be completely regenerated and it is possible to reuse
without any significant degradation. Hence, it is a potential
electrode material for membrane capacitive deionization.

An increase in the charge efficiency from 83 to 87% with
respect to the increase in applied voltage from 0.8 to 1.2 V in
NacCl solution for loofah sponge-derived activated carbon and
from 70 to 80% for the carbon without activation are obtained.
At an applied potential of 1.2 V, the salt adsorption capacity for
the loofah sponge-derived activated carbon is 38 mg g~ at 80%
charge efficiency. The presence of both mesopores and micro-
pores in the activated carbon electrode helps in reducing the
NacCl resistance by the diffusion of it through pores and the ion
adsorption is enhanced by the large surface area. These results
indicate the feasibility of the KOH-activated electrode as an
efficient material for membrane desalination.

2822 | RSC Sustainability, 2025, 3, 2806-2832

A composite of two-dimensional layered MoS, and highly
porous loofah sponge and a glucose-derived carbon was
prepared and used as water evaporator.®® The lightweight and
cost-effective loofah sponge holds a highly macroporous archi-
tecture and it possesses an open network. The authors of the
present work prepared loofah sponge containing MoS, and
amorphous carbon particles through a hydrothermal approach,
by combining sodium molybdate dihydrate, thiourea and
glucose for a period of 6 h at a temperature of 180 °C. To this
solution, a cleaned loofah sponge is introduced. After
completing the experiment, the resultant product is washed and
kept for further analysis. In addition to this, the authors
prepared MoS,/carbon hybrid by a hydrothermal approach
without using glucose. The ripe form of loofah sponge is tough
and it consists of hoop walls with central spines, as shown in
Fig. 15a. After removing the central spines, the remaining
portion of the circular wall is unfolded to a porous and flexible
plate. The internal and external portions of sidewall present in
loofah sponge possess various porosity and orientation of
fibers. The inset image of Fig. 15a shows a thicker and sparser
internal wall, but the external wall is observed to be denser
having intertwined and slender fibers. It was observed that the
loofah sponge taken for analysis consists of a large number of
open micropores present between numerous fibers (Fig. 15b),
but loofah fiber exhibits a wrinkled and rough surface. The SEM
cross-sectional image of loofah sponge shows well-aligned

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 (a) Electrosorption character of loofah sponge-derived activated carbon with respect to different voltages in NaCl solution with initial
concentration of ~2500 mg L~* having flow rate of 50 mL min~* and (b) the corresponding current and voltage response. (c) Removal capacity of
salt for a loofah sponge-derived activated carbon electrode at a voltage range 0.8-1.2 V in NaCl solution having an initial concentration of
~2500 mg L. (d) Curve of deionization and regeneration for loofah sponge-derived activated carbon in 2500 mg per L NaCl solution for an
applied voltage of 1.2 V. Reproduced with permission from ref. 64. Copyright (2019) Royal Society of Chemistry.
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Hydrothermal
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Fig. 15 (a) Images of loofah sponge fibers showing different microstructure outside and inside. SEM images of loofah fiber showing (b) mac-
roporous fiber, (c) microporous fiber, (d) microchannels in loofah fiber. (e) Schematic representation of hydrothermal procedure to synthesize
HLM. (f and g) SEM images of HLM surface at two magnifications. (h and i) SEM images of HLMC surface at two magnifications. (j) EDS elemental
mapping images of HLMC for the elements Mo, S, O, and C. (k) Water contact angle measurement of HLMC. Reproduced with permission from
ref. 65. Copyright (2023) American Chemical Society.
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abundant porous microchannels having diameters of 10-30 pm
(Fig. 15c and d). These porous microchannels and the open
macropores in the fibers not only facilitate spontaneous trans-
portation of water upwards with the help of capillary force, but
also provide circulation of water and salt inside the cylindrical
evaporator. To realize loofah sponge having higher absorption
rate for sunlight with a high conversion capacity of solar-
thermal energy, it is decorated with MoS, sheets and carbon
particles by immersing it in a precursor solution and followed
by hydrothermal synthesis at a temperature of 180 °C (Fig. 15e).
The as-obtained composite is labelled as HLMC. The loofah
sponge is darker after undergoing the hydrothermal reaction
and MoS, sheets are decorated in situ on the hydrothermally
treated loofah fiber surface (Fig. 15f). The MoS, sheets are
observed to be small and aligned tightly as a surface coating
(Fig. 15g), which leads to a rough surface in comparison with
natural loofah fiber. In addition to this, amorphous carbon
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particles are introduced via dehydrogenation and dehydration
of glucose during the hydrothermal reaction, which results in
the formation of a nodule-architectured loofah composite
(Fig. 15h). Here, some amorphous carbon particles having
a size of ~0.7 um were clumped to form carbon clusters
(Fig. 15i). The EDS elemental mapping images present
a uniform distribution of individual elements in the
composite (Fig. 15j). Fig. 15k presents the water contact angle
measurements of the composite from which a contact angle
of 26° is observed, validating the hydrophilic nature of the
composite.

