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ABSTRACT
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Biochar has been known as an effective soil amendment with capabilities of boosting soil moisture
storage, increasing soil fertility, and enhancing crop productivity. Biochar also has the potential for
industrial use for wastewater treatment, water purification, steel making, building insulation, and air
pollution control. The current metadata analysis evaluated the importance of biochar for agricultural and
industrial uses and its relevance for use in Kenya. A total of 120 reference materials comprising journal
papers, conference proceedings, and book chapters were used. Numerous studies conducted across the
globe have documented the positive effects of biochar in increasing available soil nutrients (increased
by 28.6% and phosphorus by 2 folds), lowering bulk density by 3-31%, enhancing soil moisture storage
by 18-108%, and boosting microbial activities in the soil thus enhancing nutrient cycling. The metadata
analysis also showed that biochar can reduce CO, emissions by up to 33% thereby mitigating climate
change. Biochar equally increased maize yield by 32-135% and rice yield by 8.5-10.7%. The review also
showed that biochar can play a crucial role in different industrial uses such as wastewater treatment,
steel making, and water purification. Some of the main impediments to the adoption of biochar were;

the lack of a regulatory framework to govern the sector and the lack of a decision support
use by end users.

HIGHLIGHTS

system for

@ Biochar has the capacity to increase available soil nutrients, lower bulk density, enhance soil moisture

storage and boost microbial activities hence enhance nutrient cycling.
O It can reduce CO, emissions by up to 33% thus mitigating climate change.
@ Biochar is equally vital in wastewater treatment, steel making, and water purification.

® To boost the adoption of biochar, there is need to enact a regulatory framework to govern the sector.
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Agriculture plays a crucial role in Africa’s socio- 22% of GDP and a further 27% through linkages

economic development (Diao et al. 2010). It employs
about two-thirds of the continent’s working
population and for each country, it contributes
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with agro-based industries (CBK, 2022). However,

declining soil fertility coupled with frequent
droughts in Sub-Saharan Africa (SSA) leads to
perennial food shortages thereby increasing
the problem of food insecurity (Mwadalu et al.
2022; Ochieng’ et al. 2023; Nungula et al. 2023).
Frequent and prolonged dry spells have become
a characteristic of Arid and Semi-Arid Lands
(ASALs), which account for 80% of Kenya’s land
mass (Mwadalu and Mwangi, 2013; Alhammad
et al. 2023). As climate change unfolds, climate
predictability is expected to deteriorate (Ochieng
et al. 2016) thus leading to higher temperatures
and erratic rainfall. To address these challenges,
studies have been conducted to come up with
soil amendments that enhance soil fertility while
boosting soil moisture retention (Kisaka et al. 2022;
Shanthi Priya et al. 2023; Shao et al. 2024; Sahoo et al.
2024). Among many technologies, the use of biochar
has been reported to offer a cost-effective means of
improving soil fertility and water-holding capacity
(Imoro et al. 2012; Nair et al. 2017; Allohverdi ef al.
2021). Biochar has been proven to provide nutrients
for crop growth and development (Baidoo et al.
2016) while enhancing soil moisture retention (Al-
Wasfy and El-Khawanga, 2008; Piihringer, 2016;
Adeyemi and Idowu, 2017; Mwadalu et al. 2021).

Equally, studies have shown that biochar has the
potential for industrial use in housing insulation,
wastewater treatment, and removal of heavy metals
from water treatment plants (Schmidt, 2013; Garcia
et al. 2020). Studies have also shown that biochar has
the potential for climate change mitigation through
carbon storage in recalcitrant form and suppression
of nitrous oxide and methane emissions from
agricultural landscapes (Omulo, 2020; Kalu et al.
2022; Alkharabsheh et al. 2023). However, conclusive
results on the potential of biochar for agriculture
and industrial use are limited. Research undertaken
in different parts of the globe has yielded conflicting
results, especially about agricultural productivity.
While studies by Drabkin and Weinfurther (2014),
Imoro et al. (2012), and El-Dayem (2003) showed
improved plant growth with biochar application,
those of McElligoth (2011), and Velez (2012) noted
that biochar had no significant effect on plant growth
even with improved soil properties. The conflicting
results have been attributed to the use of different
feedstock, pyrolysis conditions, and varying soil
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types (Singh et al. 2014). Additionally, there is a lack
of standardization in the biochar industry due to the
inexistence of a proper regulatory framework for
the sector (Laer et al. 2013; Singh et al. 2014). This
metadata analysis reviews the potential of biochar
for agricultural and industrial use in Kenya.

