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In the context of fossil fuels polluting the environment and depleting energy resources, the need to find
sustainable solutions becomes urgent; in which, biochar stands out thanks to its potential applications in
the fields of energy and environment. Biochar is produced from biomass and possesses advantageous
structural properties, such as high surface area, porosity, and diverse functional groups, as well as ease
of synthesis and compatibility with a wide range of low-cost, renewable feedstocks. This review outlines
key biochar production methods-thermal, chemical, and biological-and evaluates recent advancements
that enhance its structure and performance. These findings show that engineered biochar exhibits strong
capabilities in pollutant adsorption, heavy-metal immobilization, and wastewater treatment, with surface
chemistry playing a decisive role in removal efficiency. Biochar is being widely used in sustainable energy

technologies, from electrode fabrication to renewable fuel production, due to its cost and environmental
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future expansion. In doing so, the paper highlights the role of biochar as a promising solution to
environmental and energy challenges.

1. Introduction

Industrialization and modernization are causing the world to
face resource depletion, greenhouse gas emissions and envi-
ronmental pollution, while slowing this process has little long-
term effect. In 2023, fossil fuels still account for 82% of global
energy, continuing to promote climate warming. In response to
such pressure, the need for sustainable solutions has spurred
innovation in materials science, especially renewable materials
and waste utilization." These materials are designed with the
intention of simultaneously advancing the idea of sustainability
and having acceptable performance qualities.”> Hence, the
synthesis of renewable materials needs to be flexibly designed
to suit many raw materials, many production techniques and
many uses, while opening up diverse application pathways for
the same type of material.’

A new class of materials called “waste-derived biochars” with
a wide range of physicochemical characteristics has arisen as
a promising avenue among the revolutionary advancements for
various applications.* Once considered waste, these materials
are now being transformed into versatile resources for envi-
ronmental restoration and energy production. As new ‘smart
materials’, they contribute to shaping a sustainable future by

© 2026 The Author(s). Published by the Royal Society of Chemistry
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turning waste into valuable products, while reducing ecological
pressure and meeting energy needs.® Waste-derived biochars
are often synthesized from biomass, excreta, and crop residues
through thermal decomposition or gasification processes in
anoxic or inert gas conditions.*” Due to its high carbon content
and unique surface structure, biochar becomes an attractive
material for many applications, especially in the environmental
and energy fields.®

The process of turning waste into resources begins with
understanding the mechanisms of material creation and ends
with mastering the factors that govern their synthesis and
performance.®*® The synthesis parameters determine the
applicability of biochar, as factors such as temperature, feed-
stock and pyrolysis time strongly influence the carbon content,
porosity and reactivity of the material.”* The effectiveness of
biochar in various applications is determined by its structural
properties, specifically its surface area, porosity, and conduc-
tivity.” In addition, the thermo-chemical reactions during
synthesis produce biochars with different degrees of porosity,
doping, surface functionalization, and carbonization.'**
Hence, an in-depth knowledge of these processes is necessary to
maximize the performance of biochars for the particular
requirements of energy and environmental applications.

Biochar from waste possesses many outstanding properties
for environmental applications (Fig. 1), from treating polluted
areas, adsorbing pollutants in water to adding nutrients to soil,
contributing to improving agricultural productivity and
sustainability.*>

Biochar - a product of biomass pyrolysis - offers many
benefits: soil improvement, long-term carbon storage and solid
fuel. Pyrolysis also produces syngas and bio-oil, which can
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replace fossil fuels. Integrating biochar into the energy system
contributes to promoting clean energy, decarbonization and
a circular economy."”*® One important mechanism that controls
the performance of biochars is their sorption capacity, which is
intimately related to their porosity, functional groups, and
surface characteristics.” In addition, the characteristics of bi-
ochar can be greatly influenced by the source of biomass, its
chemical components, and the original cultivation location.*
Activation techniques, including physiochemical or biological
activation/modification, determine the adsorption capacity and
certain functional groups.” Post-treatment procedures like
impregnation or acid washing can further improve the qualities
of biochar.”>** Biochar moves through the water-soil-air cycle
via leaching, runoff, erosion, and deposition,> potentially
causing health risks due to elevated PAH levels in amended
soils. Wang et al. reported excessive benzo[a]pyrene concen-
trations in Chinese cabbage and pak choi.*® Over-application
can also increase soil pH, salinity, PM emissions, and nega-
tively affect invertebrates and agrochemical efficiency.”® In
aquatic systems, biochar-bound pollutants may leach into
water, threatening ecosystems and human health.”” Airborne
biochar particles (e.g., PM;,) can cause respiratory issues upon
inhalation.”® The safe use of biochar requires certified feed-
stock, appropriate application methods, and continuous
monitoring. Scaling up production requires efficient, energy —
efficient, and environmentally friendly pyrolysis technology.
With its vast potential in energy and environmental applica-
tions - from storage electrodes, soil remediation, carbon
capture, to water treatment-biochar still faces challenges in
feedstock variability, process control, environmental impacts,
standardization, and cost. Therefore, understanding the key
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Fig. 1 Biochar from multiple sources for environmental and energy applications.
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factors is essential to optimize production. This review sheds
light on the processes and variables that determine the forma-
tion of biochar from waste, highlighting the journey from waste
to valuable resource.

2. Synthesis methods of waste-
derived biochars

Fig. 2a shows the biochar synthesis methods such as pyrolysis,
hydrothermal carbonization, and chemical-biological modifi-
cation. Modified biochar holds promise for water treatment,
soil remediation, energy storage and catalysis, but faces chal-
lenges of cost, standardization and environmental risks, while
offering opportunities from waste streams and climate policy.*®

2.1 Pyrolysis

Pyrolysis is the decomposition of biomass in a limited oxygen
environment (250-900 °C), breaking down cellulose, hemi-
cellulose, and lignin through depolymerization, fragmentation,
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and cross-linking.*® This process produces solid biochar and
releases volatile gases, while obtaining valuable products such
as bio-oil, biogas and heat.** During pyrolysis, volatile gases
continue to undergo cracking, reforming, and polymerization,
which determine gas composition, PAH formation, and biochar
structure. Controlling these gas-phase reactions is key to opti-
mizing the product and tailoring material properties to the
application.