The authors of this work investigated the relationship
between the water evaporation capability of the HLMC evapo-
rator and its exposed heights. After evaluating this, they opti-
mized the water evaporation rate as 3.45 kg m > h™" under
a solar irradiation power of 1 sun. From this optimized
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Fig. 16

(a) lonic concentration of different ions in actual seawater and desalinated water. The colored lines represent WHO and EPA standards

for drinking water. (b) Ultraviolet-visible absorption spectra of methylene blue and methyl orange with HLMC before and after evaporation under
irradiation of 1 sun (insets are digital image before and after irradiation). (c) Long-term evaporation test for the HLMC evaporator using 3.5 wt%
NaClunder continuous irradiation for 120 h with related humidity and room temperature information. (d) Schematic representation of generation
of solar steam and the desalination mechanism for HLMC. Reproduced with permission from ref. 65. Copyright (2023) American Chemical
Society.
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capability of the solar-driven evaporator were evaluated. The
concentration of ions such as Na*, Mg**, K*, and Ca>* present in
the water evaporated by the HLMC evaporator is found to be
much smaller than seawater content (Fig. 16a), which is in
complete compliance with the drinking water standard of WHO
and Environmental Protection Agency (EPA). The resistances of
seawater before and after performing solar steam generation
are found to be 143.9 kQ and 1.72 MQ, respectively. The resis-
tance is increased due to reduced ion concentration in the
seawater after evaporation using the solar-driven HLMC evap-
orator. In addition to this, HLMC is capable of removing
organic dyes from aqueous solution via the solar steam gener-
ation route. The aqueous solution absorption for dyes before
and after the solar-driven purification is analyzed with
ultraviolet-visible absorption spectroscopy and the obtained
spectra are shown in Fig. 16b. It can be observed that the spectra
show elimination of strong absorption peaks introduced by
methylene blue and methyl orange, representing clean water
generation. The long-term stability results of the HLMC evap-
orator to desalinate seawater continuously for 120 h is given in
Fig. 16c. The efficient solar steam performance and excellent
salt-resistant capability of the HLMC evaporator resulted from
the natural macroporous architecture of loofah sponge. The
hydrophilic nature of loofah sponge coupled with the micro-
porous structure facilitates rapid absorption of water and its
upward transport. During the desalination process, the
continuous evaporation of water left behind the salt on the
composite and crystallization of salt occurred upon localized
surface heating. A schematic diagram representing the water
desalination using HMLC with the mechanism is depicted in
Fig. 16d in which the uneven structure of the evaporator tends
to produce a gradient water distribution transfer in the evapo-
rator. The salt accumulation at the side surface of the HLMC
evaporator is due to the poor water solubility and the concen-
tration of salt in the upper layer is higher than in its bulk water
through rapid evaporation of water on the evaporation surface.
A difference in the salt concentration (higher and lower) leads to
convection and diffusion of salt. In addition to this, the
concentration of salt gradient accelerates the exchange of mass
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between macropore and micropore channels to prevent
possible salt accumulation over the evaporator surface.
MXenes is a collective name given to transition metal
carbides, metal nitrides, and carbonitrides. They are two-
dimensional layered materials that find applications in
various fields such as energy,***” catalysis,*® water purification,*
etc. MXenes possess large surface area, good -electronic
conductivity, tunable photothermal properties, etc. The photo-
thermal property of loofah sponge-based biomass materials can
be modified by incorporating MXenes within them. A surface
treatment of coating with MXene is found to be an efficient
approach to increase solar absorption. In the family of MXenes,
Ti;C, MXene has an internal light-to-heat conversion efficiency
of ~100%, indicating its potential for use as a photothermal
material in solar steam production. Due to the semi-metallic
nature of Tiz;C, MXene, the photothermal conversion process
is a localized surface plasmon resonance phenomenon. But the
smooth surface of MXene and spontaneous restacking hinder
water transport and the escape of water vapor. Hence, a modi-
fication is required on the surface of MXene. The utilization of
loofah sponge as a 3D microporous structure as solar evapo-
rator with a Ti;C,-MnO, surface coating was reported previ-
ously.”” In a typical experimental procedure, MXene was
synthesized by a hydrofluoric acid etching method and further
mixed with MnO, powder using isopropyl alcohol. Six samples
were prepared by varying the Ti;C, to MnO, mass ratio and the
mean absorption was evaluated. A sample prepared using
Ti;C,:MnO, = 2:5 (in mg mL™") is found to be optimal to
achieve the best performance. In a typical procedure, MXene
and MnO, were dissolved in isopropyl alcohol separately and
ultrasonicated for 4 h. Later, MXene (60 mL) and MnO, (40 mL)
were mixed in a beaker and magnetically stirred at 600 rpm for
2 h. Further, the precleaned loofah sponge was dip-coated
several times in the as-prepared dispersion to obtain
a uniform coating. Later, the sample was kept at 65 °C in an
oven for 6 h. A schematic diagram representing the synthesis
method of the Ti;C,-MnO,-loofah sponge hybrid is given in
Fig. 17a. Finally, a steam evaporation experiment was con-
ducted using the as-prepared Ti;C,-MnO,-loofah sponge hybrid

