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Abstract: Biochar (BC) properties and its influences within agricultural soil health and environmental
ecosystems largely depend on feedstock, residence time and pyrolysis conditions. The organic and
inorganic contaminants from soil can be removed using BC as an adsorbent. Additionally, soil
amendment with BC is known to improve overall soil quality, microbial and enzymatic activities
and soil organic carbon content with nutrient retention and availability. Moreover, one of the great
impacts of BC is its capability to capture soil nutrients and sequestrate carbon. The physicochemical
properties of biochar could be affected by the feedstocks and pyrolysis conditions (temperature,
duration, activation method, etc.). This review paper summarizes the recent research studies on
the composition of BC that controls carbon presence in soil, as well as BCs role in improving soil
fertility and carbon sequestration, which has not been reported in detail yet. The main finding of
the present work revealed that the high pyrolytic temperatures in BC production may have negative
impacts on phyto-availability of essential nutrients. Depending on the feedstock raw material and
pyrolysis process used for producing BC, it has different capacities for releasing nutrients in the
soil. An economically feasible method of producing newly engineered biochar, with more controlled
pyrolysis and C-based materials, for suitable agriculture needs to be developed. Further investigation
should be carried out to optimize the production procedure and its application to local farming
community for sustainable agriculture.
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1. Introduction

Biochar (BC) has been a widely researched material due to its ability to be used in soil
improvement and also as an adsorbent [1,2]. BC production is a sustainable process [3];
however, due to the multiplicity of potentially usable biomass sources, their physical
and chemical properties can be very variable [4,5]. Physical and chemical properties,
as well as production conditions, play an important role in functional properties such
as adsorption characteristics, surface area, porosity, alkalinity and carbon content [6,7].
On the surface, there is an appreciable number of heteroatoms chemically linked to the
hydrocarbon skeleton. At the base of the structure are unsaturated carbon atoms with
high concentrations of electron pairs that play a strong role in the chemisorption of oxygen
atoms, which represents a strong influence on the quality of the chemical surface of the
BC [8,9].

The surface of the BC is also made up of acidic and basic radicals. Acids are associated
with surfaces with large amounts of oxygen and have the property of anion exchange,
whereas surfaces with low amounts of oxygen are responsible for basic characteristics and
affect cation exchanges [10-12]. BC has a relatively large surface area, micropore volume,
high CEC (cation exchange capacity), and abundant surface functional groups which
make it a valuable amendment for remediating contaminated soils and improving soil
health [13,14]. Many of the soil properties are affected by the application of BC, including
an increase in pH of soil and CEC, changes in soil organic matter composition, improving
mineralization (as a result of positive priming) and leaching of soil organic carbon [15-17].
Different management strategies, such as the application of soil additives including animal
manure, composts, mulches, sewage sludge alone and integrated with inorganic chemicals,
fertilizers, nano-materials, clay minerals, etc., are being used to enhance soil fertility in
order to combat climate change [18,19]. However, most of these management strategies
have little or no impact on the storage of soil carbon because rapid decomposition of
OC (organic carbon) results in CO; emission, thereby losing their efficacy in maintaining
carbon balance [20-23]. However, composts and sewage sludge may also come with
phytopathogens, hazardous metals and potentially drugs/antibiotics [24]. The emissions
of gases such as ammonia, methane and nitrous oxide may also be increased due to the
application of composts and manures into the soil. Groundwater and surface water may be
polluted by these gaseous compounds, contributing to climate change [25,26].

Application of a new class of biochar-based composites, also known as engi-
neered/modified BC, into the soil can play a considerable role in the management
of the environment and reduction of pollution of multi-metal contaminated soils [27].
Several studies showed that such BC can potentially act as a soil pH regulator, a car-
bon sink and aggregate soil particles, as well as helping to stabilize long-term heavy
metals in polluted soils. Engineered-BC, which is similar to ordinary BC, is a solid
carbonaceous and porous material obtained as a result of controlled pyrolysis of diverse
biomass and C-based materials [28]. An engineered biochar’s chemical composition
is determined by the pyrolysis conditions, biomass and reaction atmosphere, as well
as the metal oxides and nanometals it contains [29]. The engineered BC is relatively
better than the ordinary BC when it comes to the greater surface area, effective func-
tional groups and high adsorption strength and reactivity [30]. Hence, the design of
improved supported metal oxide or nanometals can resolve the critical limitations and
also feasibly enhance their soil properties. Researchers have extensively investigated
the possibility of biochar-based composites as effective bio-adsorbents due to their
peculiar physicochemical properties. Reactivity and sorption capacity is based on their
fractions of carbonized or non-carbonized state [31].

