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Global environmental challenges including environmental pollution, water scarcity, and climate change are

negatively impact the standard of living for humans on the Earth. Research and development in the field of

water treatment paved the way for the utilization of sustainable materials for water purification, and the

currently available innovative technologies are capable to purify water as per the standards put forward

by World Health Organization. However, the cost of such technologies is very high, making them

unaffordable for the global population. Environmentally friendly and biodegradable materials are of high

demand for water purification. In this context, biocarbon is a suitable material, which exhibits peculiar

properties such as low cost, natural abundance, eco-friendliness, and easy processability. As per the

Sustainable Development Goals (SDGs) set by the United Nations, the SDG 6 deals with clean water and

sanitation. Purifying the contaminated water resources using biocarbon has gained great interest in the

recent past as a suitable solution to meet the global freshwater requirement. A review report in the field

of biocarbon-based water purification is lacking in the literature, which has motivated us to write

a review on biocarbon-based sustainable water purification. We discuss the synthesis, properties, and

water remediation measures of eco-friendly biocarbon and biocarbon-based materials. This review

opens up a new paradigm shift in water purification technologies, which are sustainable, eco-friendly,

and cost-effective compared with the currently available technologies.
Sustainability spotlight

Water purication using biocarbon is gaining great interest due to their peculiar characteristics such as environmentally friendly, easy processability, low cost,
natural abundance, and high efficiency. Biocarbon-based water purication is a sustainable process as biocarbon-based membranes are easily biodegradable
and causes no harm to the nature, which helps in meeting the current and future drinking water standards without producing hazardous wastes, which play
a pivotal role in the circular economy. Biocarbon-based water purication is a green process under the umbrella of the goals set by the United Nations for
a greener future, particularly, Sustainable Development Goal 6: clean water and sanitation.
1 Introduction

Every country around the globe is now striving for achieving
internationally adopted sustainable development goals (SDGs)
implemented by the United Nations (UN).1,2 To achieve these
SDGs, there are critical factors for proper decision making and
it facilitates them to overcome the major impediments put on
sustainable technologies. A report introduced by the UN says
that freshwater requirement is a global challenge in the 21st
century where one of the important goals in SDGs is wastewater
purication.3,4 Themain contribution to achieve these goals was
iversity of Kerala, Government College for
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ahatma Gandhi Institute of Technology,

the Royal Society of Chemistry
introduced from their capability to increase the availability of
freshwater (SDG 6: clean water and sanitation), thereby it
facilitates human health worldwide (SDG 3: good health and for
the wellbeing), converting the waste sources towards clean
energy (SDG 7: clean and affordable energy), and a reduction in
environmental impact from wastewater (SDG 11: sustainable
cities and communities; SDG 12: responsible consumption and
its production, SDG 13: climate action and SDG 14: life below
water).5,6 The clean water scarcity for human beings is mainly
due to the contamination in the water sources as well as
a reduction in the availability of clean water resources.7,8

Wastewater emerges from different sources, including house-
holds, industries and agriculture, having a higher hydraulic
load with diverse compositions.9,10 Effluents from different
sectors contain nitrogenous organics, organic carbon,
dissolved/suspended solids, inorganics and heavy metal
components.11,12 Aerosols released by the wastewater treatment
process transfer infectious agents. These aerosolized droplets
present in contaminated wastewater are mainly responsible for
RSC Sustainability, 2026, 4, 157–177 | 157
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spreading SARS-CoV-2 viral infection in humans.13 SARS-CoV-2
present in wastewater is recorded, which alerts us about the
potential risk of virus transmission through wastewater, espe-
cially for workers in the eld of wastewater/water treatment
plants.14,15 Additionally, many diseases such as cholera, dysen-
tery, typhoid, and other types of diarrheal diseases spread via
wastewater introduced by poor methods of sanitation and many
people die every year due to these diseases.16,17 Thus, disposal of
untreated wastewater into water resources in an uncontrollable
way causes prominent adverse impacts on the environment and
humans. The hurdles toward wastewater are heterogeneity and
complexity of pollutants, which necessitates extraordinary
technologies to meet the required standards for the quality of
clean water.18 The SDGs introduced by the UN tend to be
universal, and proclaims an equitable accessibility for afford-
able and safe drinking water by the year of 2030.19

The emerging pollutants present in wastewater streams
fundamentally contain chemical substances which are non-
biodegradable and persistent in the environment for a long
period.20,21 These pollutants have the potential to spread in the
entire food web, presenting potential risks for the human
health and ecosystems. Additionally, this poses a threat to the
ora–fauna and other organic species inhabiting the environ-
ment.22,23 The statistics by the UN shows that efforts to attain
these SDGs are slow in many of the countries. In accordance to
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the UNESCO, about 70% of industrial effluents originating in
developing countries are untreated and dumped improperly to
the environment.24 The life cycle assessment, environmental
impact quantication, and water footprint are major factors for
addressing sustainability with a focus on establishing
consumption/production elements, pollution threats, and
major depletion of natural resources.25 The studies related to
wastewater treatment utilize various assessments such as
environmental impact quantication, life cycle assessment, and
gray water footprint for supporting water management stake-
holders.26 There are numerous ongoing research studies around
the globe for nding a better solution to improve the water
quality in a sustainable and cost-effective manner.27,28 The
wastewater management introduces different avenues for
circular economy and developed novel business models due to
the recovery/reuse of the water along with the sustainable
production of any useful by-products.29,30 In this context,
majority of the countries are tightening their regulatory
framework since the industrialisation and urbanisation were
adversely impacted the environment.31 Conventional proce-
dures for removing heavy metal contaminants from wastewater
include precipitation, ion exchange, and otation are majorly
adopted.32 However, these processes have drawbacks such as
higher energy consumption, reduced removal efficiency, and
introduction of toxic sludge, which limit their wide range of
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applications.33 Recently, different alternative treatment routes
have been studied to improve the quality of the treated effluent.
This includes desalination, membrane separation, photo-
catalysis, and electrocatalysis technologies.31 The methods
implemented for the treatment of wastewater majorly depend
upon the material used for it. The search for various materials
having industrial relevance, the researchers ended up in
utilizing nanomaterials having different sizes and
morphologies.34

Nanotechnology paved the way to synthesize materials with
nanosized morphologies and scalable routes with a cutting-
edge focus on the introduction of materials for treating
polluted water.35 This procedure involves the usage of nano-
particles or other nano-substances for eliminating pollutants
such as inorganic substances, pathogens, and organic
substances. Among these, carbonaceous materials have ach-
ieved a prominent inuence due to their excellent physio-
chemical properties coupled with high order of sustainability.36

In accordance with the prominent demand for sustainable
materials having requisite properties and with respect to the
benecial inuence for climate change action, sustainable and
renewable feedstock like plastic wastes and biomass are highly
demanded.37 Among these various sustainable and biocom-
patible materials, biomass-derived carbon, in short, biocarbon
have a signicant inuence for wastewater purication due to
their natural abundance, diversity, carbon-rich constituents,
and environmental benecial facts.38 Biocarbon has a diverse
range of morphological and structural features, which endow it
with different physiochemical characteristics and
functionalities.39
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The carbon materials have higher dependency on their
precursors; it is inuenced by the nature of feedstock and the
synthesis method and are suitable for wastewater treatment
since they possess various required characteristics.40,41 By using
a bioadsorbent for wastewater treatment, the hydrochar/bi-
ochar depends upon various properties such as pore size, pore
size distribution, specic surface area, presence of surface
functional groups, and pore volume.42,43 The removal efficiency
for contaminants by biocarbon materials is effectively inu-
enced by features of contaminants such as their chemical and
physical adsorption capacity.44 Generally, biochar synthesized
from pyrolysis is prominently recalcitrant and it takes almost
a hundred year for their decomposition, thus it reduces emis-
sions of CO2 back to the atmosphere and their emissions for
carbon are negative.45 The optimization of the physiochemical
and optical features of biocarbon materials is necessary for
application in different elds.46 The biocarbon materials
consists of both amorphous and crystalline structure. Among
the various carbon materials, the two-dimensional graphene
sheets function as conductive llers for preparing composites.
The synthesis of biocarbon with large specic surface area
helped in reducedmass loadings and exhibits required thermal,
mechanical, optical, and adsorption characteristics for the
wastewater purication.47 The environmentally friendly bi-
ocarbon materials are non-toxic in nature. The huge demand in
the eld of biocarbon requires a feasible consideration for its
scalable production. A detailed review which depicts the
features of biocarbon-based materials for wastewater purica-
tion is lacking in the literature, especially in the eld of new-
generation technologies such as desalination and capacitive
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Fig. 1 (a) Number of publications and (b) citations received for these publications for the past 25 years in the literature [source: Web of Science,
keyword: “biocarbon”].
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deionization. The statistical data obtained from the Web of
Science are depicted in Fig. 1, where Fig. 1a represents the
number of publications and Fig. 1b shows the number of cita-
tions received for these publication for the past 25 years from
2000 to 2024. This motivated us to present a review based on
novel, new-generation, sustainable, and eco-friendly natural
biocarbon materials for water purication. This review provides
an in-depth understanding of the utilization of biocarbon,
especially in waste-water purication. In this current era of
sustainability and environmental protection, it is necessary to
introduce such sustainable, environmentally friendly, non-
toxic, and cost-effective biocarbon materials as a futuristic
option.

