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Abstract

Biochar is a carbon-rich material produced through the pyrolysis of various feedstocks. It can be further modified

to enhance its properties and is referred to as modified biochar (MB). The research interest in MB application in soil
has been on the surge over the past decade. However, the potential benefits of MB are considerable, and its effi-
ciency can be subject to various influencing factors. For instance, unknown physicochemical characteristics, outdated
analytical techniques, and a limited understanding of soil factors that could impact its effectiveness after application.
This paper reviewed the recent literature pertaining to MB and its evolved physicochemical characteristics to provide
a comprehensive understanding beyond synthesis techniques. These include surface area, porosity, alkalinity, pH,
elemental composition, and functional groups. Furthermore, it explored innovative analytical methods for character-
izing these properties and evaluating their effectiveness in soil applications. In addition to exploring the potential
benefits and limitations of utilizing MB as a soil amendment, this article delved into the soil factors that influence its
efficacy, along with the latest research findings and advancements in MB technology. Overall, this study will facilitate
the synthesis of current knowledge and the identification of gaps in our understanding of MB.

Highlights

1. The application of modified biochar significantly increased over the past decade.

2. Modified biochar demonstrated promising properties for specific applications, particularly in soil.

3. However, outdated analytical techniques and limited understanding of soil factors could affect its efficiency.
4. The potential benefits, along with limitations in commercialization and future approaches, were highlighted.
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1 Introduction containing around 85% more carbon than the original
Biochar is a carbon-rich material produced through biomass (Ghani et al. 2013; Tsai and Liu 2016).
pyrolysis of different feedstocks, such as wood, crop The modification of feedstocks or pristine biochar can

residues, or manure, in the absence of oxygen, typically  be classified into three different types: activated bio-
char (AB), engineered biochar (EB), and functionalized
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biochar, based on the methods used to alter the biochar.
AB is produced by exposing biochar to high tempera-
tures in the presence of certain gases (such as CO, or
steam), which enhance its physicochemical properties
(Braghiroli et al. 2018), while EB is modified by chang-
ing the feedstock or adding compounds like metal ions
(MgCl, and ZnCl,) (Monga et al. 2022). Biochar modi-
fied by adding functional groups to enhance its chemi-
cal properties is referred to as functionalized biochar
(Qu et al. 2022). However, the term B generally distin-
guishes between pristine and altered biochar.

The studies regarding the use of MB in soil have
shown a significant increase in recent years owing to
numerous benefits, such as increasing soil fertility
(Sultan et al. 2020), improving water retention, reduc-
ing nutrient leaching (Dvorackova et al. 2021), climate
change mitigation (Lehmann et al. 2021), and carbon
sequestration (Lorenz & Lal 2014). The efficacy of bio-
char in soil can be disturbed by various factors, such
as climate, application, and soil type. Additionally, the
feedback from biochar application may not be con-
sistent across all soils, as they were highly dependent
on the physicochemical characteristics of the biochar
(Panwar & Pawar 2020).

Given the limitations mentioned earlier associated
with the utilization of pristine biochar in soil, there is a
notable shift toward the adoption of MB (Fig. 1). Thus,
by adjusting the physicochemical properties of bio-
char, it becomes feasible to amplify its beneficial effects
while concurrently mitigating any adverse impacts on
plant growth and soil health (Lu 2015; Tan et al. 2021).
However, before choosing any modification technique,
it is imperative to have a comprehensive understanding
of the various physicochemical properties of biochar
that have been discovered and subjected to modifica-
tion, as well as their respective advantages and limita-
tions. Thereby, this review article provides an in-depth
discussion of recent advancements in the understand-
ing of physicochemical characteristics of MB, including
surface area, porosity, alkalinity, pH, elemental compo-
sition, and functional groups (2010-2022). Addition-
ally, it also highlights the factors that can influence the
efficacy of MB in soil (Figs. 2, 3, 4, 5).

2 Fate and limitations of biochar in agricultural
soils

Several researchers have reported numerous findings
regarding the fate and beneficial aspects of biochar.
Apropos of soil physical properties, biochar amendment
has been shown to improve soil pore structures and
aggregate stability, which apparently upgrades soil water
holding capacity. However, soil texture contributes a crit-
ical role in acquiring such benefits; for instance, biochar
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from 2010 to 2023 retrieved using keywords “activated biochar,’
“functionalized biochar,“engineered biochar,and “pristine biochar”
MB: modified biochar

amendment is more noticeable in sandy soils than in
clay soils. Hence, the positive feedback of biochar is not
similar for all soil types (Blanco-Canqui 2017). Similarly,
depending on pH and EC, different soil types react dis-
tinctively to the ash content delivered by biochar. The
high levels of ash content can pose detrimental impacts
on plants and may produce reactive oxygen species in soil
(Das et al. 2020).

Similarly, the agronomical traits of plants can also be
significantly improved by biochar application through
upgrading nutrient cycling and soil environment (Alva-
rez-Campos et al. 2018). However, such positive effects
may vary depending on the plant species and the targeted
part of the plant because different plant species have dis-
tinct nutrient requirements, and biochar may not nec-
essarily provide all the required nutrients. Biochar may
also affect soil environmental conditions and the micro-
organism’s diversity by disturbing the decomposition of
organic matter, also known as the priming effect (Huang
and Gu 2019). The impact may arise from changes in
microbial communities induced by biochar, potentially
resulting in either heightened or diminished decompo-
sition of native soil organic carbon (SOC), consequently
influencing its stability (Fig. 2). For example, microor-
ganisms, specifically fungi species such as Ascomycota
and Basidiomycota, are more effective at breaking down
biochar and releasing nutrients for plant uptake, while
others may be less efficient (Zhu et al. 2017). Similarly,
Dai et al. (2018) found a significant decrease (11%) in the
relative abundance of Basidiomycota by easily mineraliz-
able C from biochar. The aforementioned limitations can
be managed by modifying biochar to enhance specific
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Fig. 2 Fate and limitation of biochar in agricultural soils. (For interpretation of the color references in this figure legend, the reader is referred

to the Web version of this article)

chemical properties such as pH, cation exchange capac-
ity (CEC), surface area, functional groups, and nutri-
ent content that are beneficial for the targeted plants or
specific plant parts. For example, the modifying process

introduces new substances such as nitrogen, phospho-
rus, and potassium, which can minimize the adverse
effects on SOM (soil organic matter) decomposition and
soil microbial communities by interrupting C:N:P ratios
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Fig. 3 Physicochemical characteristics and analytical techniques of modified biochar. (For interpretation of the color references in this figure

legend, the reader is referred to the Web version of this article)

(Naylor et al. 2022). Additionally, increasing the pH and
CEC of biochar by activation and/or engineering meth-
ods can enhance its ability to retain nutrients and prevent
leaching (Yuan et al. 2019).