Pyrolysis proceeds through two main mechanisms: primary
and secondary. The primary mechanism involves the thermal
breakdown of chemical bonds in the feedstock and the release
of volatiles due to heat exposure.**** The secondary mechanism
involves further transformation of unstable intermediates
through cracking (producing lower molecular weight
compounds) or recombination (leading to more complex inert
or volatile molecules).?** Pyrolysis processes are often
described by kinetic models, from first-order models to DAEM
(Distributed Activation Energy Model), which aim to predict the
decomposition rate and product distribution based on
temperature and time in primary pyrolysis.*® Secondary
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(a) The overview of synthesis methods of waste-derived biochars, (b) auger reactor system used for the slow pyrolysis experiments with

wheat straw pellets,® (c) biomass fast catalytic pyrolysis reaction system,*° (d) lab-scale setup for hydrothermal carbonization of lipid extracted
algae,*® (e) activation of spinach waste biochar by KMnO,4,* (f) anaerobic fermentation of corn stalk and brewer yeast for biochar production.*®
(Reproduced from ref. 39 Copyright 2022, ref. 40 Copyright 2021, ref. 43 Copyright 2018, ref. 47 Copyright 2024 with permission from Elsevier).
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pyrolysis is described by sequential or parallel reaction models,
which optimize furnace design and product control, where
temperature strongly influences biochar properties. Table S1
provides a comprehensive overview of the characteristics,
advantages, and limitations of various heating-based biochar
production methods.

Several factors influence the products obtained from pyrolysis,
including process temperature, residence time (RT), biomass type,
and heating rate.** Among these factors, temperature is a crucial
operating condition that determines product efficiency.*” Pyrolysis
at low temperature (<450 °C) and slow heating gives high char
yield, while rapid heating >800 °C produces more gas, ash and loss
of surface functional groups.* Slow pyrolysis, with its longer RTs
and slower heating rates, is more likely to result in higher biochar
ratios (Fig. 2b).* In contrast, fast pyrolysis, characterized by short
RTs and high heating rates, tends to yield higher ratios of oils
(Fig. 2¢).*® As pyrolysis temperature increases, the skeletal density
generally decreases because progressive devolatilization and
aromatization promote the formation of micropores and internal
voids. Conversely, the bulk density typically increases with
temperature, as particle shrinkage, structural contraction, and
increased carbonization result in tighter packing and higher mass
per unit volume when measured in the aggregated state. High
pyrolysis temperatures produce more porous biochar but reduce
CEC and volatile content. As temperature increases, volatile
compounds decompose rapidly, releasing gases and forming
porous structures, reducing material density. Nonetheless, exces-
sively high temperatures can cause the collapse of pores or the
merging of carbon frameworks, potentially disrupting the balance
between density and porosity in the resulting biochar.** These
factors collectively impact the unique characteristics of the
resulting biochar, thereby determining its suitability for specific
applications.

2.2 Hydrothermal carbonization

Hydrothermal carbonization (HTC) converts biomass into
carbon-rich hydrochar at 180-300 °C through dehydration,
polymerization, and carbonization reactions.”” In the HTC
process, water not only acts as a reaction medium but also acts
as a catalyst due to its high ion product and low dielectric
constant under subcritical conditions. Water promotes hydro-
lysis, dehydration and decarboxylation, converting biomass into
carbon-rich hydrochar. The properties of water determine the
carbon content, functional groups, porosity and heating value
of the hydrochar. HTC is distinguished by its low-temperature
operation, processing wet biomass without drying and
producing materials with improved surface finish (Fig. 2d).*
Ercan et al. have shown that HTC at 250 °C and 275 °C is an
effective method for converting lignocellulosic biomass (LB)
waste (plant-based material) into biochars and hydrochars.>
Similarly, Krysanova et al. have examined the production of
biochars through HTC of sawdust and peat across various
temperature value ranges.** HTC allows mineral recovery and
increased heating value of biochar, while processing wet
biomass at low temperatures (120-200 °C) without drying,
superior to other thermochemical methods.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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HTC produces carbon-rich hydrochar for soil improvement
and carbon storage but takes a long time to process and
produces liquid by-products, while pyrolysis and gasification
are faster but require dry biomass; hydrochar properties depend
on temperature, residence time and composition.** However,
the extent of these changes also depends on RT - longer dura-
tions can enhance carbonization but may result in structural
degradation or increased ash content.”” Biomass composition
further modulates these effects: lignin - rich feedstocks tend to
produce hydrochars with greater aromaticity and thermal
stability, while carbohydrate — rich biomass yields more func-
tionalized and reactive surfaces.*® These parameters interact in
complex ways, and must be holistically optimized to tailor
hydrochar properties for specific applications.

2.3 Chemical modification

Chemical activation can be performed on biomass before
pyrolysis or on biochar after its formation. Depending on the
application, the material is treated with acid, alkali, oxidizing
agent or impregnated with functional groups. Alkali is often
used to develop porosity, while acid helps to increase the
adsorption capacity of positively charged pollutants.” This
mechanism is based on the creation of a strong bond between
biochar and the pollutant through the distribution of opposite
charges. Acid - base activation adds functional groups such as -
COOH, -OH, -NH,, with pH-dependent protonation states.
Below pH,,., the positively charged surface adsorbs anions;
above pH,,,, the negatively charged surface adsorbs cations.*
Ionic strength further modulates the thickness of the electric
double layer: higher salt concentrations compress the diffuse
layer, reducing long-range electrostatic repulsion and enabling
closer approach of charged species to the biochar surface.*
Non-uniformly distributed functional groups—often concen-
trated at the edges of pores or defects—create highly charged
adsorption ‘hotspots’ that determine the ability and selectivity
to bind contaminants. Oxidation treatments, using agents such
as O, H,0,, (NH4),S,0s, or KMnO,, introduce oxygen-
containing groups, modify the carbon skeleton, and incorpo-
rate minerals. For example, KMnO, acts as a strong oxidizing
agent, reacting with carbon to produce reactive Mn oxides along
with CO,, thereby promoting the development of porous
structures and enhancing ion transfer and metal adsorption
capabilities at high temperatures (Fig. 2e).*” Although effective,
oxidation can weaken the carbon structure, reduce surface area
and create chemical residues, increasing processing costs.
Therefore, it is necessary to optimize the oxidation level to avoid
material destruction and ensure effective functionalization.
Many chemicals can be used alone or in combination with
acids/alkali to form biochar-based nanocomposites, which help
to increase the functional groups and active sites. Agents such
as ZnCl, and K,CO; are well dispersed in the biomass,
promoting mesopore formation and enhancing the adsorption
capacity.®” Metal oxide/hydroxide-biochar nanocomposites can
be prepared by soaking biochar or biomass in metal salt solu-
tions (FeCl;, MgCl,, Ni(NOj3),). This composite material
combines the large surface area of biochar with the high -
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energy reactive sites of oxides/hydroxides, thereby enhancing
adsorption through electrostatic interactions, ligand exchange,
and surface complexation. After treatment, the material needs
to be washed to remove residual chemicals, while considering
the environmental impact of the modification method.