According to several studies, there has been controversy surrounding the effect of
temperature and feedstock used to produce BC on phyto-availability of nutrients and crop
productivity [32-34]. Hussain et al. [35] found a wide range in crop yield index (—36%-31%)
as well as in soil properties index (—21%-101%), after biochar application. Jeffery et al. [36]
revealed that the difference may be attributed to the nature of the feedstock within the BC
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preparation process. Moreover, it has been reported that there was no significant response
in terms of mineral nitrogen, plant productivity or nutrient update after BC application to
soil [37]. In their work, Hussain et al. [35] summarised that the implementation of BCs can
improve the crop yield planted in severely degraded lands with very low nutrient content
but not fertile and healthy soils. In this regard, BCs could be utilized as an efficient biore-
mediation agent to the degraded and interfile soils. Hence, using BC, along with chemical
fertilizer, as integrated application is required for a successful management strategy for im-
proving crop productivity under different soil type variation [38—41]. However, not enough
work was undertaken to investigate the outcomes of this approach [39-43]. Tammeorg
et al. [42] found no improvement in wheat productivity after combined application of meat
bone meal BC with chemical fertilizer.

Furthermore, BC properties and functions vary with the nature of feedstock and
production environment [23,25,44-46]. So far, it appears that none of the literature has
explored the BC composition-dependent impact on soil quality. Consequently, the present
review will examine the BC composition-dependent impact in main domains, such as
nutrient content and release, soil structure and environment-harming effects.

2. Effect of Biochar Amendment on Soil Fertility

The characteristics of BC are considerably different from those of feedstocks. In addi-
tion, these characteristics depend on pyrolysis conditions viz. oxygen, highest temperature,
pressure, heating period and rate, etc. [47,48]. Amorphous aromatic compounds and
graphene sheets can be found in Douglas fir bark made BC pyrolysis at 623 °C; furthermore,
the incorporated elements in aromatic rings, oxygen (O), nitrogen (N), phosphorus (P) and
sulphur (5) are found the most, which might be due to pyrolysis temperature and biomass
type [49-51]. The heteroatoms present in BC aromatic rings may have a great influence on
its surface, making it heterogeneous and reactive [52]. Cayuela et al. [53] revealed that the
BC has a typical molar hydrogen-to-carbon ratio that was observed less than feedstock,
which subsequently had shown polymerization and potential recalcitrance.

The application of BC as soil conditioner has the potential to enhance soil aeration,
soil structure, water holding capacity, microbial biomass carbon, enzymatic activities, soil
organic carbon (SOC) content [46,53-56] and nutrient retention and availability [56,57],
which may reduce the nutrient leaching from soil surface to groundwater [58]. Table 1
summarizes the influence of BC amendment on soil properties. Many studies have shown
that BC is an effective soil amendment, as described in Table 1, while Schmidt et al. [59],
reported that there was reduced crop productivity after application of BC, which could be
due to reduction in soil C mineralization or a decreased uptake of nutrient by the plant [60].
Conlflicting results regarding crop yields in soils amended with BC probably reflects vari-
ables in BC and soil properties; for example, high pyrolytic temperatures (500-800 °C) may
reduce phyto-availablity in nutrients by binding and lessening increments in adsorption
capacities [61].

Table 1. Effect of biochar on soil fertility parameters.

Pyrolysis Temperature

Biochar Feedstock ©C) Type of Soil Impact on Soil Properties Reference
Wheat straw 450 ) Higher sorpti(')r} efficiency for [62]
pesticides.
Increased soil pH by + 34.1%;
Sewage sludge (100 g kg_l) 550 Acidic soil total carbon by + 818.2%; total [63]
nitrogen by + 550%
Increased nodulation by
Willow wood 550 weathered soil 18-24%; organic amendments [39]

by 9-25%.
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Table 1. Cont.