2 Biocarbon for water purification

Among the different materials used for contaminant removal
from wastewater, adsorption using solid materials, named
adsorbents, tends to be an efficient, practical and easy route.48

Organic, mineral or biological species adsorb matter. In the
past years, there existed various routes which utilize uncon-
ventional adsorbents in a more efficient and affordable way for
removing contaminants at a detectable level.49,50 The low-cost
materials reported for waste-water treatment include bagasse,
agricultural residue, sludge, unburned carbonaceous resources,
industrial waste, and others. Other than the carbonaceous
materials; metal oxides,51,52 metal chalcogenides,53,54 transition
metal nitrides/carbides,55,56 etc., are widely used in wastewater
purication, especially in desalination applications. Among
these, the biocarbon-based materials are highly demanded for
wastewater purication especially due to their features such as
porous architecture and larger surface area, when compared to
others. Additionally, it has advantages such as longer stability,
hydrophobicity, and distinct composition of chemical compo-
nents.39,57 The stable carbon matrix facilitates efficient carbon
sequestration and the removal of pollutants from the environ-
ment for a longer period.58,59 The physiochemical features of
biocarbon make them multifaceted materials since they are not
only capable in removing the pollutants but also facilitates
mineralization process by acting as catalysts or reducing it to
160 | RSC Sustainability, 2026, 4, 157–177
easily-degradable, less toxic byproducts. This prevents pollutant
transfer from one phase to another, as in the case of membrane
separation process.60,61

Li et al. have adopted a carbonization procedure on cellulose
aerogel in order to synthesize biocarbon aerogels with high
porosity, large specic surface area, and reduced density for use
as raw materials in water purication to address the freshwater
requirement.62 The preparation method involves the modica-
tion of nanocellulose using vinyltrimethoxysilane (VTMS),
which not only improves the mechanical feature of cellulose
aerogels through cross-linking, but also catalyses carbonization
at a high temperature for increasing the carbon residue. The
mechanical properties, conductivity, and hydrophilicity of bi-
ocarbon aerogels tend to be enhanced simultaneously aer
introducing conducting polymers as in situ supports. Here, the
authors of this work used polypyrrole (PPy) as an electronically
conducting polymer due to their improved electrical conduc-
tivity and a light-to-heat conversion characteristics. A schematic
representation of their synthesis method is shown in Fig. 2.

By combining a solvent exchange reaction of low surface
area, the capillary pressure during solvent evaporation tends to
be reduced and biocarbon aerogels are able to dry at an ambient
pressure without any shrinkage. In comparison with freeze-
drying and supercritical drying procedures, the atmospheric
pressure drying route is an energy-efficient and low-cost
strategy. The morphological characteristics of cellulose nano-
bers (CNFs) with the VTMS carbon aerogel (CVCAs) and PPy
coating over CVCAs (CVCAs-P) were evaluated by FESEM anal-
ysis. Unlike cellulose freeze-dried aerogel-related biocarbon
that possesses a porous structure, CVCAs-P exhibited a porous
structure with a high degree of interconnected laminar archi-
tecture having plenty of CNFs in it (Fig. 3a). The nanober
diameter is in the range of 480 nm. It is due to the VTMS
chemical cross-linking and solvent procedure that efficiently
reduces hydrogen bonding between CNFs through weakening
the aggregation of CNFs. Additionally, in the SEM enlarged
image (Fig. 3b), it is found that the nanosphere layer is coated
onto a biocarbon aerogel skeleton, which corresponds to PPy
coating on it. The chemical structure evolution of the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic of the synthesis of CVCAs-P. Reproduced with permission from.62 Copyright (2023), Elsevier Inc.
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synthesized samples was studied by Fourier transform infrared
(FTIR) spectroscopy, the FTIR spectra of various samples are
depicted in Fig. 3c. When compared with cellulose nanober
aerogel (CAs), the proposed VCAs have distinct absorption
Fig. 3 (a and b) SEM images of CVCAs-P; (c) FTIR spectra and (d) TGA cur
of CVCAs-P; (f) pictorial representation of CVCAs-P's light absorption; d
density of CVCAs before and after absorption of water. Reproduced wit

© 2026 The Author(s). Published by the Royal Society of Chemistry
peaks positioned at 760 cm−1, attributed to the stretching
vibration introduced by Si–O by cross-linking VTMS and CNF.
Moreover, the peaks located at 1408 and 1600 cm−1 are assigned
to the stretching vibrations of the vinyl group, which represents
ves of CAs, VCAs, CVCAs and CVCAs-P; (e) solar and absorption spectra
ynamic contact angle of water for (g) CVCA-s and (h) CVCAs-P; and (i)
h permission from.62 Copyright (2023), Elsevier Inc.
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an efficient cross-linking between VTMS and CNF. The
absorption intensity of CVCAs was lower than that of VCAs, due
to the decomposition of cellulose during carbonization, which
results in the removal of a large number of surface groups. In
comparison with CVCAs-P, it shows a N–H bond stretching
vibration peak at 1038 cm−1 and the C–N–C bond at 1166 cm−1,
demonstrates successful coating of PPy on CVCAs framework.
From thermogravimetric analysis (TGA) shown in Fig. 3d, the
authors observed that all samples showed weight loss around
a temperature of 100 °C, due to the evaporation of weakly bound
water molecules.

The onset value corresponding to thermal degradation
(Tonset) and temperature for maximum degradation rate (Tmax)
of CAs was determined to be 260 °C and 360 °C, respectively. In
the case of VCAs, Tonset and Tmax were calculated as 220 °C and
363 °C, it is lower than that of CAs. In fact, VTMS is a silicon-
containing molecule that provides dehydration of cellulose
and its carbonization at a low temperature. The residual
quantity (about 42%) of VCAs is much greater than that of CAs
(11%), which demonstrates that the addition of VTMS promi-
nently causes the transformation of cellulose into stable carbon
and increases the rigidity and mechanical properties of CVCAs,
which is favourable to withstand a maximum value of about 500
times its own weight by mechanical load-bearing in water. In
accordance with the thermal conductivity analysis, this work
reports a thermal conductivity of 0.32 W mK−1, for CVCAs-P.
Aer coating PPy, there occurs a degradation of PPy, resulting
in a weight loss in the range of 260–540 °C. The obtained results
accomplish the successful preparation of a porous
nanocellulose-related biocarbon aerogel having high retention
in weight. In order to utilize the prepared materials as photo-
thermal conversion candidates, diffusion reection and trans-
mission spectra were recorded using a UV-Vis-NIR spectropho-
tometer. From these spectra, it is observed that diffuse
reectance and transmission stays below 4% and 2%, respec-
tively. The CVCAs-P absorption spectrum recorded is given in
Fig. 3e. The CVCAs-P possesses a wide range for solar absorp-
tion band and absorbs light energy from sunlight, showing
efficient light absorption in the range of 94–97%, which
provides a theoretical basis for the CVCAs-P study with excellent
performance features for photothermal conversion. The
sunlight absorption in CVCAs-P is represented with the help of
a schematic diagram given in Fig. 3f. Due to the 3D porous
structure of CVCAs-P, there exist a larger number of voids,
which provide sunlight to enter the interior portions of CVCAs-
P, if it is effectively irradiated. Additionally, due to the irregular
linear structure present inside CVCAs-P, sunlight shows
a continuous reection inside CVCAs-P, and eventually, the
majority of it tends to be absorbed and a smaller portion
escapes to the outer portion. The efficiency for light absorption
by CVCAs-P is greater than that of majority of currently available
photothermal conversion materials such as poly-
methylmethacrylate (PMMA), graphene oxide (GO), Si/PPy–
polyvinyl alcohol, Ti2O3, Janus graphene membrane, PDA
(polydopamine)@Ag nanoparticles, copper foam, dual-phase
molybdenum nitride nano rambutan, carbon nanotube (CNT)
hybrid lm, etc. In comparison with the obtained results,
162 | RSC Sustainability, 2026, 4, 157–177
CVCAs-P has high efficiency for light absorption. The hydro-
philic features are prominent as photothermal materials for
water purication. With respect to the hydrophilic group loss in
the treatment procedure, the CVCAs possess hydrophilic
features with a water contact angle in the range of 134°, and
there barely exists a change in the water contact angle aer 1 s
(Fig. 3g). This would make a reduction in the rate of water
transfer and the efficiency for treatment. Aer the PPy coating,
the aerogel surface turned to hydrophilic phase from hydro-
phobic phase, as proven by the fact that the water droplets make
total absorption within 1 s, as shown in Fig. 3h. As given in
Fig. 3i, the density of hydrous CVCAs-P reaches 867.7 mg cm−3

