JOJ Horticulture & Arboriculture
ISSN: 2641-8215

Research Article

Volume 6 Issue 2 - February 2026

» Juniper

J key to the Researchers

JOJ Hortic Arboric
Copyright © All rights are reserved by Kashaf

DOI: 10.19080/J0JHA.2026.06.555683

A Review Article Golden Advances in Biochar
Methods, Innovations and Future Prospects

Kashaf*
Department of Botany, GCWUF Faisalabad, Pakistan
Submission: January 29, 2026; Published: February 13, 2026

*Corresponding author: Kashaf, Department of Botany GCWUF Faisalabad, Pakistan

Abstract
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Biochar, a material of significant scientific interest, has been the subject of intensive research efforts in recent years. This comprehensive review
provides an in-depth analysis of the scientific principles and technological advancements in biochar production, encompassing traditional and
innovative pyrolysis methodologies, feedstock selection criteria and post pyrolysis processing techniques. Furthermore, this review explores
the uncharted domains of biochar research, revealing novel findings on its synthesis, characterization and applications and elucidating the
pathways to scaled up production, environmental sustainability and eco-friendly development. By scrutinizing the cutting-edge research in
biochar science, this review serves as a definitive resource for the scientific community, fostering innovation and progress in this dynamic field.

Introduction

Climate change is defined by analyzing long term trends
in temperature and precipitation, along with other factors like
pressure, humidity and environmental factors [1]. Currently,
temperature is a significant environmental factor that influences
plant growth, development and yield [2]. As climate change
effects intensify, local and regional research, along with effective
governmental policies, will be essential for implementing
sustainable management practices and adopting new technologies
(Marin et al., 2024). The term “biochar” was initially coined in
1998 to refer to the solid residue resulting from biomass pyrolysis
[3].Biochar originated in the Amazon region, where carbon
rich soils were formed through pyrolytic methods [4]. Biochar,
a carbon dense material, is conventionally generated through
different pyrolysis methods. Traditionally, biochar production
has predominantly utilized basic kiln techniques, including earth
mounds, pit kilns and brick kilns which are often employed
in rural regions [5]. Additionally, biochar has been utilized in
nanotechnologies, including hydrogel biochar composites, the
breakdown of harmful pesticides, as a precursor to activated
carbon and for enhancing animal growth performance [6]. The
excessive use of inorganic fertilizers to boost crop yields leads
to environmental issues such as soil salinity, greenhouse gas
emissions, water eutrophication, accumulation of heavy metals

and nitrates [7]. Relying solely on inorganic fertilizers enhances
crop yield initially but adversely affects long term sustainability
[8]. Synthetic fertilizers enhance crop yields but diminish soil
fertility and disrupt the soils mineral balance. Their widespread
application significantly harms soil structure and adversely affects
microbial communities [9]. Soil enzymes, the primary biological
catalysts for the decomposition, turnover and mineralization of
organic matter, are involved in all biochemical processes occurring
in the soil [10]. The use of organic manures, including goat manure,
vermi-compost, farmyard manure and compost, improves soil
water retention and provides essential macro and micro nutrients,
leading to enhanced crop yields [11]. Besides promoting plant
development and increasing organic matter content, organic
fertilizers also create a nutrient rich environment for future
plant growth [12]. The overuse of chemical fertilizers in recent
decades has resulted in significant declines in soil quality and
fertility, increased soil salinity, and adverse effects on ecosystems
and human health. Numerous researchers have sought to lower
the doses of chemical fertilizers by incorporating biofertilizers in
various treatments with gradual and varied proportions [13]. In
recent years, biochar has been suggested as a means to enhance
soil properties and has been developed as a functional material
due to its cost-effectiveness and sustainability. Its application in
agriculture (as a fertilizer), climate change mitigation (carbon
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sequestration), environmental remediation (as an absorbent)
and materials science (functionalization) is gaining increasing
attention [14]. As a soil amendment, biochar can reduce soil N20
emissions, decrease NH3 volatilization and enhance soil nitrogen
retention, thereby lowering the need for fertilizer [15].

