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Abstract

Due to soil nutrient depletion and rising food demand from an increasing global population,
it is essential to find sustainable ways to boost crop yields, improve soil health, and address
the environmental issues induced by agriculture. The most appropriate approach is to
consider sustainable amendments, such as biochar and its derivatives, which are vital
constituents of soil health due to their affordability, low reactivity, large surface area,
and reduced carbon footprint. In this context, biochar and its derivatives in farming
systems focus on improving soil structure, nutrient holding capacity, microbial activities,
and the perpetuation of soil fertility. Despite its benefits, biochar, if it is used in high
concentration, can sometimes become highly toxic, causing soil erosion due to reducing
surface area, increasing pH levels, and altering soil properties. This review highlights the
production methods and sources of feedstocks, emphasizing their important contribution
to the soil’s physicochemical and biological properties. Furthermore, it critically evaluates
the environmental applications and their impacts, providing data built upon the literature
on contaminant removal from soil, economic factors, heavy metal immobilization, carbon
sequestration, and climate resilience. This review emphasizes the main challenges and
future prospects for biochar use in comparison to modified biochar (MB) to propose the
best practices for sustainable farming systems.

Keywords: biochar; carbon sequestration; soil health; sustainable farming; climate
resilience

1. Introduction

The main target of modern agriculture is to maintain a balance between environmental
sustainability and productivity to feed the increasing population with nutritious food [1].
But high-yielding crops that use better varieties, fertilizers, irrigation, and pest control are
necessary, as climate change threatens soil health and production. Maintaining soil fertility
genuinely calls for a combination of synthetic fertilizers and organic amendments [2,3]. In
recent years, biochar has really captured researchers’ attention as a soil amendment, mainly
because it offers a range of significant benefits [4].

Biochar is carbon-rich and made from biomass thermal treatment. It is beneficial to
soil health by improving soil fertility, immobilizing pollutants, and enhancing the water-
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holding capacity [5]. Biochar can store carbon in soil for decades or even thousands of
years, making it a highly effective long-term carbon sequestration solution. It is economical,
accessible, and profitable, as well as environmentally friendly. The application of biochar is
further justified by its absorption capability of complex heavy metals, due to the hydroxyl,
carboxyl, and alcohol groups in its surface structure [6]. Some biochar is even able to ab-
sorb heavy metals as effectively or more effectively than commercially available activated
charcoal, with a high adsorption capacity [7]. However, biochar has some disadvantages,
such as its limitations and stability in soil. Wang et al. reported that non-volatile compo-
nents can remain in soils for an average of 556 years, while labile components only last
around 108 days [8]. Another limitation is the chemical recalcitrance imposed by aromatic
structures. The biochar—soil interaction over a range of carbon levels remains poorly un-
derstood due to the diversity of soil types, variability in biochar species, and variability in
geo-ecological experimental conditions. Chagas et al. conducted a meta-analysis, showing
that biochar improves various soil characteristics, such as soil microbial carbon (200%),
organic carbon (84%), and total carbon (64%) [9].

Advanced materials can be obtained by integrating biochar with other substances,
which can enhance the surface area, porosity, and reactivity of biochar, making it useful
for agricultural and environmental purposes [10,11]. To improve soil quality and facilitate
carbon sequestration, as well as to support sustainable agriculture and climate change
adaptation, scientists support the application of biochar together with other materials
with synergetic properties [12,13]. Integrating them enhances heavy metal adsorption, the
slow-release of nutrients, and the uptake of gases, such as CO, and CHy, which help crops
flourish without the risk of soil degradation. They provide essential nutrients to the soil,
reduce the requirement for chemical fertilizer, and are less harmful to the environment,
being consistent with green farming [13,14]. Biochar materials used in agriculture can
improve soil properties and mitigate climate change; thus, they may contribute meaning-
fully to the advancement of sustainable and resilient agricultural system management
worldwide [15,16].

This review highlights the role of biochar and its derivatives, which are biocompatible,
long-lasting soil amendments, and their effects on soil structure, nutrient retention capacity,
and potential for long-term fertility. Additionally, the review outlines the economic and
associated benefits, as well as the environmental risks, of the various biochar derivatives.
Furthermore, this review details the key barriers and future potential for adopting these
materials as a soil improvement practice in sustainable climate-smart agriculture. To our
knowledge, there has been no review that discusses both biochar and modified biochar, as
well as their benefits and risks in sustainable agriculture, providing a perspective that is
typically lacking in existing studies in the literature.