and the absorption rate of water reaches 23.1 g g−1, which is
found to be 23.1 times of their mass. This result indicates that
CVCAs-P is efficient for a higher rate of water transfer. This work
evaluated the change in the surface temperature of water and
CVCAs-P in the presence of light by infrared thermography. It
was observed that there exists an increase in water surface
temperature from 20.3 °C to 25.4 °C in 30 minutes at 1 sun
irradiation, with the increase only in the range of 5.1 °C.
However, the temperature of CVCAs-P ranges from 21.1 °C to
34.9 °C, and in 30 minutes, it increases to 13.8 °C, which is
greater than that of pure water. This prominent difference in
temperature is due to the higher efficiency of light absorption
by CVCAs-P, and it provides faster absorption and conversion of
sunlight into heat using energy. Through mass change evalua-
tion, it was found that the evaporation rate of both the pristine
form and CVCAs-P treated with water showed a dramatic
increase for the rst 5 minutes aer irradiating with light. Aer
20 minutes, the apparent evaporation rate of pure water was
stable at 0.34 kg m−2 h−1. Here, the low value in surface
temperature limits evaporation of water due to the absorption
capacity of light, which only provides small percentage in
conversion of light energy to heat. However, the apparent water
evaporation rate for CVCAs-P is 1.53 kgm−2 h−1. It occurs due to
the higher light absorption capability of CVCAs-P, which shows
efficient sunlight absorption and excellent conversion capa-
bility for the photothermal reaction and rapid conversion of the
absorbed light energy into heat energy to heat water. Addi-
tionally, due to the efficient hydrophilicity rate of CVCAs-P, the
water makes a continuous transfer to the evaporating surface,
which escapes through porous mesh-like architecture. To
determine the evaporation rate of CVCAs-P at high sunlight
intensity, the intensity of the simulated Xe lamp was adjusted to
2, 3, and 4 kW m−2 for 2, 3, and 4 sun, respectively, at
a temperature and humidity in the range of 21 ± 0.5 °C and 40–
42%, respectively. The evaporation capacity for water in the
presence of 2, 3, and 4 sun is observed to be greater than 1 sun,
as high-intensity sunlight facilitates more light energy. Here,
the surface of evaporation becomes more prominent aer the
absorption of light and the subsequent photothermal conver-
sion process by the CVCAs-P. As the temperature of the evapo-
ration surface increases, the movement of water molecules
becomes highly intense, which results in a high evaporation
rate. The evaporation rate of water held by CVCAs-P is main-
tained at 1.53–1.59 kg m−2 h−1 for 30 cycles, which proves the
efficient cycling stability of CVCAs-P and its reusability for long-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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term application. Additionally, this work evaluated the chem-
ical stability by immersing CVCAs-P in a strong NaOH solution
and in a strong HCl solution for 8 h. It was found that the
appearance of CVCAs-P does not change aer acid or base
treatment. Here, CVCAs-P treated with strong acids and bases
was washed and separately tested for evaporation and found
that the change in mass and evaporation rate curve obtained for
CVCAs-P treated with HCl is almost similar to that of untreated
CVCAs-P. The apparent evaporation rate of water is up to 1.54 kg
m−2 h−1 with an evaporation rate of water under dark (0.17 kg
m−2 h−1) gives rise to a resultant evaporation rate of 1.37 kgm−2

h−1, it is less than theoretical limit of 1.47 kg m−2 h−1. Besides
this, the apparent evaporation rate of water in CVCAs-P treated
with NaOH was reduced to 1.32 kg m−2 h−1, which is due to the
inuence of NaOH on PPy, the protonation and the de-doping of
PPy in an alkaline atmosphere and the disruption of large
conjugated architecture in PPy. Aer performing treatment for
28 days in an alkaline atmosphere, CVCAs-P still maintains
a capacity of 1.24 kg m−2 h−1 under water treatment, and it is
maintained for 80%. This proposed experiment reveals that
CVCAs-P is observed to be tolerant towards strong acids, and it
is adapted for utilization in a high acidic environment. Intro-
ducing salt ions results in the crystallization of the material by
evaporation of water to a less extent, which reduces the rate of
water transportation. To evaluate the utilization of CVCAs-P in
the practical purpose of water purication, this work used lake
water for the experiment and converted to puried water.
Through optical microscopy image analysis for untreated lake
water, this work observed a large number of microorganisms
whereas in puried water, no microorganism was visible aer
treatment using CVCAs-P. In the photothermal purication of
water, the material dependency to sunlight is a serious concern,
it is considered to be a bottleneck in wide range of application.
To establish steam generation in all-weather conditions, it is
necessary to introduce electro-thermal conversion route in
order to ensure steam may still need to generate in absence of
the light or in poor light. A classical electro-thermal procedure
needs efficient electrical conductivity for ensuring that a low
voltage input introduces adequate heat for the production of
steam. The electrical conductivity of CVCAs-P reached 0.79 S
m−1, which is due to the linear structure of CVCAs, which acts
as a more conductive junction than the traditional honeycomb
architecture, providing a higher conductive pathway in CVCAs,
and this network architecture provides electric current trans-
mission on CVCAs in an extremely faster way. Compared with
CVCAs, the conductivity of CVCAs-P increases to 1.95 S m−1, due
to the efficient loading of PPy onto the surface of the CVCA
skeleton as PPy is an electronically conducting polymer; thus, it
widens the conducting routes. Second, PPy is a conjugated
polymer and double doping by carboxyl group and sulfonic acid
in sodium 5-sulfosalicylate provides a more conjugated exten-
sive system as a conducting channel, which improves the PPy
conductivity, thereby increasing the overall conductivity of
CVCAs-P. It is possible to evaluate water evaporation through
electrical conversion from externally connected power supply at
night, by synergistic inuence of photothermal and electrical
heating in overcast or cloud condition or with heating of photo-
© 2026 The Author(s). Published by the Royal Society of Chemistry
thermal in case of a sunny atmosphere, thus it enable all-
weather evaporation of water. The conceptual diagram for
water treatment of all-weather-related CVCAs-P is shown in
Fig. 4a. The CVCAs-P surface temperature reached 23.1 °C and
the water evaporation apparent rate reached 0.20 kg m−2 h−1 at
1 V, which represents the evaporation of water at night by
CVCAs-P (shown in Fig. 4b and c). Here, the temperature of the
surface and its apparent water evaporation rate for CVCAs-P was
tested at 0.5 sun and 1 V, and a surface temperature of 28.7 °C
and an apparent water evaporation rate of 0.78 kg m−2 h−1 were
obtained, respectively. There was an increase in temperature of
1.8 °C and the water evaporation apparent rate increased to 0.12
kg m−2 h−1, compared with 0.5 sun irradiation, which demon-
strated the efficiency of CVCAs-P for water evaporation through
synergistic photothermal and electrochemical methods.

There is a work based on the utilization of biocarbon parti-
cles for the formaldehyde removal.63 Here, the authors of this
work synthesized biocarbon samples from olive stone and
Arundo donax feedstocks at various pyrolysis temperatures
ranging from 300 to 800 °C. Through FTIR spectra, it was
observed that both the biomass samples revealed the appear-
ance of peaks at the same positions. Additionally, there exist
diverse functional groups for biomass sample prepared at low
temperatures (less than 500 °C) regardless of the type of
biomass. By increasing the pyrolysis temperature, there exists
a reduction in O–H polar stretching corresponding to the
hydroxyl group, which is related to the evaporation of water
besides alcohol and carboxyl group degradation. The carboxyl
group degradation was correlated with the reduction obtained
for the acidity of biocarbon at a high temperature. It was
observed that structural and physiochemical features depends
upon the pyrolysis temperature at which this biocarbon is
synthesized. Through various analyses, it was found that there
is an increase in the hydrophobicity, pH and porosity features of
biocarbon with respect to the increase in pyrolysis temperature.
This work reported a removal capacity for formaldehyde in the
range of 26% and 64% for samples synthesized at temperatures
of 300 and 800 °C, respectively. Here, the biocarbon pyrolysis is
performed at a temperature under 500 °C, the capture of
formaldehyde is governed through the partitioning mechanism
of diffusion in the nanocarbonized organic fraction. For
comparison, the capture of formaldehyde is controlled with
physical adsorption phenomena by pore lling of biocarbon
pyrolyzed at a temperature of 500 °C or above. This work found
that biocarbon pyrolyzed at a temperature of 800 °C is highly
effective for the adsorption of formaldehyde due to the perfectly
developed microporous architecture in both the Arundo donax
and olive stone. This work used Arundo donax-derived bi-
ocarbon synthesized at a temperature of 800 °C for the reus-
ability test, via thermal regeneration for the removal of
adsorbed components. This regenerated sample holds
a comparable removal capacity for formaldehyde up to four
reusable cycles. The authors found that comparison between
activated and non-activated Arundo donax biomass reveals
physical activation which prominently enhances the adsorptive
capability of biocarbon.63 A novel composite comprising of
NiHCF/NSBC was synthesized through co-doping nickel
RSC Sustainability, 2026, 4, 157–177 | 163
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Fig. 4 Concept diagram for (a) all-weather treatment, (b) surface temperature and (c) apparent evaporation rate of water in the case of CVCAs-P
at 1 V, 0.5 sun, 0.5 sun + 1 V and 1 sun, respectively. Reproduced with permission from.62 Copyright (2023), Elsevier Inc.
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hexacyanoferrate (NiHCF) with nitrogen (N) and sulfur (S)
enriched biocarbon (NSBC) synthesized from coconut shells for
the removal of toxic pharmaceutical contaminants, namely,
amoxicillin and ciprooxacin, present in the aquatic systems.64