The biochar’s organic matter fraction comprises hydrogen,
nitrogen, Sulphur, carbon and oxygen while the ash fraction
contains potassium, calcium, magnesium and phosphorus [16].
Biochar is generated through dry carbonization, whereas hydro
char is formed via HTC in hot, pressurized water [4]. HTC is an
innovative technology that produces carbonaceous materials
such as biochar [17]. Research indicates that BC is six times
more cost effective than the most commonly used activated
carbon [18]. Biochar can be synthesized from biomass sources

including agricultural products, forest waste, industrial plant
waste and weeds (Rajput et al., 2023) as shown in table 1. Micro/
nano-biochar is utilized in various fields, including promoting
plant growth, boosting plant resilience to stress factors and
remediating pesticide contamination [19]. The addition of
biochar can contribute to reducing farming inputs, making it a
sustainable practice that improves plant growth, fruit quality
and yield [20]. Multiple studies have shown that the beneficial
effects of soil biochar on plant height, shoot and root biomass and
fruit production are increased when combined with microbial
inoculants or compost [21]. The use of innovate biochar materials
such as BPBCs produced through a combination of ball milling and
phosphorus loading, has been found to improve soil properties
and elevate nutrient levels.

Table 1: Biochar preparation from different plant waste sources under varying pyrolysis conditions.s

Plant Waste Pyrolysis Temperature Biochar Yield References
Corn Straw 400-600°C 20-35% [5]

Peanut Shell 400-600°C 25-35% Tomulet et al., 2020
Coir Pith 300-500°C 30-45% [55]
Rice Husk 350-600°C 25-40% [55]
Agricultural Products Cotton Seed Hull 400-600°C 20-30% [133]
Soybean Stover 400-600°C 20-35% [118]
Wheat Straw 350-600°C 25-35% [113]

Cassava Waste 400-600°C 20-30% Gomez et al.,, 2024
Zea mays 400-600°C 20-35% [108]
Pine Wood 400-600°C 20-30% [124]
Pine Needle 400-600°C 25-35% [119]
Cactus Fiber 350-550°C 30-45% [115]

Forest Waste

Douglas Fir 400-600°C 20-30% [24]
Willow Chips 400-600°C 20-35% [123]
Eucalyptus 400-600°C 25-35% [127]
Sugarcane bagasse 400-600°C 20-30% [111]
Paper Waste 400-600°C 25-35% [132]
Industrial Plant Waste Hemp Fiber 350-600°C 20-35% [122]
Coffee grounds 400-600°C 25-35% [120]
Pomace 350-600°C 25-40% [107]
Sea Weed 350-600°C 30-50% [112]
Onopordum heteracanthom 400-600°C 20-30% [110]
Weeds Leersia hexandra 350-600°C 25-40% [128]
Ageratum spp. 350-600°C 25-35% [126]
Artemisia vulgaris 400-600°C 20-30% [114]

Additionally, the application of BPBCs has been shown to
decrease soil alkalinity and support plant growth in coastal
saline-alkali soils [22]. We hypothesized to investigate diverse
methodologies, technologies and advancements in biochar
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manufacturing and their effects on soil quality and carbon storage.
The objectives of utilizing biochar are to improve crop yields,
improve soil health and fertility, increase soil water retention,
strengthen soil structure and reduce erosion, enhance soil nutrient
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retention and availability, lower greenhouse gas emissions,
promote sustainable agricultural practices and convert biomass
residues into biochar for efficient waste management. The aims
of utilizing biochar in urban green spaces to enhance soil and air
quality, innovate application methods of biochar for precision
agriculture, environmental
remediation purposes, innovate biochar applications in livestock
farming to reduce methane emissions, investigate biochar use
in water treatment and purification systems, explore biochar as
a carrier for microbial inoculants to improve soil microbiomes,
integrate biochar with renewable energy systems for simultaneous
production and improve biochar production processes for
enhanced efficiency and scalability.