Previously, Xu et al. (2016) reported that the combined
application of biochar and phosphorus fertilizer in saline-
sodic soil depicted a considerable decline in available P
levels by accelerating phosphate precipitation/sorption
processes owing to its high surface area and adsorption
capacity (Fig. 2). Hence, it can act as a sink rather than
a P source for plants. Biochar modification by altering
its surface area, pore size distribution, and functional
groups, can increase or decrease its adsorption capacity
for specific nutrients and help to regulate its selectivity

for specific soil nutrients while reducing its affinity for
others (Jiang et al. 2018; Tran et al. 2022).

Previous studies enable us to refer that the capacity of
biochar to adsorb essential nutrients such as nitrogen
(N) or iron (Fe), sometimes surpasses the limits that are
conducive to plant growth (Dai et al. 2020). If biochar
adsorbs nutrients exorbitantly, it can lead to a reduc-
tion in their availability for plants, which can result in
stunted growth or even plant death (Carter et al. 2013).
Therefore, it is essential to carefully manage certain
physicochemical characteristics to ensure that it does
not have a negative impact on plant growth by compet-
ing with the plants for these essential nutrients. This
can be achieved by using MB that has been specifically
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tailored to the needs of the soil and the plants being
grown (Kavitha et al. 2018).

Furthermore, the adsorption abilities of biochar can
be selective and biased towards certain pollutants,
which can affect the effectiveness of pesticides, the
concentration of heavy metals, and even plant defense
mechanisms (Tian et al.,, 2021). However, researchers
are exploring ways to adjust the surface chemistry of
biochar to improve the targeted removal of specific pol-
lutants while minimizing any negative impacts on plant
growth and defense (Nkoh et al., 2022).

3 Physicochemical characteristics of modified
biochar
The physicochemical characteristics of MB (Table 1) vary
based on various alteration techniques, pyrolysis tem-
perature, and the kind of feedstocks and modifying com-
pounds (Table 2). This section discusses how different
modification methods and agents improve the physical
and chemical characteristics of MB (Liu et al. 2021).

i. Surface Area and Pore spaces

The specific surface area (SSA) and pore structure of
biochar play a significant role in adsorption and regulat-
ing the nature of biochar as hydrophilic or hydrophobic
(Tan et al. 2021). The general purpose of modification
in pristine biochar is to expand its surface area, which
ultimately modifies its functional groups and enhances
its magnetic performance and catalytic capacity (Wang
and Wang 2019). Many studies showed that pyrolysis
temperature and functionalization with innovative mate-
rials can enhance the SSA and porous structure of bio-
char (Leng et al. 2021; Tan et al. 2021; Zhou et al. 2020).
Rong et al. (2019) observed a significant surge in surface
area in pre-mixed banana peel biochar with Fe,O, after
hydrothermal carbonization. Their results illustrated an
increment of 407, 504, 451, and 446 m? g~! by combining
with 0.05-1.0 g of the precursor solution, respectively.
Similarly, Park et al. (2016) reported that during high
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Table 1 Overview of essential characteristics of biochar

Property Definition Reference
Anion exchange capacity (AEC) The potential of biochar to adsorb anions (Lietal. 2019; Tan et al. 2016; Weber & Quicker
Ash content These residues are non-combustible byproducts resulting ~ 2018: Xie etal. 2015)

from pyrolysis, originating from mineral and inorganic
constituents of biochar

Cation exchange capacity (CEC) The potential of biochar to adsorb cations

Density Density refers to the mass of a substance divided by its
volume, factoring in any spaces between particles. A lower
density indicates a lighter weight per unit volume

Electric conductivity It signifies the conductivity of a material, indicating its
capacity to conduct electric current

Elemental composition It represents the mole ratios of oxygen (O), carbon
(C), hydrogen (H), nitrogen (N), and sulfur (S). Typically,
the ratios of O/C and H/C moles are used as indicators
of the degree of carbonization, where low ratios often
indicate a higher stability of biochar

Fixed carbon content The extent of carbonization can be inferred from the fixed
carbon content, which is derived by subtracting the per-
centages of moisture, volatile matter, and ash from a given
biochar sample. This calculation is expressed by the for-
mula: FC (%) =[100— (VM + Ash)]

Heating value A metric denoting the utmost thermal energy accessible
from complete combustion, often referred to as energy
content, is defined as the heat produced per unit mass
or per unit volume

Hydrophobicity The attraction or affinity of biochar toward the water

Mass yield An indicator of biochar production efficiency, denoting
the ratio of the mass of pyrolyzed products to the mass
of raw biomass

pH-value An indicator of the alkalinity or acidity of biochar, expressed
as pH, which is calculated using the formula pH= —log[H +]

Pore volume and pore size distribution  The cumulative volume of pores and voids within bio-
char defines its pore space. The distribution of pore sizes
signifies the proportional occurrence of each pore size
within the structure of biochar

Porosity The ratio of the volumes of voids or pore space
within a substance divided by the total volume of that sub-
stance is known as the porosity

Specific surface area (SSA) The SSA of a substance, calculated as the total surface area
per unit mass, serves as an indicator of both adsorption
capacity and water retention ability in biochar

Stability The percentage of original carbon content that remains
following both abiotic and biotic degradation signifies
the recalcitrance of the material in specific applications,
such as carbon sequestration, under different conditions
and time frames

Surface functional group The functional groups found on the surface of biochar,
such as carboxylic (-COOH), hydroxyl (-OH), amine, amide,
and lactonic groups, enhance its sorption properties. These
groups indicate the biochar’s capacity to adsorb organic
compounds and pollutants effectively, as well as its cata-
lytic performance
The functional groups present on the surface of biochar,
including hydroxyl (-OH), carboxylic (-COOH), amine,
lactonic, and amide groups, play a crucial role in enhanc-
ing their sorption properties. These groups are indica-
tive of the biochar’s ability to effectively adsorb organic
compounds and contaminations, as well as its catalytic
performance