This work utilized a multi-step procedure for the synthesis of
NSBC from the coconut shell. In the rst step, the coconut shell
was extensively rinsed with water for the removal of impurity
and dried at a temperature of 100 °C for 24 h. The raw biocarbon
was produced through subjecting desiccated shells for pyrolysis
at a temperature of 500 °C for 3 h in a N2 atmosphere. The
sample is further crushed and kept sieving to ensure a unifor-
mity in particle size. In this work, doping strategy was adopted
by dissolving urea and thiourea in deionized water at 1 : 1 M
ratio. The impregnated biocarbon was kept for drying at
a temperature of 80 °C for 12 h before performing calcination at
a temperature of 600 °C for 2 h in a N2 environment to achieve N
and S co-doped biocarbon. For the synthesis of NiHCF, a co-
precipitation approach was used. In a typical procedure,
nickel nitrate hexahydrate was dissolved in deionized water and
kept under stirring through ultrasonication by adding a potas-
sium ferricyanide solution. The resulting precipitate was
centrifuged, washed with deionized water for removing impu-
rities and kept for drying thereaer and the as-obtained NiHCF
was used for the preparation of NiHCF/NSBC composite. The
NiHCF/NSBC composite was prepared by dispersing NSBC in
deionized water by ultrasonication, and the resulting NSBC
suspension was treated with pre-synthesized NiHCF. The
mixture was stirred continuously for 6 h and the slurry was
further desiccated at 80 °C for 12 h and kept for calcination at
164 | RSC Sustainability, 2026, 4, 157–177
400 °C for 2 h in a N2 atmosphere. The FTIR spectra of NSBC,
NiHCF, and NiHCF/NSBC composite were recorded for evalu-
ating the functional groups present in it. In NiHCF, a peak
positioned at 2102 cm−1 represents stretching vibration from
the cyanide group, and it is the prominent characteristic feature
of the counterpart Prussian blue (PB) structure. Another peak
positioned at 1655 cm−1 is assigned to the bending vibration
mode of the H–O–H, which represents the appearance of water
molecules. The peaks located at 1415 and 1086 cm−1 are
assigned to the stretching vibration from the coordinated
nitrate ion and Fe–C^N bending vibration, respectively.
Moreover, a peak at 745 cm−1 corresponds to the stretching
vibration from Ni–N, demonstrating that NiHCF holds struc-
tural integrity. The appearance of a surface functional group,
which contributes towards hydrophilicity, and the adsorption of
pollutants are represented through a broad peak present at
3420 cm−1 in the case of NSBC, which corresponds to the
stretching vibration of O–H in the hydroxyl group. While
doping, the residual N-containing precursor may be the reason
for sharp peak at 2088 cm−1, attributed to C^N stretching
vibration. The peak at 1692 cm−1 corresponds to the stretching
vibration of the C]O, which indicates the presence of carbonyl
functionality. Conversely, the peak at 1480 cm−1 represents the
bending vibration of N–H, which shows the successful doping
of nitrogen. The stretching vibration of C]S is responsible for
the presence of a peak at 1049 cm−1, which conrms sulfur
injection into the biocarbon matrix. The NSBC acts as an effi-
cient support for hybrid photocatalysis, due to the collective
improvement of their adsorption capacity, electronic features,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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and active sites introduced by the functional groups. The
structural integrity in NiHCF was then conrmed by the
stretching vibration of Ni–N. The FTIR spectra of NiHCF/NSBC
composite exhibits a substantial alteration compared with its
pristine counter-parts, as the peaks below 1000 cm−1 tends to
disappear, which suggests robust interaction between NSBC
and NiHCF. A prominent increase in the intensity of cyanide
stretching peak in NiHCF at a wavenumber of 2082 cm−1

represents that the NSBC matrix was facilitated with an
improved charge transfer and electronic interaction within the
composite. This modication was veried with efficient
hybridization and improved electronic properties in the NiHCF/
NSBC composite, which corresponded to the prominent pho-
tocatalytic characteristics. The morphological features of the
prepared samples were evaluated by SEM imaging and trans-
mission electron microscope (TEM) imaging. The SEM image of
NiHCF shows spherical particles having size in the range of
100–200 nm (Fig. 5a).

These particles make a dense agglomeration due to intrinsic
interparticle interaction, which potentially limits the surface
functionality, restricting their utilization in catalytic applica-
tions. In contrast, the SEM image of NSBC (Fig. 5b) possesses
a sheet-like morphology with irregular and porous architecture
with large surface area. These features are advantageous for
pollutant adsorption and efficient dispersion of the catalytic
particles. The SEM image of NiHCF/NSBC composite shows
a uniform fusion of these two morphologies; NiHCF spherical
particles uniformly anchored on NSBC sheets (Fig. 5c). The
proposed conguration makes a simultaneous improvement in
the stability and dispersion of NiHCF particles, while reducing
the possible agglomeration. The TEM analysis of NiHCF
(Fig. 5d) shows spherical particles having distinct edges, which
signies their good crystallinity. Besides this, the particle shows
tight clustering, resulting dense aggregation that could hinder
the catalytic efficiency due to restriction in the accessibility of
surface. The TEM image of NSBC (Fig. 5e) shows a sheet-like
structure, which is evaluated with pronounced imperfections
and folds, which underscore the amorphous composition of
carbon. The presence of wrinkles and the appearance of
a porous structure indicate disordered architecture promi-
nently, which augments the capacity to engage nanoparticle
and contaminants. The TEM image corresponding to NiHCF/
NSBC composite (Fig. 5f) shows well-dened hybrid architec-
ture having NiHCF particles affixed uniformly to NSBC sheets.
The NiHCF spherical particles demonstrate a reduction in
aggregation in the composite relative to pristine NiHCF, which
signies their enhanced level of dispersion enabled by the
NSBC matrix. The sheet structured biocarbon provides strong
support, which provides spatial separation between the indi-
vidual NiHCF particles for conrming optical exposure for the
active area. The optical features of the prepared samples were
evaluated using a UV-DRS technique, and a prominent
absorption edge was observed in the visible spectrum, repre-
senting a bandgap energy of ∼2.3 eV. The NSBC showed an
extensive absorption in the visible range with respect to the
doped carbon structure, thereby improving light harvesting.
The NiHCF/NSBC composite exhibits a redshi in the
© 2026 The Author(s). Published by the Royal Society of Chemistry
absorption edge, which is relative to pristine NiHCF, signifying
a reduction in bandgap energy around 1.8 eV. This alteration
represents an improvement in the absorption of visible light,
resulting from the synergistic interaction of NiHCF and NSBC
matrix. The hybrid architecture helps in improving the light
harvesting features of NSBC, which enhances the composite
efficiency under visible light irradiation. The photocatalytic
efficiency of NiHCF, NSBC, and the NiHCF/NSBC composite was
evaluated with ciprooxacin degradation in aqueous solutions
under visible light and UV irradiation. In order to exclude the
non-photocatalytic degradation, the control experiments were
conducted in the absence of catalysts and without applying
light. For optimizing the catalyst loading, experiments were
conducted using 25, 50, 75, and 100 mg catalyst for 100 mL of
the 10 ppm ciprooxacin pollutant solution under identical
conditions. It was observed that the degradation was extremely
slow for a catalyst loading of 25 mg; however, absorption is
substantially higher for 75 and 100 mg. Using 50 mg catalyst,
there exists a moderate photodegradation rate, and absorption
is observed to be minimal. Thus, a catalyst with 50 mg loading
was used for the entire trial. From the UV spectra of cipro-
oxacin under different irradiation times, it was observed that
the absorption peak intensity at a wavelength of 277 nm shows
a gradual reduction with respect to the increase in irradiation
time due to the photocatalytic efficiency of the NiHCF/NSBC
composite. The reduction in the intensity of absorption
veries that under visible light irradiation, the catalytic action
of the prepared composite makes an efficient breakdown for
ciprooxacin. This composite delivers a degradation efficiency
of 94% for 90 minutes under visible light, surpassing that of
NiHCF (73%) and NSBC (78%) under similar conditions. This
result indicates that the NiHCF/NSBC composite exhibits effi-
cient separation of charges, absorption of pollutants, and light
absorption efficiency. Here, a reduction in degradation effi-
ciency hold by pristine NiHCF is due to higher bandgap energy
and through rapid recombination of photogenerated charge
carriers. However, the NSBC sheet present in the composite acts
as an efficient electron acceptor, which allows rapid transfer of
photoinduced electrons from the conduction band of NiHCF to
NSBC, causing an increase in photocatalytic efficiency by
effective separation of charge as well as its transfer. The faster
degradation kinetics of the composite is due to the synergy
between NiHCF and NSBC with an improved adsorption of
pollutant and expansion in the light absorption range. This
result shows that the hybrid composite not only causes an
increase in photocatalytic degradation, but also results in
a dramatic speed for reaction dynamics compared with pristine
counter-parts. Similarly, degradation analysis for amoxicillin
was performed under visible light, and the composite shows
a degradation efficiency of 92% in 90 minutes, which is greater
than that of NiHCF (65%) and NSBC (72%). This degradation
result shows that the composite is potential for real-world
applications by demonstrating that it not only increases the
efficiency of photocatalytic mechanism but also improves the
reaction kinetics. For the demonstration of practical applica-
tions, the authors performed a reusability test and obtained
a retention greater than 90% of initial degradation capability for
RSC Sustainability, 2026, 4, 157–177 | 165
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Fig. 5 SEM images of (a) NiHCF, (b) NSBC, and (c) NiHCF/NSBC composite. TEM images of (d) NiHCF, (e) NSBC and (f) NiHCF/NSBC composite.
Reproduced with permission from.64 Copyright (2025), Elsevier Inc.
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both the pollutants aer ve cycles. This high retention rate
demonstrates the excellent stability of the composite, especially
the structural stability. The authors studied the effect of pho-
tocatalytic mechanism introduced by this composite, which is
given as a schematic diagram in Fig. 6a. Upon exposure to
visible light, the NiHCF absorbs photons and generates e−/h+