Methods

create biochar composites for

Traditional methods of biochar preparation
Pyrolysis

Pyrolysis is a thermochemical process used to convert biomass
into biochar, bio-oil and syngas at temperatures ranging from 350
to 700°C, conducted in an oxygen free environment [23]. The
pyrolysis of organic waste to produce biochar offers renewable
feedstocks, a clean process and yields biochar with superior
physical and chemical characteristics, including mineral content,
porosity and surface area [24]. The pyrolysis process primarily
involves waste materials from food processing, agriculture and
forestry (Iglinski et al., 2023). Pyrolysis can be conducted under
atmospheric pressure, elevated pressure or in vacuum, ensuring
that uncontrolled combustion is prevented [25]. Secondary char
is generated through recombination reactions while primary
char may act as a catalyst in these subsequent reactions [26].
Furthermore, small scale pyrolysis reactors can be constructed
with minimal technical expertise and cost-effective materials such
as an oil barrel [18].

Slow Pyrolysis

In slow pyrolysis, the heating rate is relatively low,
approximately 5-7°C/min and the process has a prolonged
residence time exceeding 1 hour [27]. Slow pyrolysis, which
maximizes biochar production, has been extensively utilized for
decades in charcoal kilns, where thermal decomposition occurs
under an oxygen limited environment. The process involves a
gradual heating rate, reaching temperatures 400-700°C [28].

Fast Pyrolysis

In fast pyrolysis, biomass is rapidly heated to 600-1000°C in an
oxygen free environment, using fast heating rates (10-10000°C/
min) and brief residence times (0.5-5s) producing pyrolysis
vapor and approximately 60% bio-oil with biochar as a byproduct
[29]. Fast pyrolysis takes place at intermediate temperatures
(500°C) with a rapid heat transfer rate to finely ground biomass
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particles (<300um), a brief vapor residence period within the high
temperature reaction zone, and an accelerated separation of solid
char from gaseous products [30].

Flash Pyrolysis

Flash pyrolysis is characterized by its rapid process, operating
at temperature near 1000°C, with heating rates exceeding 700°C/
sec and retention times of less than 0.5 seconds [31]. The solid
char can be utilized as fuel in the form of briquettes. Additionally,
when further processed into activated carbon, it serves in
purification applications. The pyrolysis gas produced possesses
adequate energy to meet the operational energy demands of the
pyrolysis process [32].

Gasification

The earliest documented application of gasification occurred in
1812 for illuminating London. A gasification technique developed
by Bishoff in 1839 and later refined by Siemens in 1857 remained
in use for a country [33]. Gasification is the most effective method
for producing synthesis gas (syngas), and it is commonly employed
to generate heat and energy [34]. The biochar’s underwent steam
gasification at 850°C. Across all samples the 2-stage method
generated a greater amount of hydrogen gas compared to the
single stage method. Additionally, pyro chars derived from dry
pyrolysis exhibited higher hydrogen yields [35].

Hydrothermal Carbonization

During pyrolysis the organic components of biomass undergo
thermochemical degradation through heating in an oxygen
deprived environment. When this process occurs in the presence
of subcritical liquid water, it is referred to as hydrous pyrolysis or
hydrothermal carbonization. Both dry and wet pyrolysis methods
are employed to convert biomass into carbon rich products [36].
Hydrothermal carbonization takes place in a pressurized liquid
environment, producing chars that are significantly different from
those formed in a gaseous environment [37].