Biochar Feedstock

Pyrolysis Temperature

©C) Type of Soil Impact on Soil Properties Reference

Rice straw

Hay grass

Rice straw

Bamboo

Walnut shell

Municipal biowaste

Wheat straw

Soil N,O emission was
affected by N fertilizer
No effect on soil water
400 Sandy soil retention or field saturated [65]
conductivity.
Plant salt and drought stresses
alleviation.
Affected the biogeochemical
600 Mineral soil cycles such as release of CHy [67]
and N,O from the soil,
Efficient tetracycline and Cu
900 Acidic soil (IT) sorption on iron and zinc [68]
doped sawdust biochar.
Increased SOC (soil organic
carbon) by +20.2%
Increased water-stable
aggregates, and highest
available water content up to
39% and 166%.

300 Silt loam soil [64]

500 Sandy soil [66]

450-550 Anthrosol

350-650 Clay texture

3. Nutrients Available from Biochar

Lignocellulosic biomass is generally made up of a complex mixture of natural carbo-
hydrate polymers known as cellulose and hemicellulose, in addition to lignin and small
amounts of other substances, such as extractives (usually small organic molecules or poly-
mers) and ash (inorganic) [71-73]. The composition of biomass plays an important role in
the distribution of pyrolysis products [74]. Each material exhibits a particular characteristic
when it is pyrolyzed due to the proportion of its constituent components, as each compo-
nent is degraded at a specific temperature, forming different compounds. The biochar is
composed of carbon, hydrogen and nitrogen and also carries some of the other essential
plant elements such as potassium, calcium, magnesium and sodium.

Therefore, different feedstock types and/or pyrolysis conditions, such as temperature,
can dramatically affect the properties of BC [75-77]. The effect of pyrolysis temperature and
feedstock type on final properties of BC has been explored in many studies (Figure 1). In
BCs prepared by relatively high pyrolysis temperatures, hydrogen (H) and oxygen (O) are
significantly depleted but aromatic carbon (C) is greatly enhanced [78]. It has been reported
that the biochar application increased total N, P availability and K up to 1.41-fold, 2.65-fold
and 2.60-fold, respectively [79]. Its chemical recalcitrance and resistance to chemical and
microbial decay in soil are thus greater [80]. Furthermore, BC pH increases with increasing
pyrolysis temperature due to the increased amount of alkaline elements, ash salts and
soluble and exchangeable cations [81]. The most distinguishing characteristic of BC is its
porous structure with a high surface area. As a result, BC has a higher capacity to adsorb
moisture and nutrients into the soil [80,82]. The increasing temperature has the opposite
effect on concentrations of acidic functional groups, volatile matter, BC yield and cation
exchange capacity (CEC) [83,84]. The type of material from which the BC is produced
(known as feedstock), has a tremendous effect on the content of fixed carbon, TOC (total
organic carbon) and mineral elements within the BC [85]. Numerous recent studies have
examined this using BC from a wide range of sources and origins [86]. Few studies have
been conducted on the pyrolytic conversion of industrial wastes in contrast to wastes
of animal origin in order to ascertain the potential for environmental and agricultural
applications. Biochar can be produced from a variety of feedstocks; similarly, BCs with a
superior nutritional value can be made from organic wastes with a high nutrient content
(Table 1).
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» Lower biochar yields » Lower surface charge

« Higher surface area « Increased aromaticity.

» Higher pH » Higher percent of C in the biochar
» Higher ash salts content

The C content of biochars can range widely (36-94%; dependent on feedstock), with C
content typically increasing with higher pyrolysis temperatures

Figure 1. Effect of biochar feedstock and pyrolysis temperature on biochar properties.

The moisture content can have different effects on the final pyrolysis product, espe-
cially yield. High humidity levels lead to reduced yields [87]. Moisture content affects the
temperature reduction inside the reactor, it reduces the reaction speed and also the process
efficiency, because of the energy required for the vaporization of the water present in the
biomass [88,89]. Generally, fast pyrolysis processes require a biomass with low moisture
content, around 10%, so that the heating rate is not restricted by water evaporation [90]. The
studies by Bulmau et al. [90] pointed out that the pyrolysis of wood with high percentages
of moisture producing higher gas fractions, consequently meant lower production of liquid
and solid fractions.

Another factor that significantly affects yield is the particle size of the biomass, due
to the greater surface area available for thermal degradation, thus it facilitates the exit
of condensable gases and vapors, which was be explained by Ryu et al. [91] with higher
particle sizes. Lower volatilization rates lead to heat transfer between nearby particles.