2.4 Biological modification

The biological modification has three main processes,
including anaerobic digestion, bacterial conversion, and
biofilm/bioaccumulation. The biological modification provides
biochars with hydrophobicity, high cation-anion exchange and
porous capacity, which are beneficial to the adsorption
processes. Tao et al. synthesized biochar from corn stalk and
brewer yeast by combining anaerobic fermentation and pyrol-
ysis (Fig. 2f).*® The author expressed that ensiling fermentation
greatly enhanced the surface area, and oxygen-containing
functional groups, and kept mineral components in biochar.
Moreover, the redox potential and pH of biochar changed after
being digested anaerobically, which had higher efficiency than
the pristine for reducing the heavy metal, cationic dyes, methyl
blue dye, and phosphate in aqueous from anaerobic digestion
of dairy waste residues, bagasse.>

Anaerobic digestion can increase the surface area, functional
groups, and mineral content of biochar, but at the same time, it
creates VOCs and secondary emissions that pose environmental
risks. Minimizing risks requires optimizing operating condi-
tions, gas capture-treatment, and feedstock pretreatment.
Therefore, despite its functional benefits, the process needs to
be tightly controlled to limit environmental impacts. Microor-
ganisms form biofilms in and on the surface of biochar,
improving adsorption and degradation of pollutants; for
example, naphthenic acid degradation efficiency increased
from 30% to 87%.°* A combination of Alcaligenes faecalis and
Casuarina equisetifolia seed-derived biochar formed a biofilm
that removed 87% of methylene blue at a dosage of 500 ppm in
a packed bed bioreactor (PBBR).*

Biofilm modification of biochar increases adsorption and
degradation, but excessive growth can clog pores and reduce
performance. Moderate nutrient conditions, adequate moisture
and aeration help control biofilm, while measures such as
backwashing and regeneration maintain long-term effective-
ness. The structure and function of microbial communities on
biochar are influenced by pH, temperature, and nutrient
retention and release. pH determines bacterial or fungal colo-
nization; temperature regulates metabolic activity; while
carbon, nitrogen, phosphorus, and trace element uptake create
favorable or restrictive microenvironments for each microbial
group.®**® This demonstrates that biological modification of
biochar has the potential to enhance its adsorption capacity and
pollutant degradation efficiency.

Biochar synthesis methods vary significantly in their scal-
ability, feasibility, and environmental-economic impact. Pyrol-
ysis is the most mature technology, providing high throughput
and valuable by-products, but requires feedstock drying and is
energy intensive without integrated heat recovery. HTC operates
at 120-200 °C, processes wet biomass, and is suitable for

5838 | RSC Adv, 2026, 16, 5834-5851

View Article Online

Review

decentralized models, but has long reaction times and requires
wastewater treatment. Chemical modification increases surface
functionality but introduces chemicals and costs. Biological
methods are environmentally friendly but have limited scale.
Overall, pyrolysis and HTC present the most immediate paths to
large-scale, sustainable deployment, while chemical and bio-
logical routes offer specialized advantages that require further
techno-economic and life-cycle optimization.

3. Characteristics of biochar

Biochar properties are often evaluated using a variety of
complementary techniques: BET measures surface area; SEM/
TEM observes morphology; XRD identifies mineral phases;
FT-IR and Raman analyze functional groups and carbon order;
XPS provides surface elemental composition and chemical state
information, limited to the top ~10 nm; TGA assesses thermal
stability; solid-state NMR provides in-depth structural infor-
mation. Understanding the limitations of each method helps to
accurately interpret application performance.

3.1 Chemical composition

The chemical properties of biochar were represented by
elements (amount of C, H, N, S, and O), pH, electrical conduc-
tivity, cation exchange capacity, and functional groups. The
kind of feedstocks and thermochemical process parameters
decided the physical and chemical properties of biochar, which
are illustrated in Table S2. Increasing pyrolysis temperature not
only enhances pH value due to the loss of acidic functional
group and the oxide, hydroxide minerals generation of cations
(Fig. 3a) but also boosts SSA (specific surface area) because of
the removal of hydro, oxygen, oils, and tar (Fig. 3b). With
increasing pyrolysis temperature, biochar exhibits reduced yield
(Fig. 3c), hydrogen and oxygen contents, and along with
enhanced carbon enrichment. The H/C and O/C ratios there-
after dropped, suggesting that the biochar had improved
carbonization and aromaticity and had less surface polarity.
The biomass atomic ratios of O/C, H/C, (O + N)/C, and (O + N +
S)/C decompose and escape as condensable and non-
condensable gaseous components such as CH,, CO, H,, CO,,
and other gases. Chen et al. statistically calculated the distri-
bution of pH value, total nitrogen (TN), and total phosphorus
(TP) in 226 biochar kinds (Fig. 3d).*® This result shows that the
mean value of pH, TN, and TP followed by 6.2, 5.2, and 3.8,
corresponding to 1.3, 0.83, and 0.5 of the standard deviations.

Biochar contains many elements (C, H, O, N, S, P...) and
corresponding functional groups. The H/C and O/C ratios
reflect the degree of carbonization: low H/C indicates a stable
aromatic structure; low O/C indicates few oxygen groups,
reduced polarity and increased hydrophobicity. These ratios
help evaluate the structure, durability and adsorption capacity
of biochar. The contents of oxygen and nitrogen, including
functional groups, were determined in N/C, H/C, and O/C ratios.
The ratios of O/C and H/C expressed the carbonization process
of pyrolysis such as O/C ratios < 0.2, 0.2-0.6, and > 0.6 showed
stable, slightly stable, and unstable biochars; H/C ratios < 0.7

© 2026 The Author(s). Published by the Royal Society of Chemistry
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have higher aromatic ring formation ratios > 0.7.°>*® The ratios
of O/C and H/C expressed the carbonization process of pyrolysis
such as O/C ratios < 0.2, 0.2-0.6, and > 0.6 showed stable,
slightly stable, and unstable biochars; H/C ratios < 0.7 have
higher aromatic ring formation ratios > 0.7.%

The effects of biomass source and pyrolysis temperature on
the physicochemical characteristics of biochar are presented in
Table S3. The elemental composition, ash content, and ligno-
cellulosic structure of biomass are strongly dependent on the
cultivation method, growth conditions, and harvest time, which
in turn influence the surface area, porosity, carbon content, and
ash properties of biochar. These factors determine the perfor-
mance of biochar in fuel production, energy storage, and
electrochemical applications. Biochar has an electrical
conductivity of 0.002-23.8 dS m™ ', higher than activated
carbon, and a strong cation exchange capacity due to its
carboxyl, hydroxyl, and amino groups. Aromatic structures and
redox active sites promote electron transfer and support
methane production, although high pyrolysis can cause loss of
functional oxygen groups. The oxygen functional groups on
biochar - carboxyl, hydroxyl, carbonyl, and phenolic - play a key
role in its cation exchange capacity and electrochemical

© 2026 The Author(s). Published by the Royal Society of Chemistry

properties. They create a negatively charged surface, which
helps hold cations such as K*, Ca**, Mg**, and NH," and
increases nutrient retention in soil. At the same time, the
quinone and phenolic groups participate in oxidation-reduction
reactions, promoting electron transfer, making biochar suitable
for energy storage and pollution treatment.®*

3.2 Surface properties

Density, surface area, particle size, and porosity are the main
physical properties of biochar. Density generally increases with
pyrolysis temperature due to loss of volatile matter and forma-
tion of a graphite structure. The study reported that biochar
production at 700 °C (1149 kg m™~*) had a higher density than
production at 450 °C (986 kg m?) and feedstock (1043 kg
m3).% The specific surface area (SSA) of biochar varies from
100 to 1000 m> g, which depend on the pyrolysis process and
kinds of feedstock, and it is an essential parameter in the
adsorption process due to its relation with the pore size; the
enhancement SSA of biochar can be conducted by chemical
methods (alkaline, acid) or physical methods (milling, thermal).
For example, the SSA of wheat straw increased from 6.9 to 130
m” g~ after using the ball-milled method.®” Biochar particle
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size can be divided into three kinds: particle (<0.25 mm),
powder (0.25-1 mm), and granules (>1 mm), therein, the
majority of the biochar surface area and effective molecular
adsorption are contributed by micropores (pore size ~2 nm).*®
Small particle size increases surface area and porosity due to the
exposure of many small pores and increased surface exposure,
while large particles typically have a more highly interconnected
pore structure.