Water holding capacity The capacity of biochar to absorb and retain water
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pyrolysis temperatures (500-600 °C), the volume of pores
in sesame straw increased from 0.0716 to 0.1433 cm® g™,

Furthermore, in another research, it is depicted that
the surface area of Saccharina japonica-derived biochar
was positively influenced by the temperature, resulting
in a notable increase (2.9-175 m? g™'), with the high-
est surface area achieved at 500 °C (X. Li et al. 2020a, b)
noted that ZnCl,” EBcan enhance the pore size up to
0.2-0.9 cm® g%, The BET (Brunauer, Emmett, and Teller)
approach is frequently used to determine the SSA of
biochar. In this method, the amount of N, adsorbed on
the surface of the biochar is evident at low temperatures
(77 K) (Igalavithana et al. 2017). Apart from modification
by nano-scale zero-valent iron and the effects of pyroly-
sis temperature, the subsequent impregnation of biochar
with Mn or Mg enhances the surface area from 209.6 to
463.1, 12.68 to 174.29, and 244 m? g, respectively (Deng
et al. 2021; Hu et al. 2015; Liu et al. 2017).

On the contrary, several studies have documented
a decrease in the SSA of functionalized biochar. The
decline in surface area could potentially be attributed to
the pore openings or pores being obstructed by chitosan
(Burk et al. 2020). Recently, manganese oxide activation
revealed a considerable decrease in SSA ranging from
60.97 to 3.18 m? g~! (Yu et al. 2017). Another research
found that functionalized biochar through sulfur signifi-
cantly affected surface area in contrast to pristine bio-
char. The highest surface area was observed in biochar
generated at 500 °C and 700 °C (382 and 404 m? g™!),
whereas functionalization with sulfur led to a significant
reduction in surface area to 10.06 m* g™* and 5.10 m* g~
(Jeon et al. 2020). Hence, it is crucial to thoroughly evalu-
ate the characteristics of the final product concerning the
impact of the modification process.

ii. Elemental Composition

Generally, the pristine biochar comprises 2-5% H,
45-60% C, and 10-20% O. Although the individual com-
ponents employed to develop the product vary widely
and rely on the feedstock. In order to assess the degree of
hydrophobicity and carbonization in biochar, research-
ers commonly employed the O/C and H/C molar ratios
(Kharel et al. 2019). Additionally, it includes minerals,
such as Si, P, Ca, Al, and K, that are prominent inorganic
components of biochar (Joseph et al. 2018). Many studies
highlighted that type of feedstock, pyrolyzing procedures
and functionalization may modify the properties of pris-
tine biochar (Vijayaraghavan 2019). In one study, Mn-
oxide-MB illustrated a surge in O (10.9%) and Mn (7.41%)
concentrations. Meanwhile, similar research observed
that C, H, and N levels declined from 85.3-73.0%, 1.75—
0.33%, to 0.80—0.72% (Yu et al. 2017). This reduction was
attributed to the activation process wherein previously
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MB was exposed to additional high temperatures, leading
to the further breakdown of C, H, and N and their con-
version into ash (Gai et al. 2014).

Furthermore, Wu et al. (2018) also reported a decline in
H and C contents when biochar was magnetically modi-
fied with FeOS, Fe, and FeCl,. In FeOS biochar, C and H
contents were the highest at C at 12.65% and 1.23%, while
the lowest was in FeCl;-engineered at 9.16% and 0.28%,
respectively. In addition to the mentioned modifications
and their effects on the elemental constitution of bio-
char, various additional substances, such as chitosan and
alkali/acid, have also demonstrated beneficial outcomes.
Chitosan amendment resulted in a lower C percentage
and increased H, O, and N ratios, confirming the inclu-
sion of treated material on the surface of biochar (Hanbo
et al. 2022).

ili. Alkalinity and pH

The pH of typical biochar usually varies from neutral
to alkaline and is highly dependent on the type of feed-
stock, thermochemical process, and functional mate-
rial, while studies about acidic biochar are also present
(Jahirul et al. 2012; Qi et al. 2017). During the high pyrol-
ysis temperature, the acidic functional groups (bionic
acid) decompose, elevating the pH of biochar and caus-
ing an increase in inorganic alkali metal ions (Yuan et al.
2019). Additionally, several organic functional groups,
including ~-COOH, —COO, -0, and —OH, can similarly
raise the pH of biochar (Hongbo et al. 2017).

In another study, Zhou et al. (2013) recorded pH val-
ues of different biochars prepared from bamboo (7.9),
sugarcane bagasse (7.5), hickory wood (8.4), and peanut
husk (6.9), but after chitosan modifications, pH values
changed to more alkaline 8.2, 8.1, 8.6, and 7.3, respec-
tively. Similarly, the pH of corncob biochar produced at
600 °C was shown to be neutral (7.17), but after being
modified by Mg-oxide, it reduced considerably to 10.4
(Ling et al. 2017). On the contrary, FeCl,-impregnated
biochar exhibited an acidic characteristic (4.87) con-
trasted to conventional biochar (10.7) (Yin et al. 2017).

Moreover, hydrophilicity, hydrophobicity, sorption,
and adsorption can be influenced by organic groups and
linked with the buffering action of acid and base. Addi-
tionally, the organic groups present on the biochar surface
carry negative charges, increasing the CEC (Munera-
Echeverri et al. 2018). As the CEC of biochar increased,
it ultimately surged in adsorption capacity (Hamid et al.
2020). Biochar modification by surface oxygenation via
dry ozonization proved a promising technique for
enhancing the CEC 10 times, in contrast to conventional
biochar (Cheng et al. 2017). For instance, biochar derived
from the limb of a pine tree and subjected to ozone gas
for 1.5 h, the CEC of the biochar considerably elevated
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from 15.39 cmol kg™! to 32.69 cmol kg™'. Although this
technique decreased the pH and demonstrated the oxy-
genic functional group formation of the biochar surface
(Huff et al. 2018).

iv. Functional Groups and Aromaticity

Several functional groups are associated with the sur-
face of biochar, such as carboxylic, hydroxyl, and phe-
nolic functional groups that contribute significantly
to the remediation of contaminated soils (Gupta et al.
2016; Leng et al. 2020; Sajjadi et al. 2019). Among them,
the most prevalent are O-containing functional groups,
which can additionally be classified into neutral, and
alkaline groups according to their inherent character-
istics. The carboxyl, lactonic, and phenolic groups are
examples of acidic groups, while the chromene and
pyrone groups are known as basic active sites (Fig. 3).
Their characteristics may be related to the carbon’s sur-
face basic nature, which is more evident in carbon atoms
without oxygen because of the existence of delocalized
electrons (Tan et al. 2021).