Another factor dealing with particle size is the equality of particle sizes, since, if there
are larger particles, they can favor the formation of spaces between the bed particles, as
well as the development of preferential channels, which gives rise to fluctuations and
heterogeneity in reactor temperature [92]. Therefore, the particle size must be as uniform as
possible. Raj et al. [93] studied the yield of bio-oil using waste tires as biomass, varying the
particle size in a range between 0.3 and 1.18 mm and obtaining higher bio-oil yields at low
granulometry, also decreasing volume solid waste (coal). Haydary et al. [94] concluded
in their study that particle size has a decisive effect on pyrolysis time. The combustion
carried out at a temperature of 550 °C, with 5 mm particles, caused the decomposition of
the biomass in times below 1 min, while in the combustion of 50 mm particles, the time
was longer than 25 minutes. The larger the particle size, the greater the production of solid
waste (coal), small particles are therefore preferred to maximize net yields [94,95]. Biomass
residence time inside the reactor is also a parameter that can affect the pyrolysis yield.
Studies report that in shorter time intervals, higher yields are obtained if compared to high
residence times, as it prevents the bio-oil formed from remaining for a long time at high
temperatures, enabling its cracking and decreasing the crude oil yield in pyrolysis [89].
Bulmau et al. [90] conducted a study of the behavior of residence time between 5 and
30 min, and observed a significant inverse relationship between residence time and income.

The temperature profile is the most important aspect of operational control for pyroly-
sis processes. The pyrolysis process together with the temperature produced by the reactor
controls the main parameters, which are heating rate, minimum and maximum temperature
and residence time. These factors contribute to the final quality of the product [95,96].

The final pyrolysis temperature is one of the parameters that has a clear effect on yields
in relation to the production of bio-oil and biochar. High temperatures lead to reduced
solid waste yield. Above the maximum temperatures generally employed in the pyrolysis
process (>700 °C), the reactions generated cause further decomposition of the products
generated and net yields are reduced [97].



Sustainability 2023, 15, 2527

6 of 18

Pyrolysis of waste materials to produce BC is thought to be an efficient way to encour-
age waste material recycling and value addition. In the pyrolysis process, waste materials
are often decomposed at temperatures among 300 and 800 °C in partial or total absence of
oxygen. According to Lehmann et al. [86], by thermally converting industrial or agricultural
waste into BC (solid), fuel gas (CO, CO,, Hp, CHy, and other hydrocarbons) and bio-oil
(liquid fuel), pyrolysis is now considered a viable alternative in the use of industrial or
agricultural waste. The use of BC in soil conditioners, decontaminating environments and
generation of electricity is also possible [98].

4. The Relationship between the Biochar Composition and Nutrient Release

Biochars (BCs) have been shown to have a positive effect on soil, plants and microbes
due to the nutrients in their composition and/or their ability to absorb and retain nu-
trients [99,100]. However, nutrient leaching may have negative environmental effects;
for example, the eutrophication effect on the surface and/or groundwaters. Mukherjee
et al. [101] demonstrated that the nutrient content of BCs can range widely according to
both biomass type and combustion conditions. About 15-20% of Ca, 10-60% of P, and
~2% were readily leachable with distilled water from mallee wood BC as reported by Wu
et al. [102]. The rate of the elements was varying depending on the temperature and the
sampled portion of the plant. Char and soil type in which the BC is implemented influence
significantly the plant-available nutrients released; for instance, column leachate from a
Norfolk loamy soil supplemented with BC made from pecan shells made at 700 °C had less
P (by about 35%), Ca, Mn and Zn than a soil that was not amended with BC [82]. Therefore,
BC was assumed to exchange multivalent cations for superficially sorbed mono-valent
cations. Asai et al. [103] observed N immobilization in the stable BC, due to the high C/N
ratio of BC and N enmeshment. Hangs et al. [104], and Nguyen et al. [105] reported similar
results. Experimentation over the short-term by Nelson et al. [106] provided evidence
that N fertilization should be applied to soils amended with BC in order to improve their
nitrogen status.

The result of successive batch extractions of BC, except for the N-rich ones, usually
showed a minor release of N (Table 2). The nutrients released from BC to soil water varied
with the types of feedstocks used. From the leachates from the BC products, the most
abundant form of nitrogen was ammonium (NHy), followed by organic nitrogen (ON).
Nitrogen amount from nitrate ranged from 2% to 30% and number of organic nitrogen
(ON) was up to 59%. According to Mukherjee and Zimmerman [107] reported that the
dissolving organic carbon (OC), nitrogen (N) and phosphorus (P) in soil solution water are
correlated with BC acid functional group density and volatile matter content.