Small pores determine SSA by creating a large internal
surface. Smaller particles increase SSA but grinding too finely
can destroy the pores, so a balance is needed between expand-
ing the surface and keeping the internal structure.®®”
Agglomeration of biochar particles can reduce SSA and porosity
due to van der Waals, capillary, or electrostatic forces that
obscure the micro-mesopores. Conversely, agglomeration can
also create large pores between clusters, increasing porosity but
not necessarily improving the available surface area for
adsorption or electrochemical applications.”
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4. Waste-derived biochars for energy
applications
4.1 Supercapacitor

Biochar from waste is becoming a potential solution, both
improving the energy storage performance of supercapacitors
and opening up a direction for sustainable waste management
for a greener future (Fig. 4a). The hierarchical porous structure
of biochar-based HPC creates a wide interface with the elec-
trolyte, promoting charge storage. Meso- and macropores
support rapid ion transport to the micropores, reducing mass
transfer resistance, while micropores provide multiple active
sites, increasing adsorption capacity and charge capacity.”
Biochar, a highly porous carbonaceous material, has attrac-
ted attention due to its outstanding electrochemical properties
and potential to enhance supercapacitor performance. The
large surface area and pore network enhance ionic interactions,
thereby improving charge storage and capacitance (Fig. 4b).
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(a) Schematic illustration for preparation of Co(OH),/orange peel biochar composite for application as an electrode material in super-

capacitors,” (b) possible mechanism of NaOH activation for the synthesis of 3D interconnected mesopores network of algal biochar,” (c)
electrochemical performance of the quasi-solid-state carbon supercapacitors/EDLCs [(a) CV of a typical cell (Cell#4) with gradually increasing
voltage ranges recorded at a scan rate of 10 mV s, (b) comparative CVs of all EDLC cells at a scan rate of 10 mV s, (c) CVs recorded at different
scan rates for Cell#4, and (d) variation of specific capacitance (Cp) as a function of scan rates for all the EDLC cells],” (d) charge—discharge
studies to analyze supercapacitive properties [(a) GCD plots for the as-prepared CONF@QOBC-4 electrode, (b) the capacitance of OBC and
CoNF@OBC-4 as a result of various current densities, and (c) cycling stability of prepared CoNFQOBC-4, (d) calculated and measured
impedance of CONF@QOBC-4 in the region of 100 kHz to 100 mHz are compared in the Nyquist plot of CONF@QOBC-4 (inset: the equivalent
circuit)].”* (Reproduced from ref. 74 Copyright 2021, with permission from Nature, ref. 75 Copyright 2022, ref. 76 Copyright 2022, with
permission from Elsevier).
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Certain highly polar oxygen functional groups, such as carboxyl
and anhydride, can hinder ion transport, increasing resistance
and reducing capacitance. In addition, unmodified biochars
often have low porosity and low surface area, limiting their
EDLC (electric double-layer capacitance) potential. Modern
activation techniques have significantly improved porosity and
surface area. Controlled pyrolysis converts waste into energy-
rich carbon, but high ash content can hinder ion transport
and reduce electrode performance. This approach also reduces
pollution from traditional waste disposal. The porous structure
of biochar creates an effective ion adsorption environment,
which enhances the charge storage capacity in the super-
capacitor. Chemical and physical activation processes further
optimize the material properties, expanding the energy storage
performance.” This versatility allows researchers to tailor
biochar-based supercapacitors to meet specific energy storage
requirements, creating a range of applications that can benefit
from its remarkable attributes (Fig. 4c). Integrating waste bi-
ochar into supercapacitors provides high power density, allow-
ing for fast energy transfer - ideal for applications requiring
burst power such as regenerative braking or renewable energy.”®
Supercapacitors using waste biochar absorb and release energy
quickly, making energy systems more flexible; while high cycle
stability ensures long-term. This feature is essential for appli-
cations requiring long-term energy storage, such as grid-scale
energy buffering (Fig. 4d). Durability and stable performance
make supercapacitors an attractive solution for renewable
energy.”

Biochar from waste not only promotes technological innova-
tion but also supports sustainable development. By diverting
organic waste from landfills and reducing emissions, this
approach fits into the circular economy, offering a solution that
combines environmental conservation and energy application.®
In the face of climate and sustainability challenges, this approach

CHARGED (b)

(@) tecvonrion

During Discharge

Lithiated Graphite, LiC,

Positive Electrode
(Cathode)

Negative Electrode
(Anode)

= +

Electron Flow . d .
During Charge ‘r DISCHARGED %
e 12 z
| ‘=
€
H 4
£ H H
i 8 3
® €
2

= |

Positive Electrode
(Cathode)

Negative Electrode
(Anode)

Fig. 5

3
> 2 007
2 a) Z 0074(b)
«<2s L]
z z
= o
=20 k]
z" Z,
Z15 Z
3. 3
g E
S ]
5 -]
g g,
200 = t t+7
4 —————T—TTT o0 ——————————T—
0 300 600 900 1200 1500 1800 2100 2400 2700 0 20 40 60 80 100 120 140 160
Time /min Time /min

0.045 c)
00404 o
0.035 i

-
0.030 <

s
0025 a o

. 2 3“ 5. i
0020{ E=-0.00061"+0.0473 .21 ~#-Dischiarge
@ Charge
0.015 T T T T T 12.¢ T T 9 T T T T
0 10 20 30 40 0 00 02 04 06 08 10 12

View Article Online

RSC Advances

demonstrates the value of cross-sector collaboration. Sustaining
collaboration requires a coordinated effort between academia,
industry and government, with supportive policies and research
networks that foster knowledge exchange and innovation.

4.2 Battery electrodes

Biochar is a promising material for batteries due to its high
conductivity, porous structure, and large surface area. Ease of
production, low cost, and renewable resources make it suitable
for commercialization, while the ability to tailor functional
groups and form composites with metal oxides enhances energy
storage performance.