The pyrolysis temperature significantly influences the
functional groups present on the biochar surface. It is
found that C=C and —CH, functional groups could be
successfully retained in pyrolysis, although C-O-C and
—OH, C=0 functional groups reduced with increasing
pyrolysis temperature (Ying et al. 2019). Meanwhile, bio-
char’s water affinity, CEC, and polarity are regulated by
oxygen-containing surface functional groups (Ying et al.
2019). Generally, the yield of biochar declines, while on
the contrary, alkaline functional groups, pH, and ash con-
centration increase with increasing temperature (Yang
et al. 2019). In a recent study, the adsorption capacity of
MB derived from rice straw was observed to be higher
than that of cotton straw-MB, likely due to the presence
of additional functional groups (Rizwan et al. 2020).

The aromatic m-system is known to be involved in sig-
nificant types of noncovalent specialized engagements
termed electron donor—acceptor (EDA) interactions
(Kah et al. 2017). The aromatic structures of biochar can
significantly enhance pollutant adsorption, as they act as
electron donors or acceptors and create bonds with the
pollutants in soil (Dai et al. 2019). Usually, the carboxyl
functional groups on the surface of carbonaceous adsor-
bents serve as electron acceptors, whereas the hydroxyl
groups behave as electron donors (Ahmed et al. 2018).
The aromaticity of biochar, determined using O/C and
H/C ratios is highly influenced by pyrolysis temperature.
The biochar derived from plant residues contains higher
aromaticity due to high carbon material concentration.
The cellulose and lignin decompose into small molecules
that ultimately reduce H/C and O/C ratios as a result of
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depolymerization or dehydration. On the other hand,
biochar from animal fecal and sludge does not possess
any lignocellulosic molecules and hence avoids the depo-
lymerization process (Zhang et al. 2018).

In a recent sulfamethoxazole structural analysis
research, it was observed that the N-heteroaromatic
ring, unprotonated sulfonamide group, and amino func-
tional group act as significant m-electron acceptors,
although they possess a high capacity to donate elec-
trons (Tan et al. 2021). Similarly, Zhao and Zhou (2019)
also reported m—mr EDA interactions between biochar
aromaticity and sulfamethoxazole. However, potential
electron-donating groups identified include the phe-
nolic—COOH-C-0O and —OH groups (Chen & Carroll
2016; Na et al. 2017).

v. Hydrologic Properties

The ability of MB to resist water is a crucial qual-
ity that has a significant impact on soil water retention
(Fig. 5). But the water retention property of biochar is
highly dependent on the source of feedstock, synthe-
sis technique, wetting characteristics, and particle size
(Shaaban et al. 2013). The temperature during pyroly-
sis significantly influences the hydrologic characteris-
tics when biochar is applied to soils (Kigozi et al. 2020).
The most favorable hydrologic qualities were reportedly
found in acid-functionalized biochar generated at higher
temperatures (400-600 °C); in such amendment, water
holding capacity was 18.45-22.45% higher than the con-
trol. This surge in water retention can be a result due to
(i) high surface area and pore spaces and (ii) more hydro-
philic functional groups that aid functionalized biochar
(Glab et al. 2016). Besides, Zn (23.85%) and Fe (22.45%),
impregnated biochars also exhibited a considerable
increase in water-holding capacity in soil against soil
gravity losses —the mineral formation of Fe and Zn aids
in water retention by increasing chemisorption and phy-
sisorption. For instance, hematite surfaces possess the
capacity to sorb water 23-24 A% per molecule, allowing it
to adsorb the polar water molecules (Mosa et al. 2018). In
contrast, the hydrologic properties of biochar are found
to be independent of soil types, such as coarse-grained
(non-cohesive) soil or fine-grained (cohesive) soil (Hus-
sain et al. 2020). The mechanical resilience of aggregates
at both micro and macro-scales was enhanced in bio-
char-amended soils, leading to notable improvements in
cohesion and compressive behavior (Ajayi & Horn 2016;
Hlavécikova et al. 2019; Villagra-Mendoza & Horn 2018).
There are possibilities that the hydraulic characteristics of
soil that have been treated with EB extensively correlate
with the quality and content of biochar, but these interac-
tions are inadequately understood (Islam et al. 2021).
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vi. Complexation and Van der Waals forces

Complexation is a special ability of biochar for adsorp-
tion that indulges ligand exchange, and bridging ligands
are used to transport electrons (Mondal et al. 2020). The
electron donors and acceptors engage to produce differ-
ent compounds during the surface complexation. Dur-
ing the formation of these surface compounds, several
polyatomic structures significantly improve the sorption
potential of biochar (Haris et al. 2021). Besides, chelation
is an exceptional kind of complexation that is described
as an equilibrium process and distinguished by the devel-
opment of a complex between organic molecules with
more than one functional group (multiple bounds) and a
single central atom (Barquilha and Braga 2021).

Several biochar features indicated that it may be an
extremely effective adsorbent for the majority of soil
contaminants and metals. Although these properties are
highly influenced by the source of feedstock, pyrolysis
time, and temperature, sufficient consideration should
emphasize the analysis techniques of biochars produced
under different circumstances.

The functionalized biochar contains a larger surface
area and more functional groups than pristine biochar,
such as carboxylic, phenolic, and lactonic functional
groups that act as electron acceptors (Qiu et al. 2022)
while the product of low pyrolysis possesses more elec-
tron-donating functional groups including amino —NH,
and hydroxyl —OH (Li et al. 2017; Y. Wang et al. 2019a,
b). The complexion potential of biochar can improve if it
is pyrolyzed in the presence of oxygen because of more
surface oxidation. It is observed that plant-derived engi-
neered biochars have higher complexion capacities for
heavy metals in soils as compared to poultry litter and
dairy manure-derived biochars (Ahmad et al. 2018; Ifthi-
kar et al. 2018; Ji et al. 2022).