pairs. The electron transferring to NSBC reduces O2 to O2
− and

holes in valence band of NiHCF oxidizes H2O/OH
− to OH. This

reactive oxygen species tend to degrade pollutants to non-toxic
products like CO2 and H2O. The UV results show that pristine
NiHCF has an absorption edge corresponding to the bandgap of
∼2.3 eV. It was found that the resulting composite possesses
a noticeable range of redshi in absorption edge, which
represents an improvement in the absorption of visible light.
The calculated bandgap energy tends to decrease to ∼1.8 eV,
which provides efficient utilization of the solar spectrum. This
redshi corresponds to the NSBC incorporation, which
provides defect levels and improves photon harvesting. Addi-
tionally, the photoluminescence (PL) spectrum demonstrates
that pristine NiHCF displayed a string intensity for PL, repre-
senting e−/h+ rapid recombination. However, the composite
possesses prominently quenched intensity for PL, suggesting
the excellent separation and transfer of photogenerated elec-
trons due to the defect-rich and conductive NSBC matrix.
Additionally, interfacial transportation of charges was evaluated
using electrochemical impedance spectroscopy in the form of
Nyquist plots, as shown in Fig. 6b. The NiHCF/NSBC composite
exhibits a prominently narrow semicircular arc when compared
with pristine NiHCF and NSBC, represents a low charge transfer
resistance (Rct). The S and N doping introduces extra electron
pathways in NSBC and provides efficient transportation of
electrons across the interfaces within the composite, thereby an
increase in conductivity is observed. Additionally, photocurrent
analysis was performed for studying the movement and gener-
ation of charge carrier upon exposure to light, as shown in
Fig. 6c. The NiHCF/NSBC composite exhibits considerably high
photocurrent density compared with its individual counter-
166 | RSC Sustainability, 2026, 4, 157–177
parts, which conrms the generation of more electrons and
efficient transportation within the composite, which supports
the enhancement in the separation of charges and the photo-
catalytic efficiency. To identify reactive oxygen species in pho-
tocatalytic degradation, a scavenger experiment was conducted
with benzoquinone (BQ), tert-butanol (TBA), and ethylene-
diaminetetraacetic acid (EDTA) as quenching agents for the
hydroxyl radical, photogenerated hole and superoxide radical,
respectively. By analysing Fig. 6d, it was found that BQ addition
results in a prominent drop in the efficiency of photo-
degradation of ciprooxacin from 94% to 48%, which clearly
conrms that the superoxide radical is the major reactive
species, which plays a major role in pollutant degradation. By
the introduction of TBA, the efficiency is reduced to 74%, which
indicates that the hydroxyl radical also participates in the
degradation mechanism.

With EDTA, there exists a marginal reduction in the effi-
ciency, represents that direct degradation introduced by
photogenerated holes induce a limited role. The results show
that photocatalytic degradation was prominently inuenced by
the O2

− radical, having OH− contributing as a secondary
oxidizing agent. This observation demonstrates the photo-
catalytic efficiency of the composite, which is dictated through
efficient separation of charges, enhanced absorption of visible
light, and rapid interfacial transfer of charges. The photo-
catalytic efficiency was due to synergistic inuence from optical,
structural, and electrochemical characteristics of the
composite, and provided an efficient tool for the removal of
pharmaceutical contaminants.

Using a simple hydrothermal procedure at low temperatures,
Zhang et al.65 efficiently anchored akaganeite (b-FeOOH) nano-
particles on sea buckthorn biocarbon (SBC) without applying
any surfactants or other external candidates. Here, SBC@b-
FeOOH composite was prepared via a hydrothermal reaction
using precursors such as FeCl3$6H2O and urea, where sea
buckthorn branches were impregnated with an activating agent,
ZnCl2. Using SEM analysis, the authors of this work found that
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Schematic diagram displaying the mechanism of photocatalysis for the NiHCF/NSBC composite; (b) Nyquist plots and (c) response of
photocurrent for the NiHCF, NSBC, and the NiHCF/NSBC composite; and (d) scavenger test conducted for the photocatalytic degradation of
ciprofloxacin using BQ, TBA, and EDTA. Reproduced with permission from.64 Copyright (2025), Elsevier Inc.
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SBC exhibits an irregular structure with a large quantity of pores
on their surface. From the high-magnication SEM image, it
was found that abundant SBC cavities have diverse diameters
with homogeneous distribution on their surface, which
provides a large surface area for the SBC@b-FeOOH composite.
With respect to the loading of ne particles of b-FeOOH onto
SBC scaffold, there exists a topographical rough surface to the
resultant composite. The SBC surface is covered with small b-
FeOOH particles, however, the porous architecture is preserved
in the composite, which favours the contaminant adsorption.
The b-FeOOH was anchored onto SBC surface, which indicates
good adhesion between the scaffold, SBC and b-FeOOH nano-
particles. Using a high-magnication image, it was found that
the b-FeOOH nanoparticle has an ellipsoidal morphology with
a smooth surface, which resembles the 1D nanorod having
a width and length in the range of 70–120 nm and 300–400 nm,
respectively. The absorption efficiency of doxycycline (DC) was
evaluated in a xed-bed column procedure operated for DC
sorption from aqueous solutions. This xed column approach
provides efficient utilization of its bed column which allows
efficient utilization of sorbent capacity, results in effluent with
high quantity. Additionally, when compared with the batch
method, a xed-bed column was used, which allows highly
efficient cycles for adsorption/regeneration and it reuses
sorbent and ultimately scales up the xed-bed column from
© 2026 The Author(s). Published by the Royal Society of Chemistry
laboratory towards pilot study. With the help of a breakthrough
prole analysis, it was found that there exists a reduction in
breakthrough time from 80 to 48 minutes when the DC
concentration changed from 22 to 32 mg L−1 in the bed having
a depth of 1.1 cm at a ow rate of 1 mLmin−1 and a pH of 6. The
accumulation rate of DC in the xed-bed column is a function of
the total sorbent mass in the column. There is an increase in
breakthrough time when the bed depth of SBC@b-FeOOH
composite varies from 0.7 to 1.5 cm at a ow rate of 1.0
mL min−1, an inuent DC concentration of 27 mg L−1 and a pH
of 6. When the bed depth was increased, the empty bed contact
time (EBCT) is found to be increasing from 0.198 to
0.424 minutes, which represents that DC molecules make an
efficient diffusion into the porous structure of SBC@b-FeOOH
composite. Under this condition, the introduced mass-transfer
zone moves further down when increasing the bed depth,
allowing efficient contact between DC and SBC@b-FeOOH
composite present in the column. Besides, a slope present in
the breakthrough curve tends to be reduced with an increase in
bed depth, which represents the broadening of the mass
transfer zone. Additionally, the inuence of pH on the absorp-
tion efficiency of DC was evaluated, and it was found that for
lower pH, protonation from SBC@b-FeOOH composite tends to
increase as a result of an increase in active sites on the adsor-
bent surface. Hence, there is an increase in the diffusion rate of
RSC Sustainability, 2026, 4, 157–177 | 167
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Fig. 7 Schematic of the in situ regeneration phenomenon of the SBC@b-FeOOH composite, and its synergistic influence on the removal of
aqueous DC solution. Reproduced with permission from.65 Copyright (2016), Elsevier Inc.
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DC into the porous architecture of the sorbent. Therefore, the
adsorption capacity of DC tends to increase under acidic
conditions, which arises from the cationic character of DC. It
was found that a lower inuent DC concentration, low ow rate,
and high bed height increase the adsorption rate of DC in the
SBC@b-FeOOH column. To exemplify the synergistic effect of
adsorption in the heterogeneous Fenton reaction, the DC
saturated beds were regenerated through owing an H2O2