2. Historical Background of Biochar and Its Derived Composites

In 500 AD, people in the Amazon region created “Terra Preta”, a special type of soil
amendment in which they mixed burned wood with fish bones and other food residues to
increase the soil carbon holding capacity and improve soil fertility [17]. In the 17th and 18th
centuries, some Europeans wrote about using charcoal in farming systems [18]. However,
in the early 1900s, new plants took over, and the idea of biochar faded. In the 1980s and
1990s, interest in biochar resurfaced, as people hoped it could help retain carbon in soil. In
the early 2000s, biochar studies grew, linked to its potential for carbon sequestration, soil
structure improvement, and farming benefits to mitigate climate change [19]. From 2010 to
the present, biochar has gained popularity as a natural-based option for farms and green
agriculture practices [20,21].
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Some research has demonstrated that combining biochar with other materials increases
its value. Due to their enhanced properties, these materials can alter soil fertility, increase
crop productivity, reduce greenhouse gas (GHG) emissions, and improve soil characteristics.
They also have a tremendous positive impact on soil pH, nutrient cycling, water-holding
capacity, and carbon sequestration [10,22]. When biochar-enhanced composites are used in
the soil, many advantages have been observed, including the recovery of land contaminated
with heavy metals, maintaining land productivity by increasing soil carbon, and improving
on-farm efficiency and climate change mitigation, among other actions. They are considered
improvements in soil management practices, as well as in soil restoration and the prevention
of erosion, degradation, and desertification. Consequently, it can be expected that biochar
will improve the immobilization process by working in synergy with other materials as a
combined system, increasing the chances of achieving our target for soil restoration [13,23].
Modified biochar, such as engineered, designed, or smart biochar, is highly capable of
absorbing contaminants from soil and water and facilitating carbon sequestration, while
also maintaining soil health. Designed biochar is made from selecting feedstocks to obtain
particular physical and chemical properties for targeted utilization, like biochar pellets,
made from pyrolyzed nutshell under 500 °C, which are able to sequester carbon, especially
from sandy soil. Engineered biochar is the combination of designed biochar with various
chemical compounds and metals (Al, Mg, Ca, Fe, etc.). Adding these metals, biochar’s
characteristics will be enhanced, altering its properties, such as pH. For example, modifying
biochar with oxygen plasma yields materials known as smart biochar, which are utilized in
the life sciences, healthcare, and engineering [24-28].

3. Sources and Production Techniques of Biochar
3.1. Biochar Sources

Biochar can be produced through the pyrolysis of various organic materials. One of
the primary sources of materials is agricultural residues, which can range from rice husks
to wheat, corn, and cotton stalks. These are burned at low heat in household kitchens in
an oxygen-limited environment to obtain biochar. Biochar source choice is vital to tailor
its properties, as each feedstock has a different composition. Biochar from agricultural
residues comprises carbon, plant fibers, and plant-specific components, such as cellulose
(36-42%), hemicellulose (11-14%), and lignin (18-27%). It enhances soil health, absorbs
carbon, lowers acidity levels, and increases nutrient retention capacity, yield performance
(8-15.8%), nutrient usage efficiency (13.97%), nitrogen use efficiency (14.28%), and water
utilization (14.28%) [29-31]. Forest residues, such as hardwood, sawdust, and bamboo,
are used to produce biochar that contains a significant amount of carbon and has a large
surface area. This enhances soil by increasing its water and air retention, reducing bulk,
and helping roots breathe and access water. Wood biochar improves soil pH, contributes to
an increase in organic carbon, holds nutrients, and promotes the growth of microorganisms.
Bamboo biochar has remarkable potential to hold even more water, store carbon, and
increase soil health for the long term [15,32,33].