Table 2. Proportion of DOC (dissolved organic carbon), total TKN (Kjeldahl nitrogen), and total P
(phosphorous) in biochars.

Biochar DOC TKN P Reference
Oak-250 0.9 15 151
Oak-650 0.1 0.5 22 [107]
Grass-250 1.7 5.3 117
Grass-650 0.4 3 39

5. Correlation between Biochars Physico-Chemical Properties and Nutrient Release

It is very likely that the surface area, porosity and ion exchange capacity of some
BCs will affect their ability to sorb and possibly release organic matter (OM) or nutrients
over time [15]. However, Mukherjee et al. [101] observed that the BC, CEC ranged from
0-70 cmolkg !, the latter being found in BC and developed at a lower temperature. Fur-
thermore, the above results found that the aged BCs contained huge amounts of AEC (anion
exchange capacity). In this sense, fresh BC should retain ammonia (NH4") and release
exchangeable nitrate (NO3 ™) and phosphate (PO437). Wu et al. [102] observed that there
was no direct correlation between BET surface area and catalyst activity could be identified
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by the marked changes in the carbon structure. Nguyen et al. [105] stated that the BRT
model supported the significant correlation among BC CEC and NH,;*-N adsorption. The
variation in lignin, cellulose and hemicellulose changed the physical properties of biochar,
which in turn affected the nutrient release.

6. Application and Effect of Engineered Biochar
6.1. Effect on Soil Health and Carbon Content

Numerous food safety incidents can be attributed to soil pollution. Thus, soil remedia-
tion agents that are reliable and safe must be sought. Beesley et al. [108] and Park et al. [109]
have suggested that BC can have a negative effect the mobility of some inorganic and
organic soil pollutants.

Due to its large surface areas, oxygen-containing functional groups and CECs, BC
has the ability to retain, stabilize and inactivate toxic heavy metals, and reduce the phyto-
toxicity and bioavailability of heavy metal ions in soil environment [110-112]. According
to Beesley et al. [108], water-soluble carbon and highly alkaline pH could immobilize some
elements. Rees et al. [113] observed that soil-heavy metal mobility is mainly regulated
by increase in soil pH and soil intra-particle diffusion after BC implementation. After
modification, BC products have excellent adsorption ability for both inorganic and organic
pollutants. There is relatively little literature on engineered-BC (the biochar processed at
varying temperature and conditions to improve the properties), compared to pristine-BC
(carbonaceous biochar), when it comes to using it for the restoration of soil heavy metals.
The particulate organic matter can interact in different types of soils, which may add varia-
tion to the nutrient availability or release. However, the ability to observe and apply these
findings at a large scale is still lacking, despite some experiments being carried out in the
laboratory. The production cost of engineered-BC, its stability, collection and regeneration
process, as well as its possible environmental risks, requires additional investigation.

The Organic Carbon (OC) in biochar stability is mainly in soil. For example, wood
biochar is more stable than rice residues [56]. Bird et al. [114] recorded that wood-derived
BC is more carbon (C) stable due to its higher lignin content compared to crop residues.
Kloss et al. [115] revealed the characteristics of biochar biomass at low pyrolysis tempera-
ture. Biochar’s carbon stability is also affected by the temperature for pyrolysis, since it
can alter the pro-portion of aliphatic and aromatic carbons and the amount of aromatic
carbon (AC) that is condensed in BC [116-118]. When manufactured under elevated py-
rolysis temperatures, BC contains a greater amount of aromatic carbon (AC) than when
produced at low pyrolysis temperatures. Thus, low pyrolysis temperatures produce BC
that shows lower soil degradability than high pyrolysis temperatures. It is crucial for BC to
be stable in the soil, as it improves and maintains soil properties relevant to plant growth
and production.