Torrefaction

Torrefaction, a form of pyrolysis conducted at moderate
temperatures involves gradually increasing the temperature of
the material to a range of 200-300°C (under 11°C/s) in an oxygen
free environment at normal pressure [26]. Torrefaction can
enhance the materials moisture content carbon and hydrogen
levels and energy value [38]. The concept of torrefaction was
initially recognized in the 1930s in France as a method for wood
pretreatment. During this period, research focused on producing
torrefied wood for gasifier applications. However, it was not until
the 1980s, when interest grew in replacing charcoal with terrified
wood for metallurgical processing, that the first torrefaction
demonstration facility was established in France. This plant,
constructed by the French company Pechiney, had a production
capacity of 12,000 tons per acre [39].
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Innovative methods in biochar preparation
Microwave-assisted pyrolysis

Biochar generated through microwave-assisted pyrolysis
offers significant potential for various applications, owing to
its extensive specific surface area, abundant pore architecture
and the presence of aromatic surface functional groups [40].
Fundamentally, two key challenges are associated with microwave
biomass pyrolysis; the characteristics of microwave radiation itself
and the complexities involved in processing biomass materials
[41]. Biochar can be produced from carbon rich materials such
as agricultural biomass waste, using the microwave assisted
pyrolysis technique [42]. The primary factors influencing product
yield in microwave pyrolysis include the heating rate, the type
and concentration of microwave absorbers (such as metal oxides,
sulfides, carbon-based materials and silicon carbide), the initial
moisture content and the initial sweep gas flow rate or residence
time [43].

Plasma arc technology

Initially, biochar was generated using plasma processing
in a locally designed extended arc thermal plasma reactor at
IMMT (institute of minerals and materials technology). Plasma
systems are classified by generator type (direct current, alternate
current, radio frequency and microwave) and thermodynamic
state (equilibrium, quasi equilibrium and non-equilibrium), with
thermal plasma reactors used for waste treatment, resource
recovery and syngas production [44].

Solar-assisted pyrolysis

Solar energy is the fundamental source and basis for all
energy forms on earth [45]. A solar pyrolysis system mainly
comprises three main components: a solar concentrator, a solar
collector and a supporting framework [46]. Solar pyrolysis of
guava wood chips was performed in an open area using a solar
apparatus, with feedstock screened for uniformity and the radiant
flux controlled through adjustable shutters to ensure consistent
biochar production over a 3-hour period in July 2022 [47].

Catalytic pyrolysis

Catalytic pyrolysis involves the use of diverse catalysts to
facilitate and improve the yield and quality of pyrolysis products
[31]. Catalytic pyrolysis is advantageous due to its lower energy
requirements, faster reaction times and enhanced production of
valuable products, with catalysts reducing process temperature
to boost oil yield and inducing “cracking” for deoxygenation,
resulting in hydrocarbon-rich oil with reduced tar and viscosity
[48]. Biochar, rich in functional groups like OH-, N- and S-types,
serves as a highly effective carbon-based catalyst, providing an
excellent alternative to metal-supported catalyst [49].

Supercritical fluid pyrolysis

Supercritical fluid pyrolysis of biochar is advantageous due

How to cite this article:
Arboriculture, 6(2). 555683. DOI:

10.19080/J0JHA.2026.06.555683

to its ability to process biomass with up to 85 wt.% moisture,
operating under supercritical conditions (22.1 MPa, 374.3°C)
where the fluid exhibits unique properties of both gas and liquid
phases, making it an effective solvent [50]. Supercritical methanol,
ethanol, and water are widely utilized and exhibit catalytic
properties, aiding in esterification reactions and minimizing solid
yield through alcoholysis and hydrolysis [51]. Supercritical water
possesses distinct physicochemical characteristics, potentially
influencing the unique development pattern of pore structures
during the gasification process [52].