Animal manure, including chicken litter, cow dung, and pig manure, is converted into
biochar, which contains essential nutrients, such as phosphorus, potassium, and nitrogen.
This biochar improves soil health, and cation exchange capacity (CEC), encourages mi-
crobes, and reduces dependency on synthetic fertilizers. Animal waste biochar positively
affects soil health, increases the water-holding capacity, supports nutrient availability to
plants, leads to higher crop yields, and has positive environmental outputs [34,35]. Urban
waste materials, including food scraps and garden residues, can be converted into biochar
via the application of heat, thus improving sustainable soil health. Food-waste biochar
substantially enhances the fertility of soil, encourages the growth of microbes, and increases
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the water retention capacity [36]. Paper sludges, biosolids, and bio-oil residues from in-
dustry support the rehabilitation of contaminated soils by immobilizing heavy metals,
increasing pH levels, and improving soil structure [37,38]. Agroforestry waste, including
nut shells, palm materials, and coconut shells, enhances soil health and the sustainability
of ecosystems by acting as carbon sequestration agents and providing permeable carbon
matrices to enhance localized aeration [22].

3.2. Production Techniques

There are many different types of production techniques for biochar, such as hydrother-
mal carbonization (800-1200 °C) (HTC), gasification (600-1200 °C), drying (100-150 °C),
torrefaction (200-300 °C), and pyrolysis (300-700 °C) [39]. Each of these strategies has
advantages and disadvantages, so it is critical to understand which one works best for a
given case. The pyrolysis process utilizes plant materials that are heated in the absence
of air to produce char, gas, and liquid. The optimal temperature range is between 300 °C
and 700 °C, with the best biochar formed between 400 °C and 600 °C. This biochar has
high carbon content, a large surface area, and chelating centers. Pyrolysis is ideal for
crops, holding carbon, and aiding in climate change mitigation [17,40,41]. Hydrothermal
carbonization is the process in which wet materials are heated under high pressure to
convert plant material into a carbon-rich biochar. This process operates between 180 °C
and 250 °C, from 0.5 to 8 h, and is used to hold water and leach nutrients for plants [42].
Gasification is another method that burns plant material at high temperatures to produce
char, gas, and tar. It uses little air and produces less char than pyrolysis, but saves energy.
It is useful for generating power and avoids the spread of contaminants [43,44].

Flash carbonization is a faster method that heats plant bits quickly to make char. It
operates more quickly than pyrolysis and necessitates a rapid heat buildup. For 20 min at
temperatures ranging from 500 °C to 1000 °C, char with a large surface area and tiny holes is
produced, which is excellent for trapping, facilitating reactions, and aiding the earth [45,46].
Cotton stalk (525 °C, 60 min, fixed bed reactor), rice straw (550 °C, 120 min, slow pyrolysis),
wheat straw (425 °C, 60 min, vertical kiln), maize cob/husk (400 °C, 30 min, fixed bed
reactor), corn straw (450 °C, 250 min, ceramic pots), sugarcane bagasse/leaves (575 °C,
60 min, electrical muffle furnace), and other biomass feedstocks can be thermochemically
converted to biochar with better properties [39]. Magnetic biochar is produced at 450-
1000 °C by soaking feedstock in Fe;O3, FeSO4-7H,0, or FeCls-6H,0O before pyrolysis.
This biochar serves as an effective adsorbent for contaminants and increases nutrient
adsorption [47]. Sources and applications of biochar according to their specific contributions
in various sectors, as well as the production techniques and pyrolysis temperatures, are
summarized in Figure 1.
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Figure 1. Biochar production techniques, sources, and applications.