The Li-ions intercalate between graphitic planes in anode
graphite with an interlayer spacing. The intercalation mecha-
nism consists of 3 stages: intercalation (lithium ions are
inserted into the layered frameworks of the graphite anode and
layered oxide cathode, occurring without significant alteration
to the structure. This “host-guest” process maintains the
integrity of the electrodes, enabling excellent cycle stability),
diffusion (Li* ions move through the electrolyte and electrode
materials by diffusion. The speed of this diffusion influences
the battery's power output and charging rate), and electro-
chemical potential (the movement of Li" ions is driven by the
difference in chemical potential between the electrodes, which
is directly linked to the battery's voltage). Energy density, cycle
life, rate capability, safety, and stability have important impli-
cations for battery performance.**** Accordingly, Li-ions inter-
calate and de-intercalate on the graphite anode material during
battery charging and discharging (Fig. 5a). Mining natural
graphite is unsustainable, while biochar has emerged as an
alternative material thanks to its porous structure, heteroatoms
and defects that improve performance.** The electrochemical
performance of biochar electrodes strongly depends on struc-
tural defects and heterodoping (N, S, P, B). Defects such as edge

s Cell potential / V

(a) A schematic illustration of the working principles of a Li,Ce/Li;_xC0oO, lithium-ion cell,®* (b) performance of pine pollen biochar as

electrode material for sodium—ion batteries [(a) galvanostatic intermittent titration technique (GITT) curve; (b) single GITT titration curve; (c)

linear fitting of discharge voltages E vs. 74/ i

in a single GITT titration curve; (d) relationship between voltage and log DLi* during the discharge and

charge process].#? (Reproduced from ref. 81 Copyright 2012, with permission from Royal Society of Chemistry, ref. 82 Copyright 2018, with

permission from American Chemical Society).
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sites or amorphous carbon domains create additional charge
storage sites and improve ion diffusion. At the same time,
heteroatoms modify electronic properties and increase
conductivity, surface polarity and electrolyte wettability.®

Biochar offers advantages for lithium-sulfur batteries due to
its large surface area and numerous functional groups, which
help disperse sulfur and adsorb polysulfide, reduce the shuttle
effect, and improve performance. However, the high surface
area is prone to the formation of a large SEI (solid electrolyte
interphase) layer in the early cycle. In addition, biochar also
holds promise for sodium-ion, zinc-ion, and calcium-ion
batteries (Fig. 5b). Emerging metal-air batteries, such as zinc-
air and lithium-air batteries, have witnessed the utilization of
various biochar materials as catalyst supports. Li et al. showed
that nitrogen-doped biochar anodes achieved a high reversible
capacity of 312 mAh g~ after 200 cycles at a current density of
0.1 A g ', exhibiting excellent rate performance by improving
conductivity and a plentiful number of active sites.*” Biochar-
derived carbon with hierarchical porosity maintained
a capacity of 280 mAh g after 100 cycles, which was credited to
its efficient ion diffusion channels and robust structural
stability.*® Given the involvement of oxygen reduction reaction
(ORR) and oxygen evolution reaction (OER) in air batteries, the
substantial variation in potential conditions poses a significant
challenge.®* The stability of biochar helps the battery resist
fluctuations and maintain performance.

4.3 Hydrogen production

Hydrogen is widely recognized as an alternative energy carrier,
playing an important role in the neutralization of carbon and
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the minimization of greenhouse gases. Scientists are interested
in hydrogen energy because it is less affected by outside factors
than solar, wind, and tidal energy. Conventionally, hydrogen
was mainly produced from natural gas and hydrocarbon
(95%).*° Steam gasification of biomass can produce hydrogen
but is expensive and emits CO,, so greener techniques are
needed. Producing biohydrogen from renewable sources
supports the goal of a ‘hydrogen economy’. Of the existing
methods, water splitting is the most promising, with efficiency
depending on the reduction of the overpotential in the HER
(hydrogen evolution reaction) reaction.

Water splitting is a chemical process that decomposes water
(H,O) into basic elements, including H, and O,, requiring input
energy. The reaction follows: 2H,0 (1) = >2H, (g) + O, (g). The
main water splitting methods includes electrolysis,
photoelectrochemical, thermalchemical, biological. The
hydrogen produced in this process is a clean energy source,
storage material, and industrial feedstock that helps reduce
carbon emissions. However, precious metal HER catalysts are
expensive and unstable, prompting the search for alternatives.
Biochar - based carbon is attracting attention because it is
cheap, conducts electricity well, and utilizes waste, providing
the dual benefits of energy production and pollution reduction.
The development of the biochar field for hydrogen production
has progressed at an impressive stage. Using biochar as
a sacrificial electrode provides a sustainable and clean
industrial-scale method for producing green energy carriers.
Fig. 6 illustrates the hydrogen production sources, techniques,
and applications. For example, Zhou et al. developed a pinwood-
biochar sacrificial anode with high stability to actively assist
water electrolysis for hydrogen production in concentrated

Renewable energy Energy storage

co,

-
B

Manure/waste Anaerobic digester

Gasification

Fig. 6 Hydrogen production sources and their applications.
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alkaline electrolytes.®* Dewatered sewage sludge and food waste
biochar have been used as a cathode for photocatalytic
hydrogen generation from water.”> Despite its rich functional
groups and high conductivity, biochar-based electrodes still
exhibit lower HER overpotentials than many state-of-the-art
materials. In HER, hydroxyl, carboxyl, and carbonyl groups
provide proton adsorption sites; conductive carbon frameworks
facilitate electron transfer; and when combined with metals/
metal oxides, biochars provide a synergistic effect that stabi-
lizes the catalyst. These mechanisms help reduce overpotentials
by increasing the active area, improving adsorption, and
promoting proton transfer.’*

Heteroatom doping with transition metals is an effective way to
reduce the overpotential and increase the HER performance of
carbonaceous materials. For example, S-N-doped biochar from
peanut roots achieved a starting voltage of only 27 mV vs. RHE
(reversible hydrogen electrode), due to its large porosity and high
electrochemical area. The authors proposed that the performance
of the biochar is because of its rich porosity and high electro-
chemical area of 27.4 mF cm 2 Monteiro et al. used a carbon paste
electrode (CPE) and a spongy material modified with cattle manure
biochar to create an effective capacity for HER in acidic media.’
The electrode offered an overpotential of 0.34 V at 10 mA (vs. RHE)
between the first and last analyses and high stability (200 h) during
1000 linear scanning cycles. These studies prove that biochar has
the potential to be a plentiful alternative catalytic electrode for
electrochemical reactions to achieve low-carbon hydrogen.
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4.4 Bio-fuel production

Biofuel is generated from agriculture, agricultural waste, or
living plant intermediates. Ethanol and biodiesel are the main
groups of biofuel. Fig. 7a and b show that biofuel production
increased per year (2007-2019) worldwide; for instance, ethanol
production increased from 77 to 160 billion liters, and biodiesel
production increased from 15 to 41 billion liters.