2 mg ml” 5 mg ml!
TisC2 MXene MnO:

4 h ultrasonication

¥

Sy

TiaCz—MﬂOz@LS Drying
65°C,6h

Fig. 17

Dip coating Magnetic stirring 60 ml TisCz +
600 rpm, 2 h

40 ml MnO:=

(a) Schematic representation of the synthesis process of TizC,—-MnO,-loofah sponge hybrid. (b) lllustration showing the generation of

solar steam using the TizC,—MnO,-loofah sponge hybrid. Reproduced with permission from ref. 70. Copyright (2023) Elsevier Inc.
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Fig. 18

(a—d) SEM images of TizC,—MnO,-coated loofah sponge with various magnifications. Inset of (d) shows pristine loofah sponge. (e) EDS

elemental mapping. (f) EDS spectrum showing elemental analysis. Reproduced with permission from ref. 70. Copyright (2023) Elsevier Inc.

by placing it on water in a beaker (Fig. 17b) and exposed to
sunlight.

When compared with the pristine natural loofah sponge,
this hybrid material exhibits efficient light absorption charac-
teristics. The surface morphology of this hybrid material was
examined using SEM imaging and the SEM images at different
magnifications are shown in Fig. 18a-d. Natural loofah sponge
possesses a fiber-like porous architecture, feasible for water
transport from underneath bulk water. With the coating of
Ti;C,-MnO, over the natural loofah sponge, its surface is
completely covered with Tiz;C,-MnO, nanoparticles. In
comparison with the smooth surface of natural loofah sponge
(inset of Fig. 18d), the surface of hybrid material is found to be
rough, which is beneficial for reducing the light reflection. The
porous architecture of natural loofah sponge helped in attain-
ing good surface coverage of the Tiz;C,-MnO, nanoparticles
during dip coating. From the SEM-EDS elemental mapping
images (Fig. 18e), it can be observed that there is a continuous
and homogeneous distribution of Ti, Mn, C, and O elements.
The composition of various elements present in the loofah

2826 | RSC Sustainability, 2025, 3, 2806-2832

sponge-Tiz;C,-MnO, hybrid material is available from the SEM-
EDS spectrum given in Fig. 18f and found to be 25.03%, 20.12%,
16.29%, and 38.56% for Ti, Mn, C, and O, respectively.

Heat confinement was evaluated by measuring the cross-
sectional distribution of temperature of the beaker with and
without the Ti;C,-MnO, coating on natural loofah sponge
floating on the air-water interface by using an infrared camera
under irradiation of 1 sun. As given in Fig. 19a, upon 30 min
illumination, a beaker containing water showed a homoge-
neous distribution of temperature throughout the volume
(55.1 °C). Under the same conditions, in the case of the beaker
with water and loofah sponge-Ti;C,-MnO, hybrid material
floating on it, a different thermal profile was exhibited over the
volume. The infrared camera images showed that the portion
containing the loofah sponge-Ti;C,-MnO, hybrid material
dipped inside the water exhibited a higher temperature (63.9 °
C) when compared to that of the portion of water at the bottom
(27.3 °C). Further, the desalination performance of the loofah
sponge-Tiz;C,-MnO, hybrid material was evaluated with
collected seawater and NaCl having higher concentrations

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Infrared camera images of side view of temperature distribution of a system having only water and TizC,—MnO,@loofah sponge

hybrid after 30 minutes of irradiation. (b) Rate of solar evaporation by TizC,—-MnO,@loofah sponge hybrid with respect to variation in salinity value
(seawater, 10, 20, 30 wt%). (c) Salt resistance progression under irradiation of 1 sun. (d) Picture of homemade setup used for desalination of
seawater. (e) Schematic representation of possible salt rejection mechanism of TizC,—-MnO,@loofah sponge hybrid. Reproduced with

permission from ref. 70. Copyright (2023) Elsevier Inc.