Characterization of biochar
Physical properties

The physical characteristics of biochar are influenced by its
feedstock and production parameters, typically exhibiting high
porosity extensive surface area, and low bulk density. Its porous
matrix facilitates moisture retention and serves as a microbial
habitat while the large surface area enhances adsorption
efficiency. Biochar is generally lightweight, with a diverse particle
size distribution and a pH that tends to be alkaline due to its
ash composition [53]. Additionally, it demonstrates significant
thermal stability and electrical conductivity, making it applicable
in environmental remediation and agricultural systems. These
attributes collectively contribute to biochar’s role in enhancing soil
properties, capturing pollutants, and sequestering carbon [54].
Biochar’s application across various fields is largely determined
by its preparation method and resulting microstructures such
as specific surface area, pore volume, elemental composition,
functional groups and aromaticity all of which significantly
influence its structural properties [55]. According to IUPAC
Standards, pores are categorized into micropores (<2 nm),
mesopores (2-50 nm) and macropores (>50 nm). The pore
size distribution is a critical factor in assessing the structural
heterogeneity of biochar [56]. Biochar amendments enhance soil
physical properties, including bulk density and various aspects of
soil structure. They also improve soil water retention and alter the
composition, abundance and activity of microbial communities by
creating environments rich in aeration, moisture and nutrients
[57].

Chemical properties

The chemical attributes of biochar are largely influenced
by the composition of its precursor material and the conditions
under which pyrolysis occurs. Its substantial carbon content
enhances structural stability, contributing to its prolonged
retention in soil environments [34]. The presence of diverse
surface functional moieties, including carboxyl, hydroxyl, and
phenolic groups, regulates its cation exchange capacity (CEC),
thereby optimizing nutrient adsorption and retention [58].
Biochar typically exhibits an alkaline nature due to its inherent
mineral ash content, which strengthens soil buffering capacity.
Furthermore, it engages in complex interactions with heavy

Kashaf. A Review Article Golden Advances in Biochar Methods, Innovations and Future Prospects. JOJ Horticulture &


http://dx.doi.org/10.19080/JOJHA.2026.06.555683

JOJ Horticulture & Arboriculture

metals and organic contaminants through adsorption mechanisms
and redox transformations [59]. Recent advancements in biochar
modification have led to engineered variants with tailored surface
chemistry, enhancing their efficacy in pollutant sequestration and
nutrient management, thereby broadening their applications in
environmental sustainability and agricultural productivity [60].
The impact of biochar on soil chemical properties is crucial for
understanding its role in enhancing soil fertility, as its application
raises pH levels, thereby reducing exchangeable acidity and Al3+
toxicity in acidic soils [61]. Overall, biochar typically has low
nutrient levels with potassium being more prevalent than nitrogen
and phosphorus, while sodium concentrations exceed those of
calcium and magnesium, with significant chemical composition
variations resulting from differences in feedstocks and production
conditions (Elangovan et al., 2022). Biochar derived from poultry
litter, swine solids and poultry litter-pine chips blends, can reduce
Ca, Mg and Zn levels in lettuce leaves and similarly lower nutrient
concentrations in carrot roots [62].

Structural properties

Biochar possesses an intricate porous framework,
comprising a hierarchical arrangement of micro-, meso-, and
macropores, which significantly enhances its surface area
and adsorption potential [60]. Its structural configuration
is governed by the properties of the precursor material and
the thermal decomposition parameters, leading to variations
in pore distribution and surface topology. The carbonaceous
matrix ensures mechanical stability, while embedded mineral
constituents contribute to physicochemical versatility [62].
Recent advancements have led to the development of engineered
biochar with customized porosity and surface functionalization,
improvingits efficacy in contaminant adsorption, microbial habitat
formation, and nutrient retention, thereby broadening its utility
in soil restoration, water treatment, and eco-friendly agricultural
practices [63]. The biochar sample’s crystalline structure can be
characterized using an Empyrean X-ray diffractometer, adhering
to conventional powder X-ray diffraction techniques [64]. Biochar
generated at elevated temperature (600-700°C) tends to be
highly hydrophobic and features well-structured carbon layers.
However, it has reduced levels of hydrogen and oxygen containing
functional groups because of the biomass undergoing dehydration
and deoxygenation [34].