6.2. Effect of Engineered Biochar Amendment on Soil Quality and Environmental Parameters

Pyrolysis, raw materials and BC conversion methods determine the properties of
engineered-BC [117]. Engineered-BC is manufactured using a different feedstock from
agriculture and forestry. According to Mayer et al. [118], the effects of manufacturing
conditions on engineered-BC are poorly understood. It is essential for the development
of engineered-BCs to understand how long-term stability of pyrolyzed BCs is affected by
production conditions and their characteristics [68]. As a result, the adsorption charac-
teristics of engineered-BCs are mainly defined by the specific surface area, pore structure
and surface functional groups. Therefore, various engineered-BCs have been developed
in order to meet the various application demands. An engineered-BC adsorbent’s perfor-
mance can be affected by the characteristics of raw materials (feedstocks), BC preparation
methods and process requirements [50]. By choosing certain feedstocks or altering the
raw material chemically, physically or biologically, as well as through a physiochemical
chemical-physical combination method, the pore structure of the carbonaceous adsorbent
can be regulated to an extent (Figure 2).
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Figure 2. Typical engineered biochar production methods.

Ever-growing interest in the production and application of BC has led to the emergence
of multidisciplinary scientific and engineering fields, especially in the field of environmen-
tal science. A BC is made from various feedstock materials and used to treat contaminated
soil, particularly for agriculture. Engineered-BC plays a beneficial role in reducing environ-
mental pollution due to its extensive applications in soils and the atmosphere.

Essentially, engineered-BCs are aged BCs with modifications made by chemical oxida-
tion. Meanwhile, engineered-BCs will have significantly more oxygen functional groups
after chemical oxidation [119,120]. The high content of anions, particularly those containing
N~ or O™ functional groups, can increase the reactivity of BCs. In addition, it contains
reactive functional groups alongside non-aromatic Carbon structures, which make up
the bulk of the labile BC fraction and are vulnerable to biotic degradation in soil. Thus,
engineered-BCs might be less stable during the early stages of aging than regular BCs,
because of these factors (Figure 3). Duan et al. [121] reported that the contaminant removal
performance of engineered-BCs was significantly increased after Fe304 modification. Addi-
tionally, they noted that BCs functions may be dramatically reduced as they age. Yaashikaa
et al. [122] revealed that activating BC is another particular region for the growing uti-
lization of BC for expelling specific pollutions; furthermore, the closed-loop systems to
produce BC creates more opportunities, such as managing wastes and increasing resource
proficiency in circular bio-economy.

Modifiers y

v 4
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»

Fn ered lochar E } & N >d per M
gt e
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" b

Figure 3. The contaminant removal performance of EngBC.
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7. Limitations concerning the Use of Biochar as a Soil Amendment

Several limitations were reported of BCs implementation, although most of the studies
demonstrated their beneficial aspects (Figure 4). First, soil aging is notably affected by BC
application resulting in soil aging inhibition. As a result, alternate addition of biomass
to soil might be necessary for proper nutrient cycling; for example, it has been proven by
Anyanwu et al. [123] that, in the long term, BC can have a negative effect on microbiota and
earthworms in soil. In the same way, the aged-BC also limits underground root biomass
of rice (Oryza sativa) and tomato (Solanum lycopersicum). In addition, BC can decrease soil
thermal, coming from the low thermal diffusivity of BC [84]. On the other hand, popular
findings show that the positive effects of BC are soil-specific.

Consequently, soil amendment performance by BC might change according to the
types of soils [124,125]. Safaei Khorram et al. [126] reported an excessive weed growth
(~200%) after the application of BC at 15 tha~! to lentil culture and concluded that over-
application of BC might worsen weed control in a field. Vaccari et al. [127] observed that
BC’s effect on crops’ productivities might change for different types of planted crops and
the targeted part of the crop. In fact, the same study added that BC application at 14 tha™!
improved vegetative growth of tomato plants whereas productivity was not improved
significantly [124]. Additionally, a delay in plants flowering was reported by Hol et al. [128]
related to the BC application. Moreover, BC is selective in its ability to adsorb pollutants; for
example, DDT (dichlorodiphenyltrichloroethane) pesticide uptake was not impeded by BC
supplementation in soil [129]. We usually notice a higher ash content in BC produced under
higher temperatures compared to the once produced under low temperatures. Therefore,
negative effects were expected on crops grown in soil where high temperature derived
BCs was applied [69]. Kim et al. [130] signalled another negative effect on BC capacity
to adsorbed nitrogen and other essential nutrients, such as iron, which might impact
plant growth performance. Moreover, BC can enter in competition with soil on nutrients
available in BC-soil [131]. For example, if BC is applied along with phosphorus fertilizer in
saline-sodic soil the precipitation/sorption reactions of phosphate could be facilitated. The
phyto-availability of P (phosphorous) may decrease through this interaction [6]. When BC
is applied to soil, it intervenes in the decomposition of OM (organic matter), which results
in reducing fungi populations, namely Ascomycota and Basidiomycota, by 11 and 66%,
respectively [132]. Furthermore, the source of BC-derived products is extremely important.
As an example, coconut-husk-derived BC is highly effective at improving 90% of maize
(Zea mays) biomass, while orange-bagasse-derived BC does not show much effect at a
similar dose [133]. Jones and Quilliam [134] reported plant growth was negatively affected
by contamination of the BC. Subsequently, BC production costs might be affected by the
availability of feedstock. Shackley et al. [135] reported that an estimated 148-389 British
pounds would be required to produce a ton of BC with all the additional expenses. On top
of that, the regulatory issues and testing for the biomass feedstock could raise costs.