The van der Waals forces, also known as hydrophobic
interactions, refer to intermolecular interactions that
bind molecules together. These interactions are divided
into two types: (i) weak London dispersion forces and (ii)
stronger dipole—dipole forces (Ouyang et al. 2020). The
van der Waals forces possess relatively modest energy
about 0.4—4 kJ mol™'), while most of the sorbates are
associated with biochar nonspecifically (weak London
dispersion forces) (Rashidi and Yusup 2016). These forces
specifically contribute to interactions between carbona-
ceous sorbents and ionic organic compounds because of
the larger molecular size of IOCs as van der Waals forces
increase with increasing contact area, and the high van
der Waals coefficient of activated carbon (graphite) (Kah
et al. 2017).
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It is noted in a study that ZnCl,-MB enhanced the pore
size up to 0.2 cm® g7! to 0.9 cm® g™! and the adsorption
capacity of biochar via van der Waals forces (X. Li et al.
2020a, b). Similarly, montmorillonite-biochar composites
pyrolyzed at 400 °C were also found to be highly effective
for ammonium adsorption via Van der Waals interaction
(Chen et al. 2017). Usually, the adsorption of organic pol-
lutants on biochar occurs via weak physical adsorption
without any strong chemical bonding. These weak bonds
include hydrogen bonding, van der Waals forces, hydro-
phobic interactions, and electrostatic forces (Ahmed
et al. 2018).

4 Analytical techniques for modified biochar

The flexibility and interaction of biochar with soil are
highly influenced by its various physical and chemi-
cal characteristics. Hence, a deep structural and physi-
cal analysis via appropriate methods has been proven
beneficial (Fig. 3). If left unaddressed, the presence of a
non-carbonized layer may lead to fluctuations caused by
soil contaminants or other materials, potentially yielding
inaccurate results (Ding et al. 2016; Panwar and Pawar
2020). A detailed summary of the physicochemical attrib-
utes of the MB employed in soil, along with a compre-
hensive overview of the advantages and disadvantages of
the analytical techniques, is presented in Table 3.

5 Effects of modified biochar on soil attributes
Modified biochar (MB) can alter soil functional groups,
pore size, pore structure, surface area, and chemical
properties. These modifications significantly impact soil
quality by influencing its physical and hydraulic prop-
erties, nutrient profile, gas exchange characteristics,
organic matter content, pH, electrical conductivity (EC),
cation exchange capacity (CEC), and biological activities,
including those of bacteria, fungi, and enzymes. The fol-
lowing provides a brief overview of how the addition of
MB as a soil amendment affects soil quality.

i Soil pH

The presence of hydrogen (H') and aluminum (AI*Y)
ions in the soil exchangeable sites causes acidity, severely
affecting crop yield (Fig. 3). Pristine biochar is primar-
ily alkaline in nature (Rashid et al. 2020). The pyrolysis
temperature (>400 °C) produced biochar with alkaline
pH (Novak et al. 2009). When applied to soil, organic
compounds on the biochar surface will dissolve in water
entering the pore spaces, increasing soil pH (Joseph et al.
2018). Also, biochar increases the sorption of nutrients
and decreases acidity in acidic soils (Van Zwieten et al.
2012). However, the effectiveness of biochar in chang-
ing soil pH in acidic soils depends on the composition,
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properties of feedstock, and pyrolysis temperature
(Fig. 4). Thus, several modifications of biochar have been
developed. The activation of rice hull biochar by immers-
ing with dimethyl dithiocarbamate sodium solution effec-
tively decreased pH from 10.28 to 6.53 and improved soil
properties (Wang et al. 2021). The application of Fe-MB
in Cd-contaminated soils slightly increased pH units
from 7.83 to 7.93 and helped to immobilize Cd in soil
(Sun et al. 2021). In the case of red soils, the manganese-
oxide-MB increased soil pH by 1.4 units while only 0.4
units increased in pristine biochar, thus preventing acidi-
fication in red soils (Yu et al. 2015). On the other hand,
the pH of As-contaminated paddy soils (pH 7.12) were
markedly decreased by Fe-Mn MB by around 0.75-1.16
units compared to the control (Lin et al. 2019a, b, c).
Similarly, It was observed that soil resistance to acidity
was enhanced through the application of HNO;/H,SO,-
MB (He et al. 2022). Furthermore, thiourea-modified
poplar-bark biochar was applied to Cd-contaminated
soil, resulting in a 17% increase in soil pH as compared
to the control, which led to an increase in base cations
in the soil (Zhu et al. 2020). In multi-polluted soils, the
magnetic biochar derived from eucalyptus wood and
poultry litter increases soil-surged pH by 0.2—0.3 units
(Lu et al. 2018). Likewise, the porous magnetic biochar
from wheat straw was added to the soil and increased soil
pH by approximately 6% (Fu et al. 2021). But in calcare-
ous soils, steam-AB (acidic biochar) effectively decreases
soil pH by 0.2—0.4 units (Ippolito et al. 2016), while in As-
contaminated soil, Ca-MB causes an increase in pH (J.
Wu et al. 2020a, b).

In contrast, rice straw MB with a 1:1 mixture of HNO,/
H,SO, and 15% H,0, effectively improved pH buffering
capacity and resistance to soil acidification compared
to HCl-treated and unmodified biochar. The enhanced
resistance was attributed to surface functional groups
that increased soil resistance to acidification by gener-
ating protonation of organic anions, which retarded the
decline in soil pH. However, HNO3/H,SO, MB showed
a higher number of carboxyl functional groups com-
pared to the 15% H,0,-modified biochar, resulting in
greater resistance to soil acidification. The application of
HNO,/H,SO, MB in paddy soil increased pH after wet-
dry cycles, suggesting that this modification is an effec-
tive solution for remediating acidic soils. The underlying
mechanism involves weak acid functional groups on the
biochar surface that exist as organic anions in alkaline
and neutral soils. Under acidic conditions, these anions
protonate with H'and convert to neutral molecules,
inhibiting soil acidification and preventing a decline in
soil pH (He et al. 2022; Shi et al. 2017, 2018),
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Furthermore, Yu et al. (2015) found that soil pH
increased with the application of 4% Mn oxide-MB. Simi-
lar results were observed with soil amendments using
coconut shell and carrot pulp biochars modified by 8%
thiourea (Gholami and Rahimi 2021; Liu et al. 2018).
Other studies also showed increased soil pH with the
application of 3% iron-zinc oxide composite-modified
corn straw biochar (T. Yang et al. 2021a, b), 2% Fe-mod-
ified biochar (Moradi and Karimi 2021; Y.-Y. Wang et al.
2019a, b), 0.6% Brassica napus biochar-UV (Wang et al.
2021), and 0.6% Lolium perenne biochar-UV (Y. Zhang
etal. 2021a, b, ¢).