Analytical techniques

Nano-biochar’s unique properties require precise analytical
methods for effective characterization [65]. SEM and TEM provide
high-resolution imaging of morphology, while XRD determines
crystallinity. FTIR and XPS analyze surface functional groups
and elemental composition, influencing reactivity. DLS and Zeta
Potential Analysis assess particle size and colloidal stability,
essential for dispersion behavior. BET analysis quantifies surface
area and porosity, crucial for adsorption efficiency. TGA and DSC
evaluate thermal stability and decomposition patterns [66].
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Advanced techniques like Synchrotron-based Spectroscopy
and NMR enable molecular-level insights. The BET surface
area, overall pore volume and average pore diameter of biochar
increased with higher pyrolysis temperature (400-600°C) due
to the thermal breakdown of biomass organic material [67]. The
surface structures of biochar were examined using SEM, revealing
that increasing the temperature during testing can significantly
enhance the pore properties. Additionally, scanning electron
microscopy combined with energy dispersive X-ray spectroscopy
(EDX) was employed to analyze the elemental composition of the
biochar [68]. Infrared spectroscopy induces absorption, leading
molecules or atoms to transition to a lower energy state, which
subsequently results in their vibration and excitation [69]. The
infrared spectra (FTIR) OF 2 mg air dried biochar pellets were
analyzed using a PerkinElmer Spectrum one spectrometer
equipped with an ATR attachment to examine surface functional
groups in both fresh and aged biochar samples [70]. Spectra
were obtained using a D8 DISCOVER diffractometer with Cu Ka
radiation (A = 1.54084), at an incidence angle of 10-50° with a
60 s /step duration and 10°/ step size, as highlighted in multiple
studies [71].

Environmental and Economic considerations
Environmental impact and sustainability

Climate change, driven by excessive CO2 and GHG emissions,
threatens the environment and human livelihoods contributing to
global climate shifts and soil carbon depletion [72]. Biochar has
been studied for its versatile use in environmental remediation,
including sustainable farming, industrial wastewater treatment
and polluted soil recovery, yet its widespread adoption remains
limited due to insufficient research and understanding [73]. In
addition to serving as a sustainable approach for utilizing biomass
residues, biochar the solid by product of biomass pyrolysis offers
significant environmental advantages, including its potential role
in mitigating climate change and minimizing nutrient leaching
[74]. The impact of biochar on crop productivity is particularly
evident in regions characterized by highly weathered soils. Its
application can offer substantial socio-economic advantages,
especially for resource limited farmers. Enhanced soil water
retention associated with biochar amendment may contribute
to climate change adaptation in ecologically fragile areas.
Furthermore, improved crop yields and sustained soil fertility
can play a crucial role in reducing the reliance on shifting
cultivation in tropical forest ecosystems, a practice that accounts
for approximately 24% of forest degradation (Alexandre Tisserant
and Francesco Cherubini 2019).

Cost benefit analysis

Biochar is an affordable, carbon dense material produced
through the thermal degradation of lignocellulosic biomass under
limited or no oxygen, offering a cost-efficient and eco-friendly
carbon alternative with wide-ranging applications [75]. Biochar’s
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most lucrative uses focus on nutrient management, especially
phosphorus recovery, due to rising phosphorus prices and its
critical role in food security [76]. Selenium enriched biochar
offers a cost-effective solution for sustainable agriculture, as it can
be synthesized from low-cost agricultural residues via scalable
pyrolysis technologies. Despite moderate initial production
investments, its multifunctional benefits such as improved soil
nutrient dynamics, enhanced selenium bioavailability, increased
crop productivity, and long-term carbon stabilization outweigh
the costs, making it a viable input for agro-environmental
management [77]. Biochar demonstrates strong economic viability
owing to its derivation from inexpensive lignocellulosic biomass
and the adaptability of thermochemical conversion systems [38].
Peer-reviewed research indicates that biochar improves nutrient
retention, lowers synthetic fertilizer dependency, and enhances
agronomic outputs, culminating in sustained cost reductions
[78]. Furthermore, its capacity for carbon immobilization and
land rehabilitation delivers quantifiable ecological and financial
benefits, making it a strategic amendment for resilient and
sustainable agroecosystems [79].