Reduce update

Plants growth

Micro-organisms and
and develepment >

disease suspension

Green house
emission

Figure 4. Effect of biochar amendment of soil in agricultural land (reduce updates like heavy metals,
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pesticides; engineered nanomaterials and pharmaceuticals, for plants growth and biomass like germi-
nation and biomass, nitrogen utilization, water utilization, and also Micro-organisms and disease
suspension, for Greenhouse emission like CO, and methane mitigation and increase N, O emissions).

8. Progress in Biochar Production for Soil Carbon Sequestration and Soil
Fertility Improvement

In simplest material context, BC is incompletely combusted organic matter (OM) that
is applied to the soil. However, in recent years, these materials have attracted considerable
attention due to goals that may be achievable through their production and end-use. A
considerable proportion of the world’s natural SOC (soil organic carbon) content comprises
black carbon, a pool that is resistant to microbial degradation and was deposited from
historic fires [136]. Augmenting this nearly ubiquitous pool with additional recalcitrant
carbon has recently been the subject of much scientific research focused on soil improvement
and carbon (C) sequestration, which has garnered notable support from some of the world’s
most well-known climate scientists and environmental advocates, such as Gore et al. [137],
Flannery [138] and Hansen et al. [139]. Moreover, BC is a form of anthropogenic recalcitrant
carbon produced for application to the soil that draws inspiration from the practices
of pre-colonial native Amazonians who transformed some of the world’s poorest soils
into extremely fertile soils that remain productive into the present centuries, long after
their production ceased [58]. This rediscovered concept represents both a stable form
of C-rich SOM and a means to ameliorate degraded soils into fertile soils [140]. Carbon
sequestration is achievable through a range of thermo-chemical conversion processes
(Table 3), including pyrolysis, a process that produces BC as a by-product. Recalcitrant
carbon, including particulates emitted by fossil fuel combustion, may represent up to 30%
of all soil C globally [21]. Woolf et al. [141] reported that, by increasing BC production,
net anthropogenic greenhouse gas (GHG) emissions could be reduced by as much as 12%
through the substitution of pyrolysis oils and gases for fossil fuels.

Table 3. Biomass Pyrolytic Conversion Processes.

Process Temperature (°C) Heating Rate End Products
Torrefaction 230-300 Very low Biochar
Slow Pyrolysis 380-530 Low Biochar, bio-oils, gas
Fast Pyrolysis 380-530 High Bio-oils, relatively little biochar
Combustion 700-1400 Very high Gas
Gasification >750 Very high Gas

The future of BC to enhance the fertility of soils varies accordingly. Innovation in BC
manufacturing technology can improve its effectiveness in promoting soil carbon storage
and soil fertility. Furthermore, BC implementation was carried out to assess the soil fertility
status, carbon sequestration and crop production improvement [142]. Corn stover and
rice husk BCs were derived by slow pyrolysis from rice husk (RHBC) at 650 °C and from
corn stover (CSBC) at 550 °C, respectively. As a negative control to know the effect of
temperature on BC production, unpyrolyzed rice husks and corn stover were applied as soil
amendments under CIE (controlled incubation environment) for 107 days. In soils treated
with BC, CO, emissions were decreased, and TOC (total organic carbon), WHC (water
holding capacity) and CEC (cation exchange capacity) increased. After BCs application,
soil fertility was improved and eggplant crop growth (height, leaf number fresh and dry
weight) was enhanced. Additionally, carbon mitigation and long-term sequestration were
experimented in soil and found that both chars could be used for carbon sequestration and
soil application.