MATERIALS AND METHODS

This literature review was undertaken through a
purposeful sampling of relevant journal papers,
book chapters, and conference proceedings through
different search engines such as Google Scholar,
Scopus, and Web of Science. The literature review
involved an in-depth analysis of 125 literature
materials all addressing issues of biochar’s potential
for use in agriculture and industries. The keywords
used for obtaining literature materials were biochar,
feedstock, pyrolysis, industrial use, and carbon
sequestration among others. The literature materials
comprised 57.5% of research conducted between
the years 2017 and 2024 and 42.5% of research
undertaken prior to the year 2017; this was to ensure
recent data is available for the metadata analysis.

RESULTS AND DISCUSSION

Definition of Biochar

Biochar is been defined as fine-grained biomass
residue with high carbon content which is produced
through pyrolysis processes (Kazmi et al. 2010;
Joseph et al. 2016; Oshunsanya & Aliku, 2016). On
the other hand, pyrolysis is defined as the direct
thermal decomposition of biomass in the absence of
oxygen to obtain a range of products namely; solid
(biochar), liquid (bio-oil), and gas (syngas) (Gwenzi
et al. 2021). The specific product from the pyrolysis
process is mainly dependent on the feedstock and
pyrolysis conditions, which can be optimized to
produce either energy or biochar (Kazmi et al. 2010).
Biomass for biochar production may include woody
materials, animal manure, and crop residues, among
other farm wastes (Omulo, 2020).

Properties of Biochar

Biochar’s efficiency in the agriculture and industrial
sector are dependent on biochar properties.
Table 1 gives a summary of biochar properties,
which determine its efficiency for agriculture and
industrial use. All studies concur that biochar’s large
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surface area and high adsorption capacities play
crucial roles in nutrient and water retention (Fayong
et al. 2019; Gwenzi et al. 2021). The main properties
of biochar are low bulk density, high surface area
and porosity (Figure 1), moderate to high nutrient
content, high stability, high cation exchange
capacity (CEC) (Mohan et al. 2018), neutral to high
pH and high carbon content (Berek, 2014). These
properties make biochar a suitable amendment for
tropical soils in sub-Saharan Africa (Gwenzi et al.
2015; Mensah & Frimpong, 2018).

Factors influencing biochar properties

The physico-chemical properties and quality of
biochar are highly dependent on the chemical
composition of the biomass used, the pyrolysis
system, and production conditions such as
temperature and residence time (Poitras & Straubing,
2009; Mekuria & Noble 2013; Piihringer, 2016).
Studies have also shown that biochar generated

Y
under different pyrolysis temperatures has varying

nutrient retention capacities. This can be attributed
to the alteration of biochar surface properties at
different pyrolysis temperatures (Adeyemi & Idowu,
2017). Previous studies have reported that heat
treatment of biomass used for biochar production
contributes to its large surface area and its aromatic
structure which resists decomposition (Poitras and
Straubing, 2009; Xie et al. 2015). Table 2 summarizes
the factors influencing biochar properties.

Biochar production technologies and potential
feedstock

The agriculture and forestry sectors produce
substantial amounts of waste such as crop residues,
forest residues (lumber, pulp, veneers), and animal
manure (Gwenzi ef al. 2015). These waste materials
can be used for the production of biochar that can
be used for both agriculture and industrial use.
The most suitable feedstock for biochar production

Table 1: Selected biochar properties

No. Biochar Property References

1 Large surface area Oshunsanya and Aliku (2010)

2 High water holding capacity Oshunsanya and Aliku (2010), Mwadalu et al. (2021)
3 High porosity resulting from biochar’s micropores Fayong et al. (2019)

4 Low bulk density Mekuria and Noble. (2013), Mwadalu et al. (2021)

5 High adoption capacity for nutrients Kelly et al. (2015)

6 Low susceptibility to microbial processes Brantley et al. (2015), Tel (2018)

7 Moderate nutrient concentrations such as N, P, K, Mg, Ca Poitras and Straubing (2009), Clough et al. (2013)

8 High carbon content and strong resilience to biochemical Weber and Quicker (2018), Fayong et al. (2019)

composition

10kV X600 20pm

Fig. 1: Biochar has a huge surface area and a highly porous structure

Image source: www.carbolea.ul.ie via Biochar Ireland
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Table 2: Production factors influencing biochar properties