aqueous solution. There exists a small change in regeneration
efficiency of SBC@b-FeOOH beds, when it is regenerated using
various H2O2 doses. Here, the regeneration efficiency of satu-
rated SBC@b-FeOOH composite in H2O2 was calculated as
78.1%, 90.6%, 65.6%, and 56.3% in the feed with concentra-
tions of 3%, 5%, 10%, and 15% (in wt%), respectively. Promi-
nently, the regeneration efficiency obtained for the SBC@b-
FeOOH composite was easily controlled by adjusting the H2O2

dosage. At lower H2O2 dosage, the OH and OOH radicals are
introduced by Fenton-like reaction, it attacks DC molecules in
an easier way. However, at high concentration of H2O2 such as
10% and 15%, the radical species scavenging by H2O2 become
more signicant, thus there exists a reduction in total degra-
dation efficiency for DC. These results show that ow in rela-
tively low concentration by aqueous H2O2 effectively restore
sorption capacity hold by the resultant SBC@b-FeOOH
composite. Here, the regeneration efficiency for SBC@b-FeOOH
composite having 5% H2O2 shows a slight reduction in
adsorption capacity during the rst and the second cycle of
168 | RSC Sustainability, 2026, 4, 157–177
adsorption. This is due to the efficient affinity of intermediate
products introduced during degradation process delivered by
DC. A pictorial representation of the in situ regeneration process
of the SBC@b-FeOOH composite is shown in Fig. 7.

The synergistic regeneration phenomena arises from the
biosorption merits of SBC and catalytic heterogenous oxidation
features from the b-FeOOH nanoparticles. In a more specic
way, DC molecules are tend to be transferred from aqueous
solution to SBC through sorption process and it pre-
concentrated on the bare areas of the SBC@b-FeOOH
composite. Further, the DC adsorbed molecules tend to be
oxidized with b-FeOOH/H2O2 heterogenous Fenton-like oxida-
tion by switching to H2O2 in water, it generates the radical
species. Initially, SBC^Fe3+ was reduced towards SBC^Fe2+

through H2O2, which generates the OOH radicals. In the second
step, the as-produced SBC^Fe2+ reacts with another molecule
in H2O2, which introduces hydroxyl anions and the OH radical.
Additionally, H2O2/SBC^Fe3+ introduced SBC^Fe2+ and the
OOH radical followed by SBC^Fe2+ reoxidation through H2O2.
Thus, DC molecules tend to be oxidized through combined
phenomena from OH and OOH radicals, and the DC molecule
adsorbed on the hybrid nanocomposite was completely
removed. Hence, the saturated adsorption site on the SBC@b-
FeOOH composite surface was easily regenerated, and it
endows efficient capability for the removal of adsorbents and
organic compound destruction in wastewater.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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With the aid of an efficient and new ow capacitive deion-
ization (FCDI) approach, Li et al.66 introduced a owable elec-
trode which introduces a biocarbon material having a brous
structure with a conducting agent, activated carbon (AC).
Hence, it improves the active substance utilization through
a conductive network introduced by brous carbon materials. It
was observed that AC with 5 wt% and carbonization bacterial
cellulose having 0.25 wt% delivers a high salt ion adsorption
capacity of 1.26–5.92 mMm−2 s−1 and AC with 5 wt% possesses
0.09–2.58 mMm−2 s−1 under saline conditions, at a potential of
1.8 V. Through physical and electrochemical analysis, it was
found that this cellulose has a higher aspect ratio. Aer intro-
ducing the conducting agent, the interconnected conductive
network achieved a reduced adsorption rate. The AC is synthe-
sized by pyrolysis and through activation of lemon balm and
mint herbs utilized with H3PO4, introduced for the purication
of aqueous solution contain arsenate, cadmium poly(acrylic)
acid and polyethylenimine. Here, it was observed that arsenate
removal from the aqueous solution depends on the pH, but the
adsorption of cadmium on the activated biocarbon surface does
not depend on these parameters. The maximum adsorption
quantity of 135.8 mg g−1 and 109.6 mg g−1 are achieved for
cadmium and arsenate, respectively. The removal of metal ions
and polymers introduced from binary systems are found to be
lower when compared with one-component solution. It is due to
the polymer-metal complexes, that remains in the solution.67

Using CDI route, Zhang et al.68 synthesized biocarbon
material which is nitrogen and phosphorous co-doped with
alkali lignin (AL) and the ammonium polyphosphate (APP) as
carbon precursor based on a laser-induced carbonization (LIC)
and a hydrothermal reaction strategy. A schematic representa-
tion of the synthesis procedure for porous carbons is shown in
Fig. 8. The FESEM images of the precursor materials and the as-
synthesized porous carbons are shown in Fig. 9. From Fig. 9a–c,
it is clear that AL/APP exhibits a foam-like architecture with
exceptionally uneven distribution of macropores, around 1 mm.
Here, AL makes a rapid decomposition and it release gas
molecules under photothermal effect introduced by laser
scanning, which leaves a porous architecture. At the same time,
the literature shows that AL possesses high level of porosity
aer performing activation, where some of the APP decompo-
sition products can't discharged efficiently in shorter duration
of laser scanning. The SEM images of AL show uniformity in the
distribution of pores (Fig. 9d and e), and a prominent meso-
porous architecture was observed (Fig. 9f). However, this ob-
tained porous structure consists of a large number of nano-
Fig. 8 Pictorial representation for the synthesis of the porous carbon
permission from.68 Copyright (2024), Elsevier Inc.

© 2026 The Author(s). Published by the Royal Society of Chemistry
sized carbon particles, which are loose and easier to collapse
under an external force. This dramatic change in the micro-
structure obtained between AL and AL/APP is through the
photothermal effect from laser and efficient synergistic physio-
chemical activation from APP. The AL/APP pore architecture
was introduced by hydrothermal activation, and the micro-
structure of the resulting H-AL/APP is shown in Fig. 9g–i.
Hydrothermal activation provides higher amount of uniform
pore architecture in H-AL/APP having porosity down to the
nanoscale regime (Fig. 9g). At high magnications, beehive-like
porous hierarchical architecture in H-AL/APP is observed.