4. Application of Biochar and Its Modified Materials in Agriculture
4.1. Soil Amendments and Fertility Enhancement

The evidence from several studies suggests that biochar improves soil structure,
enhances soil fertility, and is beneficial for plant growth, making it a significant contributor
to an energy-efficient future. Depending on the type of soil and the rate of addition, biochar
can increase porosity by 14-64% and decrease bulk density by 3-31%. The application
of 20% biochar to sandy soil will nearly double its water-retention ability and will also
significantly decrease water erosion and soil losses. These changes improve nutrient
availability, boost beneficial microbes, and promote soil management [48-50]. In an analysis
conducted on 999 data pairs, when biochar is mixed with low-grade nutrient-rich organic
wastes at low temperatures, it shows a positive effect of biochar on microbial biomass
enhancement. Increased soil quality caused by an increased cycling of nutrients is also
something that researchers have found in biochar [40]. It is capable of enhancing the
microbial biomass, which means that it can promote the nitrogen cycle, resulting in 40.8%
and 12.7% nitrification and N,O reductions, respectively. There is also a possibility for
biochar to interact with fertilizers, amendments, lime, agrochemicals, and microbes, where
it reduces N leaching but may cause N immobilization due to high C/N, supplies or adsorbs
P, and provides slow-release K [51]. With the introduction of biochar, it was discovered that
the relative percentage of Actinobacteria decreased and the percentage of Basidiomycota
increased, thus benefiting trees [52]. Recent research showed that wheat biochar plus
pig manure (WBSC) and maize biochar plus pig manure (MBSC) improved oil quality
by raising the oleic acid by 45% and lowering the linoleic acid by 79%, in comparison to
raw biochar, which showed no effect. Biochar improved soil enzyme activity by 3.7-5.5%,
but a biochar—compost mixture raised it by 6.4-10.1%. More specifically, the hydrolase-to-
non-hydrolase ratio increased by 11.4-15.9% (biochar) and 20.5-25.0% (biochar-compost);
C/N cycling rose by 20.9-33.8% and 17.4-39.0%; and P cycling improved by 14.7-23.5%
and 23.5-32.3%, respectively [53]. MB, such as iron-MB, acts as a phosphorus fertilizer,
increasing peanut yield by up to 33.2% under mulch films and boosting root morphology,
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chemical properties, and water retention [54]. MB has a large surface area, alkaline pH,
and oxygen-containing groups, such as carboxyl, hydroxyl, and carbonyl. It increases
the CEC, nutrient retention, and pH balance, especially in acidic or poor soils [55-60]. It
also enhances microbial biomass, enzymatic activity, and overall soil health by influencing
the soil C/N ratio. Microporosity, pH, and carbonates affect the x-diversity, leading to
increased bacterial diversity and richness [40,61]. However, based on the source of the
biochar, the types of organic molecules carried can lead to either enhanced fertility or
toxicity if it is used in high concentrations. In fact, biochar toxicity occurs mainly at
high concentrations, where it can disrupt soil nutrient balance, pH, and microbial activity,
reducing plant growth and seed germination. A recent meta-analysis stated that fertility
is related to the homogeneity of the specific molecular compounds of the organic matter,
especially to the heterocyclic nitrogen compounds that can be present in biochar [62,63].

4.2. Adsorbent for Contaminant Remouval

Biochar is widely applied in environmental rehabilitation, notably for remediating
contaminated soils. Its vast surface area, porosity, negative charges, and oxygen-containing
groups allow it to adsorb hazardous metals, including Pb, As, Cd, and Cr. Studies have
shown that biochar reduces the bioavailability of metals, limiting plant uptake and pollu-
tion [64-66]. MB has many times the surface area, porosity, and chemical stability of biochar,
making it an effective composite material for removing contaminants [10,67]. According
to Oliveira, the application of biochar in the soil reduces the accumulation of Cd, Pb, Cu,
and Zn in plant tissues by 38, 39, 25, and 17%, respectively [68]. Biochar derived from
sources such as rice husk, corn straw, peanut straw, olive pomace, oak wood, and bark
is highly suitable for the removal of heavy metals [69-73]. Iron-impregnated magnetic
biochar has also shown promise in the removal of heavy metals like Cr (VI) when using
zinc and chitosan-MB, and Pb (II), Cu (II), and Cd (II) when using KMnOj4-treated wood
biochar [74,75]. Combining composite materials with biochar can enhance adsorption
capacity for metals, metalloids, and organic pollutants, such as dyes and pesticides. For
example, Wang et al. co-pyrolyzed soybean straw and rape straw with Ca(OH)j, resulting
in 49.85% and 61.91% Cd?* adsorption, respectively, which were approximately 1.5 times
higher than in the raw biochar [76]. In the past several years, carbon nano-biochar has been
a valuable tool, owing to its distinctive properties and diverse applications across diverse
fields, including energy, materials science, agriculture, and environmental management,
particularly in terms of the phytoremediation of a wide range of organic, inorganic, and
heavy metal pollutants [48,77-81]. Metal organic frameworks (MOFs) enhance the strength
of these mechanisms by forming selective ligand-metal bonds and improving biochar
structural stability [10,13,81-84]. Figure 2 illustrates an application and the mechanism for
removing a contaminant using biochar.