Factor

Parameter influenced

References

Type of feedstock used for biochar

production N, Mg, Ca, K

Pyrolysis conditions such as
temperature and residence time

Chemical composition of biomass

Carbon content and nutrients such as

Adsorption capacity; nutrient content;
porosity; bulk density;

Chemical properties of biochar such

as nutrient composition

Adeyemi and Idowu (2017), Poitras and
Straubing (2009), Joseph and Tailor (2014)

Adeyemi and Idowu (2017), Fayong et al.
(2019), Joseph and Tailor (2014)

Fayong et al. (2019), Pithringer (2016)

should contain high lignin content which results in
high biochar yields (Lane, 2016; Adeyemi & Idowu,
2017). Potential feedstock for realizing higher
biochar yields includes wastes from sawmills, forest
residues, and nut shells. The suitability of particular
biomass as a potential feedstock for biochar
production depends on various characteristics such
as moisture content, calorific value, fixed carbon,
oxygen, hydrogen, nitrogen, volatiles, ash content,
and cellulose/lignin ratio (McHenry, 2009; Sanchez,
2009; Mohan and Steele 2006).

There are several thermochemical technologies used
for the production of biochar such as pyrolysis,
gasification, torrefaction, and hydrothermal
conversion (Garcia et al. 2020). However, pyrolysis
is the most common method used for biochar
production (Mekuria & Noble, 2013). Pyrolysis
is a process that involves the heating of biomass
in the absence of oxygen to yield a series of
bioproducts: biochar, bio-oil, and syngas (Adeyemi
& Idowu, 2017). Gasification on the other hand is
a thermochemical process where biomass is heated
with a small amount of air to produce syngas as
the main product and biochar as a by-product.
Gasification produces approximately 10% of biochar
(Adeyemi & Idowu, 2017). Another technique
used for biochar production is Hydro-thermal
carbonization (HTC); this process involves steaming
biomass together with different types of acid which
act as a catalyst. The main by-products of this
process are bio-oil and limited amounts of biochar
(Mekuria & Noble, 2013). Torrefaction on the other
hand is the slow heating of biomass in an inert or
oxygen-deficit environment in the temperature
range of 200-300°C. During torrefaction, moisture
and some volatile organic compounds volatilize
from the biomass (Tumurulu et al. 2021). Table 3
highlights the biochar production methods and
biochar yield resulting from each method. The
studies reviewed show that slow pyrolysis is the
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most efficient biochar production method (Mekuria
& Noble, 2013; Zhang et al. 2022).

Biochar’s effect on soil properties

Biochar’s properties such as large surface area, high
porosity, low bulk density, and high soil moisture
storage have the potential to improve soil physical
properties (Omondi et al. 2016). Soil physical
conditions have a direct effect on soil productivity
for crop production (Aslam et al. 2014). The effect
of biochar on soil fertility has been widely explored
by different researchers in the recent past since
the discovery of Terra Preta soils (Oshunsanya &
Aliku, 2016). Numerous studies have dealt with
the impact of biochar on different soil chemical
properties. Soil nutrient transformations are mainly
dependent on the type and quality of biochar
applied (Page-Dumroese, 2015). While some studies
have reported increased nutrient availability
with biochar application (Carvalho et al. 2013;
Abdullaeva, 2014; Mohan et al. 2018), other studies
have observed an insignificant effect of biochar
on soil properties (Bonanomi et al. 2017). In some
instances, studies have reported the negative impact
of biochar on soils. Velez (2012) reported that the
addition of biochar at 5% significantly reduced
available soil nutrients.