(prepared using 10, 20, and 30 wt% NaCl in water) and the solar
evaporator was illuminated with 1 sun. From Fig. 19D, it is clear
that the rate of evaporation reduces with increasing NaCl
concentration. This is due to the water vapour pressure
reducing with an increase in salinity. Seawater evaporation rate
was higher than 1.3 kg m~> h™" whereas it was ~1.1 kgm >h ™"
for 30 wt% of NaCl solution, indicating the efficient desalina-
tion performance of the loofah sponge-Ti;C,-MnO, hybrid
material. As shown in Fig. 19c, when there was a 5 g NaCl crystal
placed directly on top of the loofah sponge-Ti;C,-MnO, hybrid
material and irradiated with a solar illumination of 1 sun, the
NaCl was found to be gradually dissolved in 12 minutes. This
confirms a prominent salt ion diffusion backflow feature of the

© 2025 The Author(s). Published by the Royal Society of Chemistry

loofah sponge-Ti;C,-MnO, hybrid material. The salt rejection
property of a membrane in solar desalination is a prerequisite
since the accumulation of salt will block the transportation
channels of water and hinder solar absorption, resulting in
a reduced evaporation efficiency. This salt ion diffusion back-
flow can be described as follows. Firstly, loofah sponge has
a porous architecture with linked channels for fast water
transport and escape of vapour. The hydrophilic feature of
loofah sponge makes it moist, allowing adequate flow of water
by capillary action and faster steam generation. There is
a difference in concentration of salt between higher salt region
and bulk water which introduces convection and diffusion,
thereby producing a reduction in the concentration of salt in
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the solar evaporator and preventing salt deposition. To illus-
trate the practical application of seawater and purification of
wastewater, solar desalination was conducted in a homemade
set-up having natural seawater and simulated wastewater, as
shown in Fig. 19d. This vapor will condense in the chamber and
it is possible to collect it for further use. Fig. 19e indicates that
with respect to the naturally occurring microporous structure in
loofah sponge, it exhibits an efficient salt ion diffusion backflow
phenomenon. It can be said that the loofah sponge-Ti;C,-MnO,
hybrid material can efficiently prevent salt deposition during
desalination and hence it is a potential membrane for solar
evaporators. A novel biodegradable loofah sponge-based nano-
composite comprising MXene and RuO, has been reported
recently. The loofah sponge/MXene@RuO, nanocomposite was
synthesized by a hydrothermal method.” The as-prepared
nanocomposite exhibits a rough architecture having reduced
light reflection. In addition to this, the loofah sponge/

5 pm

Fig. 20
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MXene@RuO, nanocomposite exhibits an enhanced absorp-
tion of light and helps in attaining a high evaporation rate for
interfacial solar desalination. The loofah sponge/MXene@RuO,
nanocomposite exhibited an evaporation capacity of 1.5 kg m >
h™" under an illumination of 1 sun. The total energy absorbed
by this composite is about 90.85% and the overall heat loss is
only 9.15%. Moreover, the authors of this work tested the
desalinated water and observed that there is a noticeable
reduction in the concentration of ions and salinity. Hence the
loofah sponge/MXene@RuO, nanocomposite demonstrated its
potential for solar interfacial desalination.

A TizC,T,/graphitic carbon nitride/activated carbon@loofah
sponge nanocomposite was synthesized by a hydrothermal
approach at a reaction temperature of 140 °C for 16 h and used as
a solar absorber for water desalination experiments.* In a typical
procedure, graphitic carbon nitride is prepared by high-
temperature pyrolysis and MXene is synthesized from its MAX

5 um

(a) SEM image of MXene. (b) FESEM image of MXene. (c) HRTEM image of MXene. (d and e) SEM images corresponding to graphitic

carbon nitride. SEM images of (f) activated carbon and loofah sponge (g) before and (h) after being coated with graphitic carbon nitride. (i) SEM
image of loofah sponge. Reproduced with permission from ref. 22. Copyright (2024) Elsevier Inc.
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phase precursor by using etchants which contain acid and fluo-
ride salts. The SEM image of MXene (Fig. 20a) shows a layered
architecture and the FESEM image (Fig. 20b) presents a multi-
layered architecture with interlayer gaps. The aluminium layers
are etched away from the MAX phase in order to obtain the
MXene with a layered architecture. A high-resolution TEM image
of MXene is shown in Fig. 20c presenting the crystalline nature
with lattice fringes. The morphological features of graphitic
carbon nitride are evaluated with SEM imaging and Fig. 20d and
e presents the SEM images at two different magnifications. The
SEM image of activated carbon is given in Fig. 20f and a porous
architecture can be seen in the case of loofah sponge (Fig. 20g).
An SEM image of loofah sponge after coating with graphitic
carbon nitride is shown in Fig. 20h. Fig. 20i presents a SEM
image of loofah sponge.