Incorporating biochar into soil can sequester around 0.7-1.8 Gt CO, (C eq.) per year,
and can ultimately reduce GHG emissions [85,86]. From a global perspective, biochar
works as a driving force to increase crop yield by 11% and, at the same time, can reduce
human-induced GHG emissions by 12% [60,87,88]. MB offers a critical climate change
solution by increasing soil productivity, reducing GHG, and improving carbon storage
at the same time [15,27,84]. The use of organic amendments, together with biochar, can
increase the GWP1gg by 26.1%, being antagonistic to CO,, CHy, and N,O. The former
factor, apart from its influence on the total carbon of the soil, includes texture and biochar
feedstocks [89]. The adsorption capacity of materials partnered with biochar via their large
surface areas aims to enhance carbon uptake, and at the same time, to capture nitrous oxide
and methane gases [10,90].
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Figure 2. Mechanism of a contaminant adsorption using biochar.

4.3. Improvement in Crop Yield

In farmlands, biochar enhances crop productivity by improving soil quality and nu-
trients, boosting the water-holding capacity, and increasing the microbial population [91].
Its impacts on yields vary depending on factors such as soil type, feedstock, application
rate, crop type, and climate [20]. A meta-analysis showed that the application of biochar in-
creases the average yield by 16% [92]. Some studies have also shown that biochar increases
the yield of rice by 28%, maize by 28%, wheat by 13.5%, soybean by 11%, and grapes by
66% [88,93,94]. Berihun reported that a 18 t ha~! Lantana biochar application resulted in
an increase in maize grain yield by 3% [95], while Maghsoodi showed a 67% increase in
the yield of rice using 4 t ha~! biochar [96]. Applications of 10, 25, and 50 t ha~! poultry
manure biochar in a radish field yielded an increase of 12% compared to the control [54].
Pandian (2016) reported that the application of 5 t ha~! redgram stalk biochar increased
dry groundnut and pod yields by 24% and 29%, respectively [97]. Milk tea waste-derived
biochar, combined with 2% inorganic fertilizer, can enhance the growth parameters of
wheat, including the chlorophyll content, root growth, and ultimately, yields [98]. Com-
pared to organic manure, peanut yields were enhanced 22% by woodchip biochar, 23%
(WBSC), and 18% (MBSC) in an Alfisol field trial utilizing 20 t ha~! biochar [53]. Aguirre
reported that the application of high-carbon biochar can increase dry corn yields by 84.58%
per square meter [99]. According to Zhao, the application of biochar-based fertilizer can
increase the yield of maize and Chinese cabbage by 86.99 g plant~! and 498.88 g plant~!,
respectively [100]. MB, such as iron-MB acts as a phosphorus fertilizer, increasing the yield
of peanut 33.2% under film mulches [54]. The porosity and absorbency capacity of the
biochar and the metal-organic frameworks play a significant role in ensuring nutrient use
efficiency and minimizing nutrient leaching, which will increase the agricultural output.
Additionally, they can enhance the sustainable nature of farming systems by reducing soil
erosion and mitigating nutrient deficiencies [10,101]. Figure 3 illustrates the conceptual
effects of biochar use on soil, plant growth, and crop yield.
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Figure 3. Conceptual illustration of biochar application effect on the soil and related plant develop-
ment.

4.4. Economic Benefits

Aguirre reported that the application of high carbon (55%) biochar can increase corn
yields by 55-80% over three years, generating a profit of EUR 8000 ha—!. An investment
of EUR 200 ha~! can be doubled within three years [99]. Under a baseline scenario with
biomass at 23.25 USD/green ton, stationary facilities produced 71% more biochar than
needed in the Upper Peninsula and 10% more in the Lower Peninsula. Portable units fell
short by 4% in the Upper Peninsula and 50% in the Lower Peninsula. While stationary units
are more cost-effective and scalable, portable units can access a wider range of biomass and
enable broader land applications. The prices of the biochar market worldwide are expected
to increase to USD 3 billion by 2025 [102,103]. Through the normal process of creating
biochar from farm byproducts, the efficiency of the soil increased by 15-25%, and waste
management costs decreased by 30%. This leads to improved yields of crops, while, at the
same time, reducing the application of chemical fertilizers [24]. The addition of MOFs to the
matrices of charcoal can increase costs during implementation but improves their efficiency
in adsorbing heavy metals and emerging pollutants from 50% to 80%. This provides a
cheaper alternative to established wastewater treatment technologies [82,104]. Despite the
high initial costs, the upscaling of MOF-based biochar composites can be lucrative owing
to enhanced material reuse and longer service life; operational cost savings are foreseen
to be as high as 40% in cases of industrial applications of pollutant remediation [105].
Table 1 summarizes the multifaceted impacts of biochar, its derivatives, and MB on soil
properties, environmental remediation, agricultural productivity, climate change mitigation,
and economics.
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Table 1. Impacts of biochar and its MB derivatives on soil properties, environmental remediation,

agricultural productivity, climate change mitigation, and economics.