Teodoro et al. [143] biochar co-application with compost has more potential to increase
compost process than compost alone, as a result it can maintain the provision of available
nutrients, reduce the metal mobility in soil and improve conditions for plant establishment.
Murtaza et al. [144] stated that the BC amendment can reduce the bulk density of soil,
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increased soil porosity, infiltration rate, microbial activity, pH level and water holding
capacity. However, it varied according to soil texture and, concurrently, BC addition
sometimes could have adverse impacts on soil characteristics that appear in the form of
crop productivity loss. Joseph et al. [145] stated that BC properties and its effects within
agricultural ecosystems fundamentally depend on biomass and pyrolysis conditions, the
metaanalysis results showed that P and SOC increased by 4.6 times and 17-39%, whereas
they reduced the non-CO, greenhouse gas emissions from sandy acidic soil by 12-50% with
addition of BC. Asadi et al. [146] revealed that the rice husk biochar (RHB) has potential to
reduce nitrate leaching and greenhouse gas (CH4, CO;, and N, O) emissions from paddy soil,
it might be due to characteristics of RHB depends on pyrolysis heating rate and residence
time. Allohverdi et al. [147] reported some fundamental challenges within agricultural
practices comprise the improvement of water retention and microbiota in soils, as well as
boosting the efficacy of fertilizers. Furthermore, BC is a nutrient-rich material produced
from biomass and gaining attention for soil additive has the potential to improve soil health,
crop production and capture carbon emission. Simiele et al. [148] found an increase of up to
twofold root length, root surface area, and root, stem and leaf biomasses with application of
BC at 20% application rate as compared with control. Hussain [149] revealed that maximum
mustard dry biomass was observed with application of green coconut-modified biochar
than control treatment.

9. Perspectives and Challenges

Many studies have suggested that BCs can be used as a promising soil amendment
for fertility improvement and carbon sequestration in soils. However, several perspectives
should be taken into account to ensure its efficacy and its cost-effectiveness, particularly in
the following areas:

(1) The development of BC should concede the optimization of the production con-
ditions based on the suitable implementation rates for the improvement of soil fertility,
nutrient availability to plants and carbon sequestration. This standardization could help
to maximize the efficiency of BC implementation and to minimize any potential environ-
mental drawbacks. The optimization of BC production should include several parameters,
such as quality of raw materials (feedstock), temperature for pyrolysis and pre or post
treatment of BC. More studies are needed to elucidate the relationship between all those
parameters, along with their performance in soils. Establishing a standard model for the
development of efficient BC is still challenging, mostly because it remains a challenge to
specific applications in different kinds of soils, crops and environments.

(2) Developing a prediction for the decaying period of BC in the field under differing
cropping patterns is one of the main challenging milestones. The degradation of BC can be
studied in two ways: using the stable phase of BC in soil, which is expected to persist in
soil for thousands of years, and comparing its characteristics to labile phase in soil, which
will decompose more rapidly. It is important to demonstrate BC stability in the soil at the
field level. Field experiments conducted over time are crucial for this aspect.

(3) Understanding the plant roots-microbe-soil-BC interactions within the rhizosphere
is also a crucial investigation pathway. This will elucidate the biogeochemical cycling of
nutrients and release dynamics in BC-amended soil environments.

(4) Studies should also consider the determination of the adsorption and the desorption
capacities of BCs to soil nutrients for predicting the phyto-availability of nutrients and the
slow release of nutrients to plants in the BC-soil complex environment. These adsorption—
desorption capacities might change according to the type of BC. Thus, different types of
BCs should be tested by implementing them in different types of soil habitats with various
properties and different crop genotype.

10. Conclusions

The BC can help in maintaining the soil health in sustainable manner. The stability of
BC in the soil is essential for crop production since it improves, fixes and maintains soil
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properties. However, Further studies are needed to determine how raw materials used in
BC production are related to its ability to produce soil nutrients, especially regarding the
new advancements in BC production processes. The research should be focussed on BC
development standardization, BC decay prediction, BC interactions with different parts
of the rhizosphere (roots, microbes, and soils) and BC adsorption—desorption capacities
so that the BC can be used as an efficient alternative to conventional fertilization and
even a solution to carbon sequestration. Long-term studies are needed to investigate the
impact of activated BCs with low-cost and environment-friendly nanomaterials /minerals
on mineralizable-N, soil health and sustainable crop production.
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