Biofuels are produced by mechanical, thermochemical,
chemical and biochemical methods. Of these, pyrolysis is
commonly used because it quickly decomposes biomass into
syngas, bio-oil and biochar under anoxic conditions (Fig. 7c).*”
Based on the origination of feedstocks, biofuel is classified into
four generations: 1st, 2nd, 3rd, and 4th generations. In the first
generation of biofuel, peanut oil and vegetable oil were used for
engine operation in 1900 and 1930, and the feedstocks were
sugarcane, palm oil, soybean, etc. However, the 1st biofuel
(conventional biofuel) could not meet the energy demand, and
the negative appearance on the ecosystem and environment led
to 2nd biofuel (cellulosic ethanol). The 2nd biofuel is generated
from lignocellulosic and waste feedstocks with primary sources
from energy crops (miscanthus, wheat straw, e.g.). Echaroj et al.
used tungsten-zirconia as the catalyst in the palm fiber pyrolysis
process for biofuel generation and 14.3% of gas, 7.1% of bio-
char, and 40.5% of bio-fuel were produced,”® and 40 wt% of
bio-oil product obtained after Jatropha wastes (leaves and
stems) undergo pyrolysis process combined with metal/
activated carbon catalyst.®® For 3rd biofuel (algae biofuels),
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pyrolysis of cassava stalks-based materials for oil and syngas production,*® (d) hydrothermal liquefaction of lignocellulosic biomass corn stover
for biofuel production.’* (Reproduced from ref. 97 Copyright 2020, ref. 18 Copyright 2024, ref. 101 Copyright 2020 with permission from

Elsevier).
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algae are the primary feedstock. Its advantages are CO,
consumption, diverse living environment, rapid growth, and
high nutritional-fuel diversity. Bhushan et al. used four kinds of
algae (S. obliquus, C. minutum, C. vulgaris, and Chlorella sor-
okiniana) to evaluate its biofuel production ability in wastewater
and 0.98 mL g~ ' of CH, yield obtained from C. minutum.*®
Biomass with high yield and low cellulose-lignin compositions,
metabolically engineered algae, and changing gene of feedstock
(veast, fungi, microalgae, cyanobacteria) are used in 4th biofuel
(future technology) by integrating the production of biofuels
with the capture and storage of CO, via the process of oxy-fuel
combustion, or by using genetic engineering or nanotech-
nology; fourth generation biofuels attempt to provide more
sustainable production choices.

Second- and fourth-generation biomass from waste, non-
food crops and algae is more sustainable, supports a circular
economy and reduces environmental risks. Biofuel production
also creates jobs, promotes rural development and improves
ecosystems through forest regeneration and waste utilization
(Fig. 7d). Table 1 summarizes various applications of biochar
for energy production and storage.

Waste biochar has outstanding physical and chemical
properties, making it suitable for energy applications such as
supercapacitors, batteries, and biofuels. The large surface area
and porous network provide numerous ion adsorption and
transport sites. Functional groups (-OH, -COOH, C=O0)
support oxidation-reduction reactions and increase pseudo-
capacitance, while the degree of graphitization improves
conductivity. The wettability and surface charge determine the

Table 1 Applications of biochar for energy production and storage
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interaction with the electrolyte. Biochar also maintains struc-
tural stability and can be enhanced by combining with metals or
metal oxides."***"”

5. Waste-derived biochars for
environmental remediations
5.1 Adsorption of heavy metals and organic matters

Various techniques have been proposed for removing heavy
metals from water, including adsorption, chemically induced
precipitation, ion exchange, electrochemically aided removal,
and membrane separation, among others."***** Adsorption is
an effective method, governed by Van der Waals forces, chem-
ical bonds, - interactions, electrostatics, hydrophobicity and
ion exchange (Fig. 8a). In addition to these mechanisms, heavy
metal removal may also involve redox reactions (with biochar
acting as a redox mediator to enhance the redox potential of
metals), van der Waals forces, and precipitation (resulting from
the presence of intrinsic metals in biochar and high pH
conditions, facilitating metal precipitation within the biochar
matrix). Table 2 shows the dominant characteristics of biochar
in the organic matter and heavy metal removal process after the
engineered biochar process.

The key factors for the adsorption process include contact
time, adsorbent dosage, adsorbate concentration, initial pH,
and temperature. Organic pollutants and heavy metal removal
are enhanced with the contact time increasing and reached to
stabilize, which is assigned for saturation of adsorption sites.
Also, the various absorbent-absorbates equilibrium determines

Capacitance

Feedstocks Synthesis method Applications Efficiency retention/reusability Ref.

Lacquer wood One-step H3PO, activation Supercapacitor 354Fg tat1Ag! 95.3% after 10000 cycles 102

Torreya grandis Carbonization Supercapacitor 354Fg lat1Ag ! 97% after 5000 cycles 103

inner-shell

Waste potato peel Hydrothermal carbonization and Supercapacitor 323Fg! 94.3% after 10000 cycles 104
chemical activation

Sugarcane bagasse Hydrothermal and ZnCl, and CO, Supercapacitor 193Fg 'at1Ag ! 80% after 10000 cycles 76
gas activation

Tea leaf Pyrolysis and NaOH activation Supercapacitor 945 Fg tat1Ag ! 95% after 10000 cycles 105

Sugarcane bagasse Carbonization/Microwave activation Energy storage 323.6 mAh g 106

at0.05Ag "

River driftwood Hydrothermal treatment/ Energy storage 270-300 mAh g ' 107
carbonization

Mango peel Carbonization/N, S doping Energy storage 400 mAh g 'at0.1Ag " 108

Sawdust of poplar, Pyrolysis (700 °C for 2 h in N, Hydrogen 109.848 mmoL g ! 109

catalpa, pine, at 10 °C per minute) production

and elm

Bamboo Microwave pyrolysis Hydrogen 50.93 vol% 110

production

Corn stover Pyrolysis (800 °C for 4 h in N, Hydrogen 90 NmL g™* 111
at 10 °C per minute) production

Rice husk KOH activation — Composites Bio-fuel Biodiesel yield: 98.2% Reusability: more than 112
with K,O/Ni (RHC/K,0-20%/Ni-5%) 70% after 5 cycles

Coconut shell Calcination with in situ KOH Bio-fuel Yield: 93.0% Reusability 86.1% after 113
activation;@ 600 °C, 1 h, N, 5 cycles

Potato peel Thermochemical conversion Bio-fuel Oil conversion 97.5% 114
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different times. For example, Sulfamethoxazole (SMX) was
rapidly adsorbed in the first 90 min and reached equilibrium at
120 min with orange peel biochar and coffee grounds, while the
corresponding chitosan composites required 360-390 min to
reach maximum capacity.”*® The optimum biochar dosage
determines the treatment efficiency, as increasing the material
content provides additional adsorption sites, while high
pollutant concentrations reduce the efficiency. Chu et al. stated
that o-chlorophenol removal efficiency declined from 96.2 to
67.3%, corresponding to concentration enhancement from 10
to 150 mg L~ " with MgO-tea waste biochar due to the limit of
surface area and active sites.'**

pH is a significant factor in the adsorption process because it
can affect both the surface charges of adsorbents and the
ionization formation of adsorbates, facilitating the electrostatic
attraction or repulsion between biochar and contaminants. For
example, the excellent Cr(vi) removal efficiency was a pH of 2,
then gradually decreased to a pH of 8.0, and slight changes
appeared in pH of 8-10 by KOH-activated porous biochar.'**
This phenomenon was attributed to Cr(vi) ionization formation
and pHp,. HCrO* and CrO,>~ (anionic) are dominant species
when pH < 6, while CrO,>~ (anionic) is more abundant when pH
> 6. Similarly, the surface charge of biochar is positive when pH
> 2.2 and negative when pH < 2.2.