Impact Area ImPacts of Impa?ts O.f MB Details References
Biochar Derivatives
. Improves structure; porosity 1 by .
Soil structure * 14-64%, bulk density | by 3-31% [48-50]
20% biochar in sandy soil nearly
Water retention + doubles water retention, reduces [48-50]
erosion and loss
Enhances fertility, though some
Soil fertility + +/— organic molecules (e.g., heterocyclic ~ [40,62,63]
N) may induce toxicity
. . Biochar: C/N 71 by 20.9-33.8%, P 1 by
II}I)ume“t cycling (C/N, + + 14.7-23.5%; MB: C/N 1 by 17.4-39.0%, [53]
P 1 by 23.5-32.3%
Enhances microbial biomass, with
Microbial biomass + + low-grade nutrient-rich organics at [40]
low temperature
Biochar increases activity; MB
Enzymatic activity +(3.7-5.5%) ++(6.4-10.1%) (biochar-compost mix) has a better [53]
impact
Hydrolase/ ngn— +(11.4-15.9%) ++(20.5-25.0%) Enhances microbial metabolic (53]
hydrolase ratio processes
Soil microbial diversity . . Microporosity, pH, and carbonates [40,61]
(x-diversity) boost diversity and richness !
Microbial community . Basidiomycota 1 and Actinobacteria 52]
shift J—Dbenefits plant-beneficial fungi
Nitrogen + + Nitrification 1 40.8%, NoO emissions [40]
cycling/emissions 112.7%
Soil pH balance + + Alkaline pH helps in acidic soils [55-60]
CEC + + Boosts nutrient retention capacity [55-60]
Raw biochar: no effect; MB
Oil quality — + (WBSC/MBSC): 1 oleic acid by 45%, | [53]
linoleic acid by 79%
. MB (iron-MB) 1 yield by up to 33.2%
Crop yield (peanut) =+ + under mulching [54]
Soil toxicity B B Cgrtam organic molecules in some [62,63]
biochar sources may cause toxicity
Surface area and Biochar: moderate; MB: higher than
) + ++ . [10,67]
porosity biochar
Heavy metal adsorption Biochar: effectnf/e via furTctlor.lal [64-66,74—
(Pb, Cd, Cr, As) + + groups and surface area; MB: 76]
T enhanced due to magnetic composites
. Biochar: reduces Cd (38%), Pb (39%),
Eef;g‘;“ ‘igrrftftal + + Cu (25%), Zn (17%); MB: not explicitly  [68]
p p quantified, but enhances uptake
Soil amendment and Biochar: proven benefits; MB:
. . : [10,13,81-
pollutant + + improved when combined with 84]

immobilization

MOFs or chitosan
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Table 1. Cont.
Impact Area ImPacts of Impa?ts O.f MB Details References
Biochar Derivatives
Source-specific Biochar: varies depending on
o fficiencp (rice husk) + ++ feedstock; MB: enhances efficiency [69-73]
y when used with modified biochar
Adsorption of organic Biochar: moderate to effective; MB: [10,13,81-
pollutants (dyes, + ++ more selective and stable with 3 4]’ ’
pesticides) composites
. Biochar: moderate; MB: improves via  [10,13,81-
Structural stability * + MOFs and chemical modifiers 84]
Environmental safety . . Biochar: generally safe; MB: requires [48,77-81]
more assessment for nanomaterials
Biochar: low-cost, scalable; MB:
ost and scalabilit — + igher cost due to synthesis ,67,
C d scalability high d ynthesi [10,67,81]
complexity
Ease of separation from Biochar: low (non-magnetic); MB:
. + + . . [74,75]
environment easy separation due to magnetism
. Biochar supports plant-based
Synergy Wlt}.l . + + remediation; MB enhances through [48,77-81]
phytoremediation .
targeted contaminant removal
Biochar sequesters up to 1.8 Gt CO, [15,27,84
CO; Sequestration + + eq/year; MB enhances carbon Y
-~ . . 86]
stability through improving structure
Biochar reduces human-induced
Reduction in GHG GHG emissions by up to 12%; MB
Emissions * * captures CH4 and N,O more [60,85-89]
effectively
Biochar has limited adsorption; MB
CH, anq N0 . + + has higher GHG adsorption due to [10,85]
adsorption Capacity A
surface area and modifications
Long-term carbon . . Both store §arbon in stable fqrms; MB [15,27,84]
storage is more resistant to degradation
Gé?:r?:i:{?én‘}:;g ) Combining with organic amendments
Svhen combine dl(z/(\)/ith - - may increase GWP by 26.1% due to [10,90]
. CO,, CHy, and N>O emissions
organics
General crops + T'16 Jo average yield increase using [92]
biochar
Rice + 1 28% (biochar), 1 67% (biochar) [89,93,96]
1 28% (biochar), +3% (Lantana [89,03,95
Maize + + biochar), 1 84.58% (dry yield), 1 86.99 99 i OO,] !
g/plant (MB) !
1 13.5% (biochar), improves yield via
Wheat * * milk tea biochar + 2% fertilizer [89,93,98]
Soybean + 1 11% (biochar) [89,93]
Grapes + 1 66% (biochar) [94]
Radish + 1 12% yield (poultry manure biochar) [54]
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Table 1. Cont.
Impact Area ImPacts of Impa?ts O.f MB Details References
Biochar Derivatives