The capacity of biochar to enhance soil moisture
retention has been attributed to numerous factors.
According to Carvalho et al. (2013), biochar’s high
total porosity is an attribute that enables it to
retain water in small pores and thus increase water
holding capacity and assist water to rise from lower
soil horizons to the topsoil through capillary rise.
The influence of biochar on soil moisture content
has also been reported to be determined by the age
of biochar where the use of fresh biochar increased
soil moisture retention while aged biochar reduced
soil moisture retention (Aller, 2017). The mechanism
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Table 3: Biochar production methods
Production method (Tgeg;perature Production conditions ?,Z;Char yield References
Slow pyrolysis 300-800 Suitable for biomass with 30-55 Mekuria & Noble (2013), Garcia et al.
high lignin; absence of (2020), Zhang et al. (2022)
oxygen
Fast pyrolysis 450-600 Suitable for biomass with 10-25 Mekuria & Noble (2013), Garcia et al.
high lignin; absence of (2020)
oxygen
Gasification 750-1000 Presence of an oxidizing 14-25 Adeyemi and Idowu (2017), Garcia et
agent al. (2020), Zhang et al. (2022)
Torrefaction 200-300 Moisture, COZ, and O, 70-80 Mekuria and Noble, (2013), Garcia et
contained in biomass are al. (2020)
removed in inert conditions
Hydrothermal 180-300 Involves steaming biomass  50-80 Garcia et al. (2020), Zhang et al. (2022)
Carbonization (HTC) with different types of acids

which act as catalysts

under which biochar’s age influences soil moisture
retention is a subject requiring further studies.
Piihringer (2016) in a study undertaken in Siaya,
Kenya reported an increase in water retention
by 18% with biochar application. Mwadalu et al.
(2022) reported moisture enhancement with biochar
application of up to 108% in sandy soil. On the other
hand, some studies have reported no significant
changes in soil moisture as a result of biochar
application (Abdullaeva, 2014; Brantley et al. (2015).
Vitoka et al. (2017) contrary reported that plots
treated with biochar recorded lower soil moisture
content than the control across the growing season.

Most studies have reported a decrease in bulk
density following biochar application (Aslam et
al. 2014; Lane, 2016; Oshunsanya & Aliku, 2016;
Harder et al. 2017; Humberto, 2017). Humberto
(2017) reported a decrease of bulk density by 3 to
31% with biochar addition. Omondi et al. (2016)
also reported a decrease in bulk density by 7.6%
after biochar utilization. A study by Omondi et al.
(2016) revealed that biochar reduces bulk density in
coarse-textured soils more than fine-textured soils.
This is estimated at 14.2% in course-textured soils
and 9.2% in fine-textured soils (Omondi et al. 2016).
The decrease in bulk density following biochar
application may be a result of biochar’s lower bulk
density (0.63g cm?) than soil (1.25g cm?) through
mixing or dilution (Humberto, 2017). The reduction
in bulk density with biochar application could also
be a result of increased soil porosity thus enhancing
aeration and root development. Biochar has a
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porosity of 70 to 90% (Aslam et al. 2014; Are, 2020).
Higher bulk density restricts root development due
to soil compaction (Kormanek et al. 2015).

According to Xie et al. (2015), the use of biochar is
an appropriate strategy for carbon neutralization
resulting from carbon storage by itself and the
decrease of total greenhouse gas emissions. Gao et
al. (2017) and Truong & Marschner (2018) reported
an increase in Total Carbon following biochar
application of up to 38.19%. Mensah & Frimpong
(2018) equally reported enhanced Total C following
biochar application due to biochar’s recalcitrant
carbon.

Biochar application was reported to increase soil pH
(Mensah & Frimpong, 2018; Mohan et al. 2018 and
Mwadalu et al. 2020). Zang et al. (2019) reported a
significant increase in soil pH by 0.5 to 1 unit with
biochar application. Dai et al. (2014) also reported
an increase in soil pH with biochar application; at a
3% biochar application rate, pH increased by up to
2.52 units with application of swine manure biochar.
The increase in pH following biochar application
can be attributed to high cation exchange capacity
(CEC) due to the biochar’s large surface areas and
porosity (Mohan et al. 2018); carbonates and organic
anions (-O" and COO) (Dai et al. 2014; Trupiano et
al. 2017). Liming effect of biochar depends on the
feedstock used for its production (Leghari et al. 2016;
Yunilasari ef al. 2020).

Nitrogen is the most critical nutrient limiting plant
growth in most soils (Nyamangara et al. 2005).
Studies have shown that nitrogen availability
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resulting from biochar application is highly

dependent on the feedstock used. Truong &
Marschner (2018) observed enhanced nitrogen with
biochar application; this was attributed to the large
surface area of biochar which enhanced retention
of NH,* thus leading to improved N nutrition.
Contrary, Gao et al. (2017) recorded a decrease in
soil N with increased biochar rates applied.