ii. Soil moisture

Biochar application with a high surface area increases
pore space and enhances soil moisture, which helps boost
water retention capacity. Applying P-laden biochar con-
siderably increased soil moisture by 93% over ordinary
biochar when applied to acidic sandy soil planted with
lettuce and improved seed germination and higher yield
(Qincheng et al. 2018). Besides, soil moisture is enhanced
by the EB derived from wood, switchgrass, and swine
manure (Brassard et al. 2018). It is claimed that nano-bio-
char contains larger pores and increases the number of
small pores. Thus, it could increase the soil moisture con-
tent more than pristine biochar (Yang et al. 2020). Nano-
biochar application enhanced soil water infiltration and
soil moisture content (Jinbang et al. 2016). Similarly,
nano-biochar was found to decrease soil water loss due
to high surface area (X. Chen et al. 2020a, b). Another,
AB from the microwave catalytic process also increases
water holding capacity by 98% more than ordinary bio-
char due to higher porosity, which shows a high correla-
tion between WHC and micropore area (Mohamed et al.
2016).

In another study on composite-MB, particle-sized bio-
char, and acidified biochar, it was found that all these
modifications enhanced the soil water-stable aggre-
gate contents. Specifically, acid-modified biochar at the
0-15 cm soil layer increased soil-water aggregate con-
tent by 1.45-1.80 times compared to pristine biochar,
while also enhancing soil moisture content and infiltra-
tion rate (Duan et al. 2021).

Similarly, An et al. studied biochar made from peach
shells and pig manure, modified with H;PO, and KOH,
and applied in four dosages (0%, 2%, 3%, and 8%). They
found that H;PO,-modified biochar had superior water
retention compared to KOH-modified and pristine bio-
char, while KOH modification reduced the hydraulic
functional groups on the biochar surface. Pig manure
biochar demonstrated higher crack suppression inten-
sity than that of other functionally activated biochars.
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However, the study generally recommended a 5-8% dos-
age for enhancing water retention and minimizing cracks
(An et al. 2021).

iii. Dosage of application

The majority of biochar studies focused on application
rates between 5 and 50 tons ha™!, resulting in increased
crop yield and soil properties and remediating pollutants
in soil (Das et al. 2020). However, this is not applicable in
some cropping systems due to the high cost of produc-
tion and transportation (Lehmann et al. 2021). However,
several studies reported that biochar modification and
application to the soil at certain rates effectively improve
soil characteristics (Figs. 4, 5). Magnesium-oxide-derived
biochar applied to saline rice paddy soils at 4.5 Mg ha™
increases rice yields and adsorbs more phosphates (L. Wu
et al. 2019a, b). Similarly, applying Mn-oxide-MB at an
increasing rate (0.5%, 1%, and 2% wt/wt) surged rice bio-
mass and decreased As concentration in the root and rice
grains compared to conventional biochar (Yu et al. 2017).
In a similar investigation, the application of 1% mag-
nesium-impregnated biochar to soil (wt/wt) increased
available P content in the surface soil by around 50%
(Chen et al. 2018). On the other hand, Fe-MB applied to
saline paddy soil at 4.5 Mg ha™! increased P adsorption
via co-precipitation of P to iron oxides, thus increasing
P availability by 79-90% over control (L. Wu et al. 20204,
b). The yield of Cd and As-contaminated rice enhanced
by Goethite-MB at the rate of (0.5%, 1.0%, and 1.5%
wt/wt), the shoot biomass and root biomass increased
around 56—88% and 55-98%, respectively. Also, goethite-
MB decreases Cd and As concentration in rice tissues,
improves photosynthesis capacity, and reduces oxida-
tive stress (Irshad et al. 2020). Likewise, acidified biochar
derived from various raw materials, including rice husk,
sugarcane-bagasse, and wheat straw, applied in the soil at
1.5% wt/wt, increased plant nutrient uptake and biomass
by around 40 and 30%, respectively (Qayyum et al. 2021).
Nano-biochar applied to salt-affected soils at different
rates (0, 0.10, 0.20, and 0.50% wt/wt) increased P adsorp-
tion capacity (Mahmoud et al. 2020). In another study,
it was observed that nano-Fe-MB applied to soil at 0%,
0.05%, 0.1%, 0.2%, 0.4%, 0.8%, and 1.6% wt/wt concentra-
tions reduced soil pH, Cd concentration and enhanced
soil CEC. The application of lower rates (0.2-0.4%) of
nano-Fe-MB effectively decreased Cd toxicity in the soil
and rice. However, high nano-iron-MB application rates
(0.8-1.6%) stimulated Cd toxicity in leaves. Thus, finding
the optimum application rates should be taken into con-
sideration to avoid risk and toxicity (Zhang et al. 2020).
Nano-hydroxyapatite applied at different levels (1%,
5%, 10%, and 20%) in Pb-contaminated soils effectively
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immobilized Pb by around 44-57% after 28 days of incu-
bation, effectively decreasing Pb toxicity in soils and
accumulation in plants (Yang et al. 2016).