Table 2 Biochar adsorption efficiency for the remediation of heavy metal and organic matter in aqueous environments®

Co Biochar dosage Equilibrium  Adsorption capacity
Biochar Properties Pollutant (mgL™') (gL pH  time (h) (mgg™) Ref.
Zero-valent iron SSA: 113 m* g, Cr(v) 50 0.5 5.5 25 117.7 21
biochar pore volume: 0.093 cm® g~ *
Chitosan-kiwi biochar ~ SSA: 3.3 m*> g* Cd(n) 200 2.0 7.0 24 126.5 121
Magnetic biochar SSA: 66.5 m* g7 ", Cu(m) 40 0.2 6.0 12 105.3 122
(Fe-BAB) pore volume: 0.358 cm® g~ *
Oakwood SSA: 332.9 m® g, Cd(m) 150 0.75 7.0 24 190.4 123
pore volume: 0.102 cm® g™*
— Pb() 150 392.2
Bamboo SSA: 220.1 m* g, As(m) 60 1.0 45 6 265.3 124
pore volume: 0.218 cm® g~ *
Boric acid-activated SSA: 119.6 m* g7, SMX 150 50 3.0 4 96.0 125
biochar pore volume: 0.9 cm® g~*
Magnetic SSA: 431.6 m* g7, NFX 10.0 2.0 6 24 38.77 126
Fe,03/biochar pore volume: 0.23 cm® g~ *
Biochar SSA: 2457.3 m® g ¥, OTC 10 0.08 85 48 407.5 127
pore volume: 1.14 cm® g !
Seaweed biochar SSA: 124.3 m* g ', CIp 10 0.5 6.5- 12 93.65 128
pore volume: 2.1 cm® g~ * 8
Mg/N-spent coffee SSA: 115.6 m*> g7, PO,*> 20 1 3-5 12 108.41 129

biochar pore volume: 0.7 cm® g~ *

“ Co: Initial pollutant concentration, SMX: sulfamethoxazole, NFX: norfloxacin, OTC: oxytetracycline, CIP: ciprofloxacin.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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High temperature promotes movement and increases
adsorption affinity. The thermodynamic equation (AG = AH -
TAS, where G: Gibbs free energy, H: enthalpy, T: temperature,
and S: entropy) was used to evaluate the temperature effect. At
the range of 25-45 °C, levofloxacin adsorption was increased
over NiFe,0,/biochar, and AG had a negative value which stated
that this process was the irreversibility, heat-adsorbing and
spontaneous.™*

5.2 Capacitive deionization for saltwater desalination

Recently, research has delved into investigating efficient elec-
trode materials and improving upon CDI (Capacitive Deion-
ization) technology itself, which combats the main issue of CDI:
reduced ion removal.”** Conventional CDI mechanisms, along
with modified CDI architectures, are shown in Fig. 8b. In
conventional CDI, current is applied between two electrodes
separated by an insulating layer; however, deionization effi-
ciency is degraded due to the phenomenon of homoelectrolyte
repulsion, which increases the energy required when cations of
the same charge are charged simultaneously. MCDI, by inte-
grating specialized ion exchange membranes for each electrode,
minimizes the penetration of homoelectrolyte ions, thereby
enhancing charging efficiency and significantly improving
deionization capability.**® The hybrid CDI (HCDI) has also been
developed, which merges CDI with the asymmetric capacitance
system found in battery electrodes. HCDI employs two distinct
electrode materials: one based on carbon and the other on
a pseudocapacitive/battery-type material. Coupling redox elec-
trodes with porous carbon-based ones helps with enhancing
CDI efficiency.”****” However, despite the advances in CDI
processes, current electrode materials are still limited in the
treatment of high salinity waters, and both conventional CDI/
MCDI are interrupted by a desorption step due to the low
adsorption capacity of the immobilized electrode.™® Therefore,
the FCDI architecture was initiated by Jeon et al.*** By incor-
porating a slurry-type electrode that recirculates throughout the
CDI process, FCDI achieves unlimited ion capacity, enabling
continuous desalination. With the technology in its infancy
stages, current research efforts are committed to addressing the
hurdles to fully realize the feasibility of FCDI.'*>*3*'*> The ability
of biomass-derived activated biochar, its modifications, and
activated biochar composites for CDI applications is expressed
by saltwater water desalination, heavy metal removal, and ion
and organic matter removal.

Sustainable biochar play the role as a potential alternative to
porous coal due to its electrochemical performance and envi-
ronmental advantages. For example, Li et al. have prepared bi-
ochar from chitin using KOH as an activator at 800 °C,
producing a high surface area of 833.8 m® g~ * and possessing
low charge transfer resistance.'*® It exhibited a SAC of 11.52 mg
g~ " with an initial concentration of 160 uS cm™ " NaCl under 2V
applied potential. Interestingly, a high charge efficiency of
87.23% after several cycles was observed, which could be
possible at lower concentrations as it eliminates the loss of
charge efficiency due to parasitic reactions. However, the
storage capacity needs definite improvement to work in real-life
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conditions, so to enhance the performance of biochar as a CDI
electrode, various methods such as activation, pretreatment,
compositing/doping, and modifications were conducted. The
specific configurations and relevant parameters are presented
in Table S4. Adorna et al. composited MnO, with coconut shell-
derived-activated biochar for CDI applications.*** Manganese
dioxide (MnO,) is a transition metal oxide with high theoretical
capacitance (>1300 F g~ '), but it lacks applicability due to its
subpar conductivity. By combining with highly conductive
activated biochar, the composite garnered an SAC of 68.4 mg
g " at 1.2 Vunder 1000 ppm NaCl. Hu et al. prepared CoCO50,/
N-CNTs with CNTs originating from glucose, which is easily
accessible from biomass precursors.'*® Hence, future studies
must consider the use of the FCDI process to ensure continual
utilization, maximizing its efficiency as a desalination
technology.

5.3 Heavy metal removal

Biochar can also be an effective electrode material for the
removal of heavy metals (arsenic, chromium, mercury,
cadmium, copper, zinc, and lead)."*®'*¢ CDI is superior to other
treatment technologies because it does not use chemicals and
does not generate waste, in addition to a concentrated stream
that is easily neutralized, thereby expanding the potential
application in heavy metal removal. Table 3 presents a summary
of some recent research results on the application of CDI for
heavy metal removal.