Biochar has been reported to be a feasible short,
mid, and long-term phosphorus (P) fertilizer with
its effects depending on the feedstock, pyrolysis
temperature, and application amount (Trupiano et al.
2017; Truong and Marschner, 2018; Glasser & Lehr,
2019). Studies have shown that biochar application in
acid soils led to increased P availability than alkaline
soils (Shen et al. 2016; Fayong et al. 2019). Enhanced
P can also be attributed to reduced iron (Fe) and
Aluminium (Al) activity as a result of increased
pH; and biochar’s capacity to retain and exchange
phosphate ions due to its positively charged surface
(Mensah & Frimpong, 2018). Studies have shown
that biochar from woody sources has a higher P
content than biochar from manure. It has also been
noted that biochar produced from high-temperature
pyrolysis >550°C has a higher surface area and
P content (Fayong et al. 2019). Previous studies
observed a gradual increase in P concentration as
pyrolysis temperatures increased (Glasser & Lehr,
2019; Fayong et al. 2019). Phosphorus content in
biochar can increase by two to threefold during the
pyrolysis process (Mensah & Frimpong, 2018). The
P increase with biochar application contributes to
greater root growth thus enhancing nutrient and
water uptake by plants. Application of biochar
with liming properties on P-deficient soil increased
plant growth by 59% and P uptake by 73% (Shen
et al. 2016).

Studies have also reported enhanced soil CEC
following biochar application (Gao et al. 2017;
Mensah & Frimpong, 2018; Truong & Marschner,
2018; Tomczyk et al. 2020). Mohan et al. (2018)
reported that amending soil with biochar increases
Na*, K*, Ca* and Mg* availability. The study
further reported increased CEC of up to 362% with
increasing biochar application rates as compared to
the control. The increase in CEC can be attributed to
slow biochar oxidation in the soil which is reported
to increase the number of the char’s carboxyl
groups (Carvalho et al. 2013; Sahoo et al. 2024;
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Piihringer, 2016; Mohan et al. 2018). The relatively
high CEC values accrued to biochar application is
an indication of the ability of biochar to retain soil
nutrients (Mohan et al. 2018).

The porous and adsorption properties of biochar
provide a favorable environment for the growth
and reproduction of microorganisms (Gao et al.
2017). The increase in pH with biochar application
increases bacteria abundance in the soil (Truong &
Marschner, 2018). Bacteria and fungi populations
in the soil are influenced by various factors such
as organic matter, porosity, oxygen and carbon
dioxide concentration, and soil pH (Bhattarai ef al.
2015). Table 4 summarizes biochar’s effect on soil
properties.

Effect of Biochar on plant growth and crop
yield

The growth of crops as influenced by biochar
has received significant focus in the recent past
with studies being conducted to evaluate the
effect of biochar on yields (Poitras & Straubing,
2009, Piihringer, 2016; Harder et al. 2017). Biochar
has been tested on different crops to evaluate its
potential as a soil amendment. For instance, Mohan
et al. (2018) reported increased eggplant growth due
to biochar application as compared to the control.
The study further revealed that biochar-amended
soils (3%) had the highest increase in both plant
height and number of leaves. The average plant
height improved from 8.3 cm in the first week to
20 cm (7™ week) versus 6 cm (1%t week) to 9.5 cm
(7" week) in control. Similar results on the increase
of plant growth resulting from biochar application
were reported by Carter et al. (2013) and Mwadalu
et al. (2021). Biochar promotes plant productivity
through several mechanisms (Khaitov et al. 2019)
such as enhancement of physical conditions such
as water holding capacity thereby providing water
for plant growth.

According to Hafeez et al. (2017), there was a
significant increase in height of Glycine max (L.) with
biochar application. The study attributed this to
alleviating the physiochemical stresses particularly
water and nutrient scarcity as a result of biochar
application. These findings concur with those of
Berek (2014) that biochar application increased plant
biomass by 2 to 4 folds. Studies have also reported
increased yield of various crops such as maize,
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Table 4: Biochar's effect on soil properties

Biochar effect References

Enhanced soil moisture by 18-108% Wilson and Major (2010), Novak et al. (2012), Piihringer (2016), Glaser et al. (2002),
Piihringer (2016), Mwadalu et al. (2021)

Decreased soil bulk density by Omondi et al. (2016), Humberto (2017), Aslam ef al. (2014), Lane (2016), Oshunsanya and
3-31% Aliku (2016), Harder et al. (2017), Humberto (2017)