iv.  The ratio of functional material saturation

The ratio of functional material to modify biochar was
one of the primary gauges for the adsorption of pollut-
ants (Wei et al. 2020). Biochar activation was done by
soaking raw biochar in solution (30% H,0,, 1 M HCI, and
1 M KOH) (1:100 ratio) for 24 h to effectively adsorb Cr
(VI). The ratio of Fe to nano-Fe-modified-biochar was
19.5%, effectively improving soil properties (CEC) and
reducing Cd toxicity (Zhang et al. 2020). Similarly, Fe and
Al-MB, at the ratio of 1 mol L™! in FeCl, and AICl,, effec-
tively increased soil pH from 6.93 to 7.30 and enhanced
P retention capacity (Peng et al. 2021). Furthermore,
magnetic biochar prepared by mixing biomass with a
solution containing (a 1:1 molar ratio of FeCl, and FeCl,)
effectively remediates soil and adsorbed heavy metals,
including As, Cd, and Pb (Wan et al. 2020). In a recent
study, Mg—Al impregnated biochar at 1:20 g ml™! (solid
to liquid ratio) was observed to be adequate in adsorbing
phosphate in the soil and contained a higher amount of
oxygen functional groups (MgO and AlO) as compared
to pristine biochar (Zheng et al. 2020). Similarly, MB
nanoparticles exhibited a maximum adsorption capacity
of 147 mg g~', significantly higher than the 67.8 mg g™
capacity of unmodified biochar (Wang & Wang 2018).
This enhancement is attributed to the nanoparticles
increasing the surface area and the number of functional
groups on the MB surface. Moreover, KOH modification
of biochar resulted in a substantial increase (approxi-
mately 2.4 times) in specific surface area and more than
a 50% improvement in the adsorption capacity for Cd**
and Cu®' ions. Specifically, pristine biochar had a spe-
cific surface area of 189 m?g~!, whereas KOH-MB had a
surface area of 455 m?g~". The Cd** adsorption capacity
of pristine biochar was recorded as 4.48 mg g~!, while
KOH-treated biochar achieved a capacity of 6.81 mg g7,
representing a 50.7% significant increase. However, the
Cu** adsorption capacity of unmodified biochar was
2.64 mg g™ !, whereas the KOH-modified biochar showed
a significantly enhanced capacity of 4.03 mg g~ (Regmi
et al. 2012).

v. Soil types

The physicochemical properties of soil, including tex-
ture, structure, pH, and organic matter content, can
influence the interactions between MB and soil, conse-
quently affecting the availability and mobility of nutri-
ents and contaminants. (Yuan et al. 2019). It is worth
noting that sandy soils with low CEC and organic matter
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content may have limited capacity for MB adsorption and
nutrient retention. This, in turn, leads to an increased
adsorption of MB and an improvement in nutrient reten-
tion (Liang et al. 2021). MB also increases the presence
of organic matter. For instance, Kun et al. (2020) found
a significant increase in soil C/N ratios and soil organic
carbon after the application of Cd-binding biochar. Fur-
thermore, (Yangyang et al. 2021) observed a higher
accumulation of soil organic matter (SOM) and organic
carbon with the application of rice husk biochar modi-
fied with NaOH, HNO;, and dimethyl dithiocarbamate
sodium (3% w/w).

Similarly, Moradi and Karimi (2021) noted increased
SOM and organic carbon with Fe-modified biochar (2%
w/w). Higher organic matter was also observed with
the application of 2% (w/w) Fe—Mn biochar (Wen et al.
2021), 1% (w/w) S-biochar (Y.-Y. Wang et al. 20194, b),
1% (w/w) S-Fe biochar, 3% (w/w) (C. Wu et al. 2019a, b),
iron-modified biochar, 8% (w/w) thiourea-modified bio-
char (Gholami & Rahimi 2021), 8% (w/w) carrot pulp
biochar, and 3% (w/w) iron-zinc oxide composite modi-
fied corn straw biochar, compared to pristine biochar (T.
Yang et al. 2021a, b). This variation can be attributed to
the slower decomposition of biochar depending on the
soil type. The formation of soil aggregates or organo-
mineral complexes provides substantial physical protec-
tion to SOM, potentially preventing its decomposition.
Additionally, the temperature sensitivity varying with soil
type limits short-term decomposer access to SOM, while
the majority of decomposition is carried out by slower
microbial metabolism (Rittl et al. 2020). For instance,
in a study by Feng (2010), it was observed that the tem-
perature sensitivities of biochar vary in soils with differ-
ent textures and mineralogy. The temperature coefficient
(Q10) values of biochars ranged from 1.93 to 2.20 in
Oxisols and from 2.74 to 2.77 in Vertisols, within a tem-
perature range of 20—40 °C. Additionally, the presence
of biochar was found to alter the Q10 values of native
SOM as well, depending on the soil type (Fang et al. 2017,
2014).

6 Future prospective

Following the advancements and findings outlined in
earlier sections, future research on MB should prioritize
several key areas to address existing gaps and enhance
our understanding. These research efforts can be catego-
rized into four main segments. However, to achieve opti-
mum results, collaborative efforts among experts from
different domains are strongly recommended.

i. Analytical advancement
a. Developing Advanced Techniques: Employ more
sophisticated techniques such as Pyrolysis Gas
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Chromatography-Mass Spectrometry (Py-GC-MS)
and Thermogravimetric-Fourier Transform Infrared
Spectroscopy-Mass Spectrometry (TG-FTIR-MS) to
elucidate biochar formation mechanisms more accu-
rately.

b. Advanced Spectroscopy: Apply advanced spectro-
scopic methods to gain deeper insights into the func-
tionalization of MB, allowing for better control over
functional groups and porosity.

c. Integrated Approaches: Use a combination of
unique spectroscopic investigations and theoretical
modeling to enhance the understanding of factors
impacting biochar efficiency after soil amendment.

ii. Future perspectives in fundamental and material
research

a. Mechanism Investigation: Explore the mechanisms
behind changes in biochar properties due to differ-
ent pyrolysis conditions or modification procedures.
Prioritize sustainable feedstock materials and their
functionalization for specific contaminants to pro-
mote a green and sustainable environment.

b. Synergistic Integration: Investigate the poten-
tial for synergistic integration with other treatment
modalities, such as combining MB with biofilters, to
enhance biochar’s adsorption capabilities and address
environmental challenges.