Most studies used activated carbon, while agricultural bi-
ochar showed higher CDI performance. Truong et al. conducted
a study on biochar from Sargassum hemiphyllum, a common
algae found on the coasts of Taiwan.”™ The algal biochar
exhibited good Cu(u) removal at 75-120 mg g~ * with varying pH,
the presence of competitive ions, and various applied voltages.
The increase in the applied voltage will lead to a higher flow of
electrons, resulting in stronger electrostatic attraction forces
and improved efficiency in removing metal ions.'” The
Sargassum hemiphyllum biochar, possessing a very high surface
area of 1367.6 m* g~ !, exhibited a very high specific capacitance
of 531 F g~' at 1 A g '. Additionally, the doped nitrogen/
phosphorus atoms introduced opportunistic structural defects
that resulted in electron density differences.® Having this
modification in the electron donor and its electron density
enhanced its electrical conductivity and improved its chemical
stability. These properties were essential to produce excellent
adsorption performance of 56.16 mg g~ " with 50 ppm Cu at
1.0 V and increasing to 92.95 mg g~ ' when the initial Cu**
concentration is spiked to 200 ppm. Huang et al. imposed
activated carbon cloth and checked for competitive heavy metal
removal through CDI by combining Cd**, Cr**, and Pb*".**# The
average removal rates were found in the order of Cr** > Pb*" >
Cd*". This order correlates with the hydration radius of these
ions, with Cr*" having the largest hydration radius and valence
state compared to the other two ions. Hence, Cr** showed better
removal efficiency than the other two ions. Cuong et al
prepared biochar from rice husk and composited with MnO,
and employed filtration to oxidize As(m) to As(v) and initially

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Heavy metal CDI performance of selected biochar-based electrodes®

Material Pollutant ~ Conc. Removal efficiency ~ Potential (V) ~ Remarks Ref.

Algal biochar cu* 50 ppm 75-120 mg g~ " 0.8-1.5 SAC with other heavy metals: 120
Cd(u) > Zn(u) > Cu(u) > Ni(u)

N,P-doped algal biochar cu* 200 ppm 92.95 mg g~ " 1.0 99% SAC retention after 5 cycles 119

N-doped silk cocoon Zn** 40 ppm 31.3mgg " 1.0 71.7% SAC retention after 147

biochar 10 cycles

AC pPb** 0.5 mM 32% 1.2V Cd** was inhibited by 148

— crt combined 43% — presence of Pb>" and Cr**

— cd* 52% —

AC v 1500 ppm 106.89 mg g~ * — Box-behnken design 149
incorporated for electrode
preparation

Rice husk biochar/MnO,  As®* 10 ppm 4815mgg " 1.2V Active filter-CDI hybrid 118

Sewage sludge biochar Pb>* 100 ppm ~90 mg g~ 0.9V FCDI, 1.83-fold increase 150
compared to AC upon desalting

AC cu** 96 ppm 50% 1.2V FCDI, 94% SAC retention after 24 h 151

210.5 ppm NacCl

% AC - activated carbon.

removed As(uy, v), and combined with CDI to improve arsenic
removal."® Garnering a very high redox transformation effi-
ciency of arsenic at 94%, it drastically improved arsenic capture
on the filter, with the active BC filter having 72 times better
removal than pure biochar. Pairing the system with a CDI unit
further reduced the arsenic concentration to 1 ppb with a very
low energy consumption of 0.0066 kWh m >, marking real life
applications in achieving WHO guideline values for potable
water. CDI technology is highly compatible with heavy metal -
polluted water sources and can be synergistically combined
with other treatment methods to enhance removal efficiency. As
heavy metal concentrations are relatively lower than that of the
demand for desalination applications, CDI shows significant
potential for effective heavy metal removal.

5.4 Ion and organic matter removal

Some studies on CDI have integrated the investigation of the
effect of major ions, such as organics and inorganics, on elec-
trode performance."'®"%'7153 n addition, there is growing
concern about nutrient runoff from agricultural fertilizers and
industrial - community waste sources, where phosphates and
nitrates need to be removed and recovered to avoid eutrophi-
cation and algal blooms."™* Eutrophication causes ecological
degradation and reduces landscape value; therefore, water
nutrient control is necessary to protect aquatic life.

In recent years, researchers have been exploring the appli-
cation of CDI technology for the removal of phosphate and
nitrate in water, achieving some notable progress in this area.
Zhang et al. have expounded that phosphorus, even at low
concentrations of 10 ppm, could already trigger eutrophication
in natural water streams.*®® The a-MnO,/HPC and PANI/HPC
electrodes were readily wetted and easily accessible for elec-
trolyte solutions and present high specific capacitance.
Electrosorption experiments found the SAC in the MnO,/HPC-
PANI/HPC CDI cell to be 0.65 mmol g~* for NaCl, 0.71 mmol
g~ for MgCl,, and 0.76 mmol g~ ' for CaCl,. This results in

© 2026 The Author(s). Published by the Royal Society of Chemistry

continuous operation

a selectivity order of Ca®>" = Mg>" > Na*, confirming preference
for divalent cations. The higher hydration energy of Mg**
(—1830 k] mol™") compared to that of Ca** (—1505 k] mol™")
may hinder the intercalation and deintercalation of Mg**
ions.”™® This selectivity is attributed to the stronger binding
strength of divalent cations within the cavity of MnO,, and the
active sites. These results would give a glimpse of the applica-
bility of biochar for selectively removing hardness ions and
other ions from polluted water to which researchers are inves-
tigating integrative and novel methods to accomplish this
objective.

6. Conclusion and prospects

Biochar has proven to be a highly promising material for envi-
ronmental remediation and energy applications, offering
advantages such as high surface area, tunable surface chem-
istry, and compatibility with diverse biomass feedstocks. Its
potential as a sustainable solution for waste management and
resource recovery is supported by recent advances in synthesis
techniques and functional enhancements. Key factors influ-
encing its performance include feedstock type and doping
strategies, while thermochemical co-conversion processes allow
for the transformation of various waste sources into high-
quality biochar. These developments demonstrate biochar's
capacity for improving pollutant removal efficiency and
electrochemical performance.

For industrial-scale deployment, it is essential to optimize
biochar production by enhancing conversion efficiency, mini-
mizing processing steps, and avoiding toxic reagents. Addi-
tionally, reducing residual impurities will further improve
biochar's functionality in practical applications. A deeper
understanding of surface chemistry and molecular interactions-
achieved through a combination of theoretical and experi-
mental studies-will be critical in guiding future innovations.
Going forward, integrating biochar into circular economy
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models and evaluating its role in large-scale biowaste treatment
systems will be important steps toward realizing its full poten-
tial in sustainable environmental and energy solutions.
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