Groundnut . 0 .24 %o dry yield, +29% pod yield [97]
(biochar)
1 22% (woodchip biochar), +23%

Peanut + + (WBSC), +18% (MBSC), +33.2% [53,54]
(iron-MB)

Corn + 1 84.58% (biochar, dry yield) [99]

Chinese cabbage + 1 498.88 g/plant (MB fertilizer) [100]

D 1 Biochar increases corn yields by

Crop yield improvement + 55-80% over 3 years [24,99]
1 Biochar: EUR 8000 ha ! profit; +

Profitability + + MB-based: up to 40% operational [99,105]
savings in industrial use
Biochar: EUR 200 ha~! initial

Investment cost B B investment; MOFs: high initial cost [99,105]

. . Stationary units yield 10-71% surplus
erlggi};prrOduCtlon + — (biochar); portable units fall short [102,103]
y 4-50% (biochar/MB)

TBiochar: USD 3B global market [102,103

Market growth potential + + expected by 2025; 1 MOFs: strong 1 05]’ g
upscale market potential

. 1 Biochar improves soil by 15-25%;
Soil efficiency * MOF impact not specified [24]
Waste management cost 1 Biochar cuts waste management
. & + costs by 30%; MOF impact not [24]

reduction -
specified

Pollutant adsorption B i Biochar: basic adsorption; T MOFs [82,104]

efficiency enhance removal from 50% to 80% ’

Operational cost savines Biochar: not specified; T MOFs can

P & - + reduce operational costs up to 40% in  [105]

(remediation)

pollution treatment

Note: (+): positive impact, (++): strongly positive impact, (—): negative impact, (&): positive or negative impact
depending on the material, (1): increase, (): decrease.

5. Limitations, Challenges, and Future Directions

Although biochar is capable of making soil more fertile, increase its nutrient retention
capacity, and is the best option for the environment, it still has problems. One of these
problems is that the manipulation of pyrolysis conditions is complex, the quality of the
feedstock is not uniform, and its performance in the field is not consistent. When biochar
is applied, it can cause soil loss due to wind erosion, which disrupts the compact soil
layer below. Biochar made from heavy metal-rich feedstocks can concentrate metals
such as Cd, Pb, Zn, Cr, and Cu due to their non-volatility below 700 °C. For example,
sewage sludge biochar may contain Cd (10-20 mg/kg), Zn (200-500 mg/kg), and Cu
(100-300 mg/kg), highlighting the need for careful management [106]. Moreover, heavy
metal accumulation in biochar can be a major concern, as they could be released over
time. Repeated applications of biochar may also lower the survival rates of beneficial
worms. The right amount of biochar depends on the type, texture, and fertility levels
of the soil. Moreover, utilizing a feedstock containing a high content of heavy metals
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for the manufacture of biochar may not only be unprofitable but can also degrade soil
health and productivity [107]. A comprehensive approach to biochar upgrading can be
achieved by adjusting its characteristics through the incorporation of various materials in
the field of materials science [87,108]. MOF-based biochar has been successfully utilized in
the agricultural sector. This is a composite material known for its characteristics of high
porosity, which makes it suitable for use as a carrier material for smart fertilizers with
controlled nutrient release to improve nutrient use efficiency. MOF-biochar composites
are highly effective in sequestering heavy metals such as Cd, Pb, and As, thereby curbing
their propagation. Additionally, they facilitate nutrient cycling and promote soil health
by supporting beneficial soil microorganisms and the effective growth of plants. The
combination of these systems delivers climate mitigation through extended carbon storage
and greenhouse gas reduction, as well as other environmental services. However, MOF-
based biochar composites have not been adequately studied, necessitating extensive and
long-term field investigations to confirm their environmental safety by assessing potential
risks of leakage to plants and animals. Table 2 summarizes the limitations, challenges, and
future research directions of biochar and its derivatives.