Applications of Biochar
Soil amendment and agricultural uses

Initial estimates indicate that utilizing biochar on just 2.5% of
global agricultural land could potentially lower atmospheric CO2
to 1752 levels by 2050, with biochar naturally present in soils and
potentially enhancing soil function even with significant additions
[80]. The use of biochar as a soil conditioner can improve soil
aeration, structure, water retention, microbial biomass, enzymatic
activity, soil organic carbon and nutrient retention, thereby
reducing nutrient leaching to groundwater [81]. For biochar to
function as an effective carbon sink; its durability in soil is as crucial
as the carbon retention achieved during pyrolysis [82]. Biochar
suppresses soil aging and periodic addition of fresh biochar may
be required to optimize nutrient cycling and water dynamics in
soil. Biochar application modifies the physicochemical properties
of soil, significantly affecting phosphorus retention [83].

Carbon sequestration

Biochar’s capacity for long term carbon sequestration in soil
is primarily due to its high carbon content, thermal stability and
resistance to decomposition (Xie et al 2016). The exact residence
time of biochar is challenging to quantify due to its heterogeneity,
yet it is significantly more stable than other organic matter in
similar conditions thus, converting plant biomass into biochar via
pyrolysisnotonly decreases CO2 emissions from energy generation
but also contributes to a net atmospheric CO2 reduction when
added to soil [84]. Studies indicate that biochar’s role in carbon
sequestration extends beyond climate change mitigation, offering
significant advantages for plant development [85]. The enduring
carbon structure of biochar enhances soil health by boosting
nutrient availability, improving water retention, and fostering
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beneficial microbial communities [86]. This results in improved
plant vigor, root expansion, and overall growth. Moreover,
biochar helps in regulating soil pH, and preventing nutrient loss,
contributing to sustained plant vitality and promoting long term
agricultural productivity while capturing carbon in the soil [87].

Waste management

Biochar with its porous structure and large surface area,
may outperform activated carbon in wastewater treatment,
as studies show it removes pollutants more efficiently while
reducing greenhouse gas emissions, energy use and costs [25].
Biochar offers a revolutionary solution for waste management
by converting organic waste, such as agricultural residues, food
scraps, and sewage sludge, into a stable, carbon-rich resource
through pyrolysis [88]. This process reduces waste volume,
traps harmful pollutants, and retains essential nutrients for
soil enhancement. Advances in pyrolysis techniques aim to
optimize efficiency while minimizing environmental harm [89].
Biochar from waste not only supports carbon sequestration but
also improves soil fertility, boosts water retention, and fosters
sustainable agricultural practices making it a powerful tool for
both waste reduction and environmental restoration [90].

Water purification

Magnetic biochar shows promise for environmental
purification, serving as an adsorbent, catalyst and soil remediation
agent with technologies like ion exchange, membrane filtration,
biological treatment and adsorption utilized for wastewater
treatment [91]. Biochar has been recognized as an effective
material for cleansing various environmental contaminants [92].
Studies emphasize its ability to adsorb heavy metals, organic
pollutants, and toxins from water and soil through its porous
structure and high surface area. This remediation process
immobilizes harmful substances, preventing their mobility and
bioavailability. Biochar has also shown promise in removing excess
nutrients, such as nitrogen and phosphorus, from contaminated
water, reducing eutrophication [93]. Advances focus on modifying
biochar to enhance its adsorption capacity and selectivity, making
it a versatile and sustainable tool for environmental restoration

[94].
Energy production

Biochar is explored for energy storage in batteries and super
capacitors, addressing the intermittent nature of renewable
energy sources by enabling efficient energy storage [95]. Biochar
production via pyrolysis not only yields a stable carbon-rich solid
but also generates renewable energy in the form of syngas and bio-
0il [96]. These co-products can be harnessed for heat, electricity, or
fuel, offering alow-emission alternative to fossil sources. Emerging
techniques focus on optimizing energy recovery efficiency while
reducing environmental impact, positioning biochar systems as
dual-purpose solutions for clean energy generation and carbon
stabilization [97].
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Challenges and Future Directions
Innovations needed for improving efficiency