6.1 Emerging environmental research concerns

a. Regeneration Processes: As biochar research
advances, it brings forth new challenges and dilem-
mas. A primary concern revolves around regenera-
tion processes. Addressing how to efficiently des-
orb pollutants adsorbed on biochar for subsequent
safe treatment and optimizing the recycling of the
adsorbed biochar stands as paramount issues requir-
ing meticulous consideration.

b. Environmental Risks: A critical aspect under scru-
tiny is the risk of secondary pollution arising from
MB. For instance, there is a pertinent question
regarding the possible interaction of metal-MB with
other environmental compounds following its appli-
cation in soil and leaking into groundwater. Under-
standing the possibility of antagonistic effects with
different compounds and developing effective meth-
ods for separating treated biochar from soil and
groundwater are pressing issues that demand imme-
diate attention in future research endeavors.

i. Future research in aging and stability

a. Long-Term Effects: Investigating the long-term
effects of MB on soil functions and its behavior
across diverse soil types necessitates immediate
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attention. A recent study illustrated the direct influ-
ence of MB on soil biological communities” composi-
tion and abundance, as well as affects the retention of
applied pesticides (Wang et al. 2022). Consequently,
weed control in MB-amended soils may pose chal-
lenges, as the efficacy of preemergence herbicides
could diminish.

b. Environmental Behavior: MB proved to facilitate
the formation of soil aggregates, enhance the physical
protection of organic carbon, and increase yield pro-
duction, with other positive environmental impacts
such as the decrease in methane and gross green-
house gas emissions. However, these initial positive
effects might shift to negative over time, necessitat-
ing attention to the long-term environmental behav-
jor of MB. It is particularly crucial to investigate
how biochar interacts with minerals and how such
interactions affect the performance of soil and water
remediation over short-term and long-term aging.
Addressing these issues in future research is impera-
tive for a comprehensive understanding of MB'’s role
and impact on soil.

c. Simulated Aging Methods: There is a need to
develop simulated aging methods that integrate mul-
tiple artificial aging processes. Specifically, consider-
ing the aging time scale in natural environments, it is
crucial to quantitatively explore response models of
MB properties using various artificial aging methods.
This approach will enhance our understanding of
how biochar evolves over time under environmental
conditions and improve the accuracy of predictions
regarding its behavior and efficacy in practical soil
applications and its implications for different crop
systems.

d. Geochemical Behavior: In the context of pollutant
management by MB, there exists a pressing need for
further exploration into the geochemical behavior of
emerging contaminants under long-term application
MB. Understanding how MB aging interacts with
and influences the fate of emerging contaminants
across diverse environmental contexts is crucial for
devising effective pollutant remediation and manage-
ment strategies. For instance, investigating potential
scenarios such as the movement of MB to ground-
water and the release of metals in the case of metal
modification. However, the impacts of such interac-
tions are contingent upon soil types, with sandy soils
often exhibiting more significant benefits compared
to others (Kavitha et al. 2018). As a result, there is an
urgent need for extensive research on the long-term
effects of MB across various soil types.

Page 19 of 25

In summary, focusing on these future research areas
will advance our understanding of MB and its applica-
tions. An integrated and collaborative approach will be
essential for achieving comprehensive and impactful
results.

7 Conclusion

In conclusion, this article explores the physicochemical
characteristics of biochar altered through various tech-
niques, emphasizing the significance of comprehending
the impact of these alterations on biochar properties.
This insight will assist readers in discerning effective
methods to modify biochar for specific applications.
Our assessment suggests that MBs have significant
potential for improving soil quality and health, and miti-
gating greenhouse gases. Furthermore, environmentally-
friendly modifications can enhance energy and carbon
storage in soils. Additionally, this review will offer com-
prehensive insights into advanced analytical techniques
developed to analyze modifications necessary prior to
application, enabling precise targeting of specific objec-
tives. However, further investigation is required to ana-
lyze the relationships between material composition,
structure, and energy storage. Overall, this article con-
tributes to our understanding of the potential of MB as
a versatile and sustainable material with significant envi-
ronmental and economic benefits.

8 Outlook

This comprehensive review thoroughly explores the
recent advances in utilizing Modified biochar (MB), spe-
cifically in soils. Beyond mere synthesis, it delves into the
evolved physicochemical characteristics of MB, provid-
ing invaluable insights into its efficacy and limitations.
Indeed, comprehending the unique properties endowed
by each modifying agent is paramount, as they directly
shape the characteristics of the final product. Therefore,
it is imperative to fully grasp the attributes of both MB
and the modifying agent prior to production, enabling
targeted applications within soil environments.

However, in the rapidly advancing world, it is essential
to ascertain the exact nature and properties of processed
MB. Hence, our review underscores the significance of
embracing advanced analytical methodologies to char-
acterize modified biochar and gauge its effectiveness
precisely. By doing so, we aim to shed light on the cru-
cial role these techniques play in ensuring biochar quality
and performance in modern applications. Furthermore,
this paper contains a comprehensive discussion of the
mechanisms behind the factors influencing the efficiency
of MB post-soil application.

Additionally, we have highlighted the need for future
research to explore the mechanisms behind alterations
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in biochar properties due to different modifications. Our
future research perspective section is delineated into four
segments. Firstly, analytical advancement advocates for
leveraging sophisticated techniques, such as Pyrolysis
Gas Chromatography-Mass Spectrometry (Py-GC-MS)
and Thermogravimetric-Fourier Transform Infrared
Spectroscopy-Mass Spectrometry (TG-FTIR-MS) to
deepen our comprehension of biochar formation mech-
anisms. Additionally, it underscores the significance of
advanced spectroscopic methods in elucidating modi-
fied biochar functionalization for precise control over
functional groups and porosity. Secondly, future research
in fundamental and material research underscores the
importance of synergistically integrating MB with other
treatment modalities, and investigating the mechanisms
underlying changes in biochar properties resulting from
modification procedures.

Moreover, concerns regarding risks associated with MB
are pointed out in the environmental research section,
such as the risk of secondary pollution by potential leak-
age into groundwater after application, the possibility of
antagonistic effects, and the development of new regen-
eration processes to enhance pollutant absorption effi-
ciency. Lastly, the roadmap for aging and stability future
research delves into the necessity of focusing on the
long-term effects of MB on soil functions and its behav-
ior across diverse soil types. This entails comprehensively
understanding MB role and impact on soil by developing
simulated aging methods that integrate multiple artificial
aging processes. This will enhance the accuracy of pre-
dictions concerning MB’s behavior and efficacy in practi-
cal soil applications and its implications for different crop
systems.
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