Here, the evaporator fabricated with this hybrid loofah
sponge composite having 1.25 cm dimension displays efficient
performance, which exhibits an evaporation rate of 2.6 kg m~>
h™" and a high solar thermal efficiency of 96% under illumi-
nation of 1 sun. Efficient wetting helps in rapid water trans-
portation through the microchannels in loofah sponge and
achieves a high water evaporation rate. Jia and team prepared
an evaporator from waste biomass which consists of MXene and
a loofah sponge and further used it as a solar absorber for solar
steam desalination.”” The MXene/loofah sponge exhibits good
light absorption and efficiency. The natural hydrophilicity and
the presence of microchannels not only allow pumping suffi-
cient water to the top layer for heating, but also prevent salt
from accumulation on the evaporator surface. The photo-
thermal evaporator delivers an evaporation rate of 1.57 kg m >
h™' and a solar-thermal conversion efficiency of 95.5%. The
efficient salt rejection property exhibited by the natural loofah
sponge-based nanocomposite/hybrid materials opens up new
avenues to achieve improved performance for solar water
desalination applications. From the present review, it is evident
that natural loofah sponge-based membranes and derived
components are potential active materials in desalination
applications. In addition to this, in comparison with other
conventional approaches of wastewater treatment, natural
loofah sponge-based solar water desalination is an efficient
route for the production of freshwater in a cost-effective and
eco-friendly approach.

4. Future perspectives

With respect to economic development and growth in pop-
ulation, the need for freshwater resources is increasing.
Sustainable and renewable means of freshwater production are
not a requirement but a necessity for retaining life on Earth.
Desalination technology has attracted great interest in the recent
past due to its versatility, cost-effectiveness, and scalability.
Seawater desalination is a viable method as seawater is a naturally
abundant resource. Biomass-based water purification has
attracted great interest due to its environmentally friendly feature
coupled with safety for human life. Among the various biomass-
based materials, natural loofah sponge is a low-cost material
available as a membrane for desalination applications. From the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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present review, we found that natural loofah sponge as well as its
derivatives are active components in functioning as membranes
for water desalination experiments. Carbon materials derived
from natural loofah sponge, such as biochar and activated
carbons, are promising candidates for desalination. However,
natural loofah sponge-based membrane water purification still
has some drawbacks, which are given below.

e Higher cost for the membrane desalination set-up based
on natural loofah sponge is a challenge, although the cost of
natural loofah sponge is very low. Hence, developing
a membrane assembly for water desalination experiments with
low cost is necessary.

e Loofah is a tropical plant which requires a longer growing
season and conditions of warm temperature. Hence, the natural
loofah sponge has to be stored for use round the year. But aging
leads to deterioration in mechanical integrity since it is
composed of cellulose and other components. Hence, there is
a requirement to develop a low-cost method to store natural
loofah sponge.

e The preparation of composites/hybrids using natural
loofah sponge and natural loofah sponge-derived materials with
other active materials such as carbon nanotubes, graphene, etc.
are less explored. Research has to be conducted in this direction
to develop active membranes with high efficiency for water
desalination application.

e Long-term cyclic performance is an issue for natural loofah
sponge-based commercial water desalination membranes. The
membranes should have long-term cyclic stability for industrial
application. The performance of these membranes decreases
after long-time usage. The addition of polymeric binders/
adducts may help in increasing the cycle life.

By considering the above-mentioned drawbacks relating to
the usage of natural loofah sponge and natural loofah sponge-
derived materials, it is possible to use them as efficient futur-
istic materials for desalination applications. Hence utilization
of these potential environmentally friendly materials for water
desalination experiments will be an added advantage for
sustainable means of scalable water purification with low cost.

5. Conclusions

In this review article, we have discussed the exemplary appli-
cation of loofah sponge for wastewater desalination. Being
a sustainable and environmentally friendly material with low
cost, loofah sponge is a potential candidate for wastewater
purification applications. The synthesis is scalable and large
quantities of loofah sponge can be manufactured at a commer-
cial scale, which points to the future marketing potential of this
material.
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