To compare the desalination characteristics of H-AL/APP and
YP80, an experiment was conducted using 500 mg L−1 NaCl
solution until the conductivity tends to be stable, to eliminate
the inuence of physical adsorption on real-time electro-
adsorption capacity. Fig. 10a represents the variation in the
solution conductivity with respect to time, while the CDI
experiment uses two electrodes, both the samples show
a similar trend of reduction in conductivity over time. In the
initial stage, the electrode consists of a large quantity of unoc-
cupied active sites, which facilitate the adsorption of a higher
number of Na+/Cl− and faster formation of an electrical double
layer, which leads to a sharp reduction in conductivity. Here,
the reduction in conductivity gradually reduces with respect to
time and then tends to level off, which is due to the gradual
approach of their adsorption capacity to the limit value. During
the CDI process, the conductivity of the solution containing H-
AL/APP remains lowest, representing a faster rate for electro-
adsorption and large electro-adsorption capability. The
adsorption capacity diagram is given in Fig. 10b, and H-AL/APP
exhibited a highest adsorption capacity of 34.7 mg g−1, which is
found to be 1.5 times greater than that of YP80. The adsorption
kinetics of two electrodes was evaluated, which was further
veried through the CDI Ragone plot, depicted in Fig. 10c. The
adsorption rate of H-AL/APP is located in the upper right corner
portion to that of YP80, it represents faster rate of adsorption
under similar adsorption capacity. Additionally, a test was
performed with 500 mg L−1 NaCl circulated for evaluating their
stability character and reusability under different CDI cycles for
the H-AL/APP (Fig. 10d). The testing procedure involves ve
stages of CDI cycles, it maintained the lowest conductivity for
solution for a range of 1.15–1.20 mS cm−1, representing
a higher cycling stability with regeneration performance. The
good wettability, conductivity, and large specic surface area of
the H-AL/APP with an efficient layer for ion transfer provides
desalination of CDI.
material through LIC and hydrothermal strategies. Reproduced with
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Fig. 9 SEM images of (a–c) AL/APP, (d–f) AL and (g–i) H-AL/APP at different magnifications. Reproduced with permission from.68 Copyright
(2024), Elsevier Inc.
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Ławi'nska et al.69 utilized carbonization lime mud produced
as a by-product of sugar production by purication of raw
beetroot juice. The authors of this work obtained more than
12 000 tons of carbonization lime mud, which function as soil
improver. By chemical composition analysis, the physical
characteristics of waste were observed, and all experiments were
conducted in a disc granulator. This granulated material was
wet with water and an aqueous solution containing molasses.
The beds wet using molasses of 33% and 66% solutions, were
characterized by higher homogeneity and the small size of the
resultant product. The control samples which are wet only with
water, the resultant product aer drying illustrated a reduced
resistance for compression. On the other hand, granules wet by
33% of aqueous solution illustrated resistance for compression,
below a value of 10 N; granules wet by aqueous solution of 66%
molasses illustrated a resistance for compression above 10 N.
Using a green technology approach of solar-driven water evap-
oration route, with the aid of Co/CoO nanoparticle loaded by
tobacco stem (TS), Liu et al.70 synthesized TS-Co/CoO by one-
step pyrolysis for wastewater purication. For the initial step
of this work, various routes were utilized for the synthesis of
different biochar materials for studying solar evaporation.
Initially, a magnifying glass was used for focussing sunlight on
grapefruit skin for 5 s for generating a carbon black grapefruit
material. At the same time, a hydrothermal approach was
introduced for reaction with pomelo peel at a temperature of
200 °C for 24 h, and it is kept for freeze-drying to produce
a brown-coloured pomelo peel carbon material. Additionally,
170 | RSC Sustainability, 2026, 4, 157–177
a black eucalyptus leaf (EL) and TS were synthesized by a similar
hydrothermal approach. The crystallization properties of the as-
prepared TS-Co/CoO(X), where X is the impregnation Co(NO3)2
concentration such as 0.05, 0.10, 0.20 and 0.40 M, were evalu-
ated. There is an increase in the impregnation concentration,
where the Co peak gets sharp, indicating that the sample crys-
tallization is better. The morphological characteristics of TS-
impregnated biocarbon with a Co solution was evaluated at
different concentrations by SEM imaging, as given in Fig. 11. It
is found that morphological features hold by TS-Co/CoO(X)
reveals the natural structure appearence inherited from TS.
Here, the material surface is observed to be rough aer hydro-
lytic chemical changes from Co(NO3)2. Notably, the Co and CoO
particles anchored on the biocarbon surface represents efficient
interaction between Co, CoO, and TS carbon. The inuence of
impregnation concentration on the morphological features of
TS-Co/CoO(X) was also evaluated. With respect to the increase
in impregnation concentration, the amount of Co and CoO
particles on the TS surface tends to increase prominently, but
the particle morphology changes signicantly. Here, the TS-Co/
CoO(0.05) particles tend to be small and evenly distributed (Fig.
11a–c), while the XRD results indicate poor crystallinity. From
Fig. 11d–f, it is clear that the Co species loaded over TS-Co/
CoO(0.10) shows irregular polyhedral architecture and even
distribution on TS carbon. As given in Fig. 11g–i, the Co in TS-
Co/CoO(0.20) changing from its polyhedron irregular structure
to rod-like architecture, with a reduction in particle size. As
shown in Fig. 11j–l, when the concentration of impregnation
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) Conductivity, (b) electro-adsorption capacity, and (c) CDI Ragone plot for YP80 and H-CL/APP; and (d) measurement of conductivity
during cyclic measurement for H-AL/APP. Reproduced with permission from.68 Copyright (2024), Elsevier Inc.
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attains 0.40 M, the metal particle loaded over carbon carrier of
TS shows agglomeration. With the help of detailed morpho-
logical evaluation by TEM, even dispersion of Co/CoO nano-
particles was found on the surface and in the matrix of TS
biochar. Using size distribution evaluation, an average particle
size of 33.26 nm was observed in the case of Co/CoO nano-
particles. In order to understand the hot water photo-
evaporation characteristics, an experiment was conducted
under simulated sunlight with an intensity of 1 sun. The
evaporation rates with a photothermal conversion efficiency
corresponding to TS-Co/CoO(0.20) were obtained as 2.22 kg m2

h−1 and 13.94%, respectively.
This evaporation rate was observed to be about 1.47 times

greater than that of TS-500 and 4.35 times greater than that of
pure water. The evaporation rate of water is prominently better
than TS-500 without any loading of Co/CoO nanoparticles. The
as-prepared material exhibits an efficient water evaporation
rate, which is better than most of the solar evaporation photo-
thermal materials having a similar type. Here, synergistic
inuence from Co/CoO having carbon material limits heat ow
to evaporation surface, it makes a prominent reduction in heat
loss and relatively increase in the efficiency of evaporation.
When the intensity of light reached the intensity of solar light,
evaporation mass of water delivered by TS-Co/CoO(0.20) nano-
composite attained 2.32 kg aer inducing 1 h, which is greater
than 0.51 kg mass loss under natural evaporation condition.
© 2026 The Author(s). Published by the Royal Society of Chemistry
When the concentration of impregnation reaches 0.40 M, there
is a sharp reduction in the evaporation rate due to the nano-
particle agglomeration at high impregnation concentrations,
resulting in a reduction in the light absorption capacity of the
material. Additionally, the authors of this work evaluated the
material stability for practical applications. Aer each cycle, the
TS-Co/CoO(0.20) tends to be naturally dried and it is recovered.
TGA analysis was conducted to verify the thermal stability of the
material. From TGA analysis, degradation was observed at
a temperature of 332 °C, which ensures good structural stability
at a normal operating temperature. To evaluate the light
absorption features of the TS-Co/CoO(0.20), the IR and UV
spectra were analysed for the samples. From this analysis, it was
found that TS-Co/CoO(0.20) has better absorption characteris-
tics than TS-500, which expands the energy range that tends to
be converted towards heat. It is happened through multiple
internal reections present inside the Co/CoO dense nano-
particle layer in the TS-Co/CoO(0.20), thereby increasing the
light reection. This indicates the TS carbonized support layer
and the Co/CoO nanoparticle metal plasma absorb the sunlight,
having broad absorption spectrum of light, which meets the
requirement from efficient solar energy interface dilution. In
the UV and visible range, the reectivity of TS-Co/CoO(0.20) is
smaller than TS-500 and TS-raw, indicates Co/CoO particle
surface and the porous architecture of TS-Co/CoO(0.20) help in
capturing higher amount of incident light. Additionally, aer
RSC Sustainability, 2026, 4, 157–177 | 171
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Fig. 11 SEM images of (a–c) TS-Co/CoO (0.05), (d–f) TS-Co/CoO (0.10), (g–i) TS-Co/CoO (0.20), and (j–l) TS-Co/CoO (0.40). Reproduced with
permission from.70 Copyright (2024), Wiley-Verlag VCH Ltd.
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loading Co/CoO nanoparticles, the graphitization degree of the
TS-Co/CoO(0.20) increases, which is conducive to improving the
light absorption capability of the material. For the solar desa-
lination phenomena, hydrophilicity is a major criterion, and
channels for hydrophilic performance facilitate the rapid
supply of water for evaporation. Using the IR spectrum, two
prominent characteristic peaks were observed at 3440 and
1630 cm−1 for two materials, corresponding to the –OH and –

COOH group stretching vibrations, respectively, which conrms
the presence of hydrophilic groups.

To further evaluate the hydrophilicity of the material, the
dynamic contact angle was measured, and the result shows that
TS-Co/CoO(0.20) is highly hydrophilic compared to TS-500 and
water molecules make rapid transport in the material. Particu-
larly, a larger number of microscopic pores present in the TS,
which is carbonized, can utilize capillary water for ow into the
hot region, thus water on the surface of the material can be
rapidly replenished aer evaporation. The photothermal
conversion capability of the material, via evaporation by a water
test was studied. Here the temperature change on the surface of
the TS-Co/CoO(0.20) before and aer light irradiation for 0 to
172 | RSC Sustainability, 2026, 4, 157–177
75 minutes was recorded using a thermal IR image analyzer. As
given in Fig. 12a and b, the surface temperature of TS-Co/
CoO(0.20) increases from room temperature to a maximum
value of 35.7 °C with illumination, and this rise in temperature
is stable with respect to time. This represents that the TS-Co/
CoO(0.20) material has excellent photothermal conversion
capability, and it provides high temperature to heat the water
and improves the evaporation. Aer modifying the Co/CoO
nanoparticle, the surface hold by TS carbon is observed to be
rough, and favourable for absorption of light, which makes
a reduction in reected energy loss, thus improves absorption
of light in multiple internal reection, and it effectively converts
absorbed light to the heat thereaer.