Magnetic biochar can be synthesized through methods
like hydrothermal carbonization, reductive co-deposition, co-
precipitation and pyrolysis with careful consideration of raw
material characteristics, pollutant properties and method
feasibility [91]. It focuses on ways to use biochar to improve the
efficiency and environmental performance of grey hydrogen
production. Biochar can offer economic benefits by reducing
costs for farmers, particularly through decreasing the need for
costly phosphorus fertilizers [21]. Biofuels offer a renewable
and non-toxic alternative to fossil fuels, making them a more
environmentally friendly energy option [98]. To enhance
biochar efficiency,
feedstock selection and refining production conditions to achieve
targeted pH levels that maximize soil benefits and nutrient
retention. Additionally, developing methods for precise control
of biochar properties, such as pH through advanced pyrolysis
techniques could further improve its effectiveness in various soil
environments [99]. To enhance biochar’s effectiveness, several
innovations are necessary. Biochar is rich in micronutrients such

innovations could focus on optimizing

as nitrogen, phosphorus, potassium, calcium, magnesium and
sulfur. When incorporated into the soil, biochar not only improves
the availability of these essential nutrients but also enhances plant
growth and elevates nitrogen levels [100]. Common oxidants
like HCI, HNO3, H202 and H3P04 are often employed to modify
biochar properties, enhancing its catalytic efficiency [49].

Research gaps and future research opportunities

Transporting biochar over long distances raises emissions
and costs, diminishing its carbon efficiency and economic viability
[101]. Biochar based technologies are advancing quickly, but
most remain at the lab or small-scale stage, with few successfully
scaled up to the industrial applications [102]. It highlights an
exploration of previously unexamined factors affecting biochar’s
porous structure, indicating an area where further research is
needed to advance biochar technology [103]. Circular biochar
systems investigate and optimize strategies for incorporating
biochar production into regenerative, restorative, and recyclable
frameworks, thereby enhancing waste mitigation, resource
efficiency, and sustainable development [104]. Existing Nano
biochar production methodologies are frequently hindered
by high production costs and limited scalability. Therefore,
investigation into the development of economically viable and
scalable synthesis protocols is warranted [105].

Conclusion

The development of biochar preparation methods has
progressed from conventional practices, such as slow pyrolysis, to
cutting edge technologies including hydrothermal carbonization,
microwave-assisted pyrolysisand the integration of nanomaterials.
These advancements have facilitated the optimization of biochar’s
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characteristics, allowing it to be tailored for specific applications
like soil enhancement, carbon sequestrationand water purification.
The characterization of biochar has become has become more
advanced utilizing sophisticated analytical techniques to provide
a deeper understanding of its structure, surface chemistry and
functional attributes. Nevertheless, while these technological
advancements have broadened the scope of biochar applications,
they underscore the importance of establishing standardized
methodologies to ensure consistency and reproducibility across
different production techniques. Environmental and economic
factors remain crucial in the broader adoption of biochar [106-
133]. Although biochar holds promise in mitigating climate change
and enhancing soil quality, its productions environmental footprint
and the economic viability of large-scale implementation require
careful consideration. Minimizing energy usage and emissions
during production, along with leveraging cost-effective raw
materials are key strategies for making biochar a more sustainable
and financially feasible option. Biochar’s applications continue to
grow with encouraging outcomes in fields such as agriculture,
waste management and environmental restoration. However,
challenges like scaling up production, maintaining uniform quality
and understanding its long-term effects persist. Overcoming these
obstacles will necessitate ongoing research, interdisciplinary
collaboration and supportive policy measures. In summary,
the future of biochar hinges on the continual improvement
of production processes, expanded exploration of its diverse
applications and a focused effort to address both environmental
and economic challenges. By prioritizing these areas, biochar
has the potential to significantly contribute to sustainability and
address pressing global environmental concerns.
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