Table 2. Limitations, challenges, and future research directions of biochar and its derivatives.

Parameters Short Description References

Complex manipulation of pyrolysis conditions.

The feedstock quality is inconsistent.

Varied field performance.

Risk for contaminants. [24,107]
Risk of wind erosion that leads to soil disturbance.

Possible harm to soil organisms with excessive use.

Not adequate for all types of soil and crops.

Limitations

(¢]

Determination of appropriate application rates based on soil type, soil
texture, and nutrient levels.

o Risk of using feedstock with high heavy metal content, potentially

degrading soil health.

Challenges o Lack of long-term field data on newer technologies like MOF-biochar [13,107]
composites.
Ensuring long-term field performance and environmental safety.
Combination with recent agricultural systems.
Farmers’ awareness and acceptance

% Improvement of biochar qualities through the application of concepts of

material science.

Development of MOF-based biochar for controlled delivery of nutrients

and intelligent fertilizers.

Use of biochar to sequester heavy metals and assist soil microorganisms. [13,87,108]
Mechanistic research on biochar—soil-microbes interaction.

Development of biochar for specific crops, climates, and contaminants.

Safe reuse of waste biomass sources.

Field trials for long-duration environmental impacts and crop yields.

7
0’0

Future
directions

R/
0.0

3

8

X3

8

X3

%

X3

%

6. Conclusions

Biochar and its derivatives significantly improve soil structure and fertility, potentially
increasing porosity by 14-64%, reducing bulk density by 3-31%, and nearly doubling the
water-holding capacity in sandy soils at a 20% application rate. Furthermore, biochar
can enhance nutrient availability, stimulate microbial biomass, and, on average, increase
crop yield by 16% and reduce CO, emissions by 8.62%. Additionally, it can reduce CHy
emissions by 27%, N,O emissions by 23.9%, and GHG emissions by 12%. Furthermore,
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biochar can sequester between 0.7 and 1.8 gigatons of CO, per year. MB, such as iron-
amended biochar, can increase crop yields by over 30% and improve the root morphology,
water-holding capacity, cation exchange capacity, and pH, especially in acidic soils. At the
same time, it can increase microbial diversity and enzymatic activities, enhance carbon
storage, reduce GHG emissions, and raise GWP1( by 26.1%. Biochar can also effectively
adsorb heavy metals (Pb, Cd, As) and inhibit their bioavailability by up to 39%, and
composites such as MOF-biochar can improve contaminant removal and regulate nutrient
release. Iron-impregnated and composite biochar have demonstrated superior pollutant
removal capability. In economic terms, biochar can significantly boost the profitability
of crops and increase yield up to 80% with a potential profit of EUR 8000 ha~! over
three years. Additionally, it can reduce fertilizer demand and waste treatment costs by as
much as 30%. Despite these advantages, limitations such as a lack of feedstock, complex
pyrolysis procedures, land degradation, and negative impacts on beneficial soil microbes
still exist. MB materials offer a sustainable approach by enhancing nutrient use efficiency,
facilitating heavy metal immobilization, and stimulating beneficial microbial populations,
thereby improving soil health and resilience to global change. New MB, particularly MOF
composites, can be the key technology to counteract global climate change, water scarcity,
famine, and food safety. Yet, further research in that direction is necessary to widen our
knowledge and prevent new types of toxicity from emerging. Multidisciplinary research in
this direction is essential to address current challenges and optimize MB applications in
sustainable agriculture and environmental management.
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CEC Cation exchange capacity
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HTC Hydrothermal

MB Modified biochar
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WBSC  Wheat biochar plus pig manure
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