By using agricultural rice husk waste as biochar source and
synthesized biochar (BC)-loaded nano zero-valent iron (nZVI)
with high-temperature pyrolysis combined by carbothermal
reduction.71 Here, iron compounds tend to be reduced towards
zero-valent iron and the biomass tends to turn into biochar, and
the resulting product, BC@nZVI was used for activating sodium
persulfate in order to remove rhodamine B (RhB) dye. By SEM
analysis, nZVI particles with an amorphous characteristic were
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Changes in temperature for (a) pure water and (b) TS-Co/CoO (0.20). Reproduced with permission from.70 Copyright (2024), Wiley-
Verlag VCH Ltd.
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observed, and they were dispersed on the biochar surface. The
loading of nZVI changes the morphology and obtained struc-
tural features of biochar, which represents its excellent biochar
dispersion, thereby maintaining stability and nZVI dispersion
and improving resistance to agglomeration and catalytic effi-
ciency. The authors of this work observed that aer loading
nZVI on biochar surface improves redox reaction between the
Fe2+ and Fe3+ and promotes the cSO4

− production and reduced
pyrolysis temperature with higher Fe loading for RhB removal.
It was found that the dosage of BC@nZVI, the presence of
inorganic anions, the initial pH and various temperatures hold
various degrees of inuence on the removal of RhB. A low pH
and a higher temperature hold benecial characteristics for
RhB removal. For a neutral pH (6 ± 2) and at a room temper-
ature of 25 °C, the removal efficiency for RhB was obtained to be
90.1% in 120minutes. This result shows that cSO4

− and the cOH
have benecial effects on the proposed system, but cSO4

− is
a dominant species. There is a work which aims to characterize
the adsorptive features of activated charcoal based on phar-
maceutical applications (biocarbon and the Dyna) for the
adsorption of reactive orange 16 (RO16) and RhB.72 Commercial
AC was utilized for its comparison. The authors of this work
evaluated the textural features and functional groups. In the
FTIR spectra, it was found that there exist a broad and strong
band at 3600–3100 cm−1, assigned to the stretching vibration of
–OH. In the case of commercially available carbon, the band
© 2026 The Author(s). Published by the Royal Society of Chemistry
present at 3600–3100 cm−1 is attributed to the moisture
content. Here, the intensity of the peak is reduced in the order
of Dyna > biocarbon > commercially available carbon. In the
FTIR spectra, the peak exists at 3000–2850 cm−1, indicating the
presence of the alkyl group, assigned to the vibration of –CH2;
here Dyna possesses high intensity when compared with bi-
ocarbon. The alkene group attributes to broader peak observed
at 1680–1600 cm−1 in the case of AC and in commercially
available carbon. But the symmetric C]C aromatic stretching
vibration at 1600–1500 cm−1 is exclusive in commercially
available carbon, which signifying the evolution of graphitic
architecture. The peak at 1470–1350 cm−1 represents the
bending vibration of CH2, but the high intense peak at 1200–
900 cm−1 represents the stretching vibration of –CO. From the
surface area analysis, the authors found that the specic surface
area is in the order of commercially available carbon > bi-
ocarbon > Dyna. Commercially available carbon has a surface
area of 909 m2 g−1 and a removal efficiency of 69.4 mg g−1 in the
case of RO16. However, biocarbon has a higher removal effi-
ciency of 54.5 mg g−1 for RhB, even with a low surface area of
172 m2 g−1. From this evaluation, the authors observed that
pharmaceutical related AC is a prominent adsorption candidate
in the treatment of dye-laden wastewater. Biodegradable and
recyclable ligno-cellulosic banana bers were synthesized from
banana plant, a perennial herb.73 These bers are used for
removing anionic dyes such as alizarin red S, crystal violet,
RSC Sustainability, 2026, 4, 157–177 | 173
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Fig. 13 Schematic of the challenges associated with the biocarbon-
based materials.
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methyl violet and methyl orange from water. The authors of this
work synthesized banana bers using a carbonization proce-
dure using raw banana bers. A tube-like architecture of these
prepared bers having a diameter of this porous structure
varying from 1.88 to 12.08 mm was observed. The availability of
these efficient bers with a larger number of active sites
provides efficient removal of toxic dyes. Adsorption capacity of
85.65, 78.95, 65.78, and 65.07 mg−1 were obtained in the case of
methyl violet, methyl orange, crystal violet, and alizarin red S,
respectively. Hence, it was found that the prepared sustainable
banana ber acts as an efficient dye adsorbent for practical
applications.

3 Challenges and future perspectives

The present review depicts the features of biocarbon-based
materials for wastewater purication. From this review, it is
found that biocarbon feasibility on higher scale hinges not only
in their technological characteristics, but also on economic
viability. However, the environmental impact and production
costs for biocarbon should be considered for sustainability. An
in-depth understanding of the challenges and future perspec-
tives of the biocarbon-based materials is necessary for their
potential commercialization. A schematic representation of the
challenges associated with the biocarbon-based materials is
shown in Fig. 13. The following points are critical in developing
biocarbon-based materials for wastewater purication
applications.

� The utilization of proper resources in nature for the
production of biocarbon remains a challenge. Although various
precursor materials are available but very less materials are
explored for the production of biocarbons. Thus, it is necessary
to incorporate more material candidates available in nature for
the extraction of biocarbon.

� A major bottle-neck for the utilization of biocarbon mate-
rials is the proper synthesis/extraction routes. A synthesis
method should envisage the bulk scale of production in a low-
cost manner. The established synthesis methods still faces
issues related to the quantity of resultant product, in most
cases, the amount of biocarbon is very small, which are not
promising for the pilot study accompanied with industry scale
production.

� A feasible risk analysis with sensitivity studies is necessary
for the identication of parameters, which are crucial for
a sustainable environment. For industrial application, the price
for the biocarbon materials should be minimal. At present, the
research is still in infancy at the laboratory scale synthesis of
these materials using methods like pyrolysis, hydrothermal, etc.

� The deposition and the data sharing corresponding to bi-
ocarbon and its process conditions are crucial. It helps in the
reproducibility, which provides useful information for con-
necting feedstocks, for process optimization. This helps
researchers and the industry managers to better design the
production protocols suitable for a specic biocarbon material.
The correlation between extensive databases to connecting bi-
ocarbon features and its production routes from various
resources are crucial for addressing the reproducibility.
174 | RSC Sustainability, 2026, 4, 157–177
� Another difficulty in the eld of biocarbon-based materials
is their large-scale development coupled with the environ-
mental issues. The bulk production may lead to the production
of CO2 and associated climate change scenarios, which produce
adverse effects on the natural ecosystem. An expansion in
dedicated biomass plantation is mandatory for the biochar
feedstock so that the production at the expenses of forests or
croplands can thus be avoided.

� The development of biocarbon-based composites or hybrid
materials is not just a requirement but a necessity to attain the
proper physiochemical characteristic to the material. With the
help of reinforcing candidates, we can tune the properties of
biocarbon-based materials in order to compete with the
requirement of high-performing wastewater purication tech-
nologies. Negotiations are important if carbon architecture and
their features are tends to be unique and high-performing for
wastewater purication applications.

� Graphitized-biocarbon material delivers a prominent
technological advancement in order to meet the requirement of
industrial applications. Hence, it is indeed to develop graphi-
tized form of biocarbons and their composites through facile
synthesis strategies.

By considering these facts, the rate of development of bi-
ocarbons for wastewater purication systems can be improved.
Adopting suitable routes for the synthesis, it is possible to
optimize the physiochemical properties of biocarbons and
biocarbon-based materials. Therefore, we can use these
sustainable and biodegradable biocarbon materials as novel
candidates for wastewater purication, in order to remove the
current wastewater pollutants and avoid the scarcity of pure
water, contributing to the UN's SDGs.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusions

Biocarbon-based materials received tremendous attention as
a future choice for wastewater purication. In this review, we
have discussed the physical and chemical properties of the
biocarbon-based materials that meet the requirements of
purifying wastewater. This not only meets the current demand
for freshwater but also envisages an eco-friendly system for
human beings and other living organisms. It is clear that
biocarbon-based materials are capable of revolutionizing
wastewater treatment by providing an efficient, cost-effective,
and sustainable solution for the current challenges in aquatic
environmental protection. The present review proclaims that
via proper optimization of suitable synthesis approaches, we
can modulate the physiochemical properties of biocarbon
materials for use as catalytic substances for wastewater puri-
cation. From this review, we found that there are only a limited
number of publications on the application of biocarbon-based
materials for wastewater purication; more specically, we
can say that the research and development is still in its infancy.
The review outlined various synthesis methods for biocarbon
extraction from natural products, and discussed how to opti-
mize the parameters inuencing the features of biocarbon
materials to make them global candidates for futuristic waste-
water purication applications. From this review, it can be
concluded that by rening synthesis approaches, precursor
materials with enhanced durability, estimating emerging
contaminants, and the development of integrated treatment
systems are the suitable choices for efficient wastewater puri-
cation at industry-scale. In this context, environmentally
friendly biocarbon materials are cost-effective, helps in
contributing to the SDGs and also boosts the circular economy.
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