Increased soil porosity by 70-90%  Aslam et al. (2014), Are (2020), Hseu et al. (2014), Kormanek ef al. (2015), Humberto (2017)
Increased soil carbon by 38.19-328% Mohan ef al. (2018) Truong and Marschner (2018)

Increased soil pH by 2.52 units Dai et al. (2014)

Enhanced available soil P by 2-3 Fayong et al. (2019), Glasser and Lehr (2019)

folds
Enhanced soil CEC by 362% Mohan et al. (2018)
Total N increased by 28.6% Frimpong et al. (2021)
Table 5: Effect of biochar on crop yield
Effect on crop yield Biochar source& application rate References

Maize yield increased by 32-135.3% in 1 to 10 t ha™ of agricultural waste biochar Katterer et al. (2022)
Western Kenya and Embu respectively

Increased paddy rice yield by 8.5-10.7% in 20 t ha' of bamboo biochar Liu et al. (2021)
Zhejiang, China
Biochar had no significant effect on 10 t ha of biochar Deng et al. (2017)

sorghum yield in Sudan

Increased sorghum yield by 14.8-27% in 24 t ha' of maize straw biochar and woody Fouda and Al-Agazy (2020)
Sudan biochar

Increased wheat grain yield by 58.5% in 2% milk tea waste in a potting experiment  Sial et al. (2019)

China

Increased wheat grain yield by up to 16.5% 4 t ha™ of Prosopis juliflora biochar Gebremodhin et al. (2015)
in Tigray, Ethiopia

Increased bean yield by 4 folds 10% biochar from agricultural waste Silva et al. (2017)
rice, and sorghum following biochar application CO2eq in the soil (Lawewiec et al. 2019). During
(Liu et al. 2016; Fouda and Al-Agazy, 2020; Liu et pyrolysis, 0.04 tCO,eq is emitted to the atmosphere
al. 2022; Katterer et al. 2022). However, Blair (2014) for each ton of biomass pyrolyzed, however, 1.67
reported that biochar did not significantly influence t CO,eq per ton of feedstock is stored in the soil.
maize growth while Deng et al. (2017) reported an Biochar captures and stores atmospheric carbon in
insignificant effect of biochar on sorghum yields. recalcitrant form thereby reducing carbon emission
The contradicting results can be attributed to to the atmosphere (Tisserant and Cherubini, 2019).
feedstock and pyrolysis conditions used for biochar Biochar also reduces soil emissions of N,O by
production and differences in soil types (Mekuria 32-38% on average after biochar application to
and Noble, 2013). Table 5 summarizes the effect of soils. Hence, biochar use in agricultural systems
biochar on yield of selected crops. is a viable option for enhancing natural rates of
carbon sequestration in soil, reducing farm wastes,
Biochar for environmental sustainability and improving soil quality (Srinivasarao et al.

2013). Post-Kyoto agreements under the UNFCCC
unilaterally accepted biochar as a viable climate
change mitigation strategy (Omulo, 2020). Globally,
biochar technology can reduce greenhouse gas
emissions by 3.4-6.4 PgCO,-eq, of which 1.7-3.7
PgCO,-eq (49-59%) is attributed to CO, withdrawal
from the atmosphere (Zhang et al. 2022). Table 6

Biochar has the potential to enhance environmental
protection through the remediation of polluted
soils, climate change mitigation and adaptation, and
waste management. Studies have shown that biochar
enables long-term sequestration of carbon (Saletink
et al. 2019; Karan et al. 2023). Amending one hectare
with biochar sequesters approximately 13 tons of
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Table 6: Potential of biochar for climate change mitigation

Biochar effect on GHG emissions

Mechanisms for emission reduction References

Reduced N,O emission by up to 500%
compounds; promotion of
proliferation of nitrifiers

Suppressed CO, emissions by 33% Biochar adsorption

Suppressed CH, emissions by 37% Biochar adsorption

Carbon sequestration by storing 1.67tCO2eq

per ton of feedstock used

Adsorption of nitrifier-inhibitory

Gwenzi et al. (2015), Kalu et al. (2022)

Case et al. (2014), Kalu et al. (2022)

Case et al. (2014), Shakoor et al. (2021),
Kalu et al. (2022)

Store carbon in recalcitrant form with Gwenzi et al. (2015) Tisserant and

low susceptibility to decomposition  Cherubini, (2019), Shakoor et al.

(2021), Kalu et al. (2022)

Table 7: Industrial uses of biochar

Responsible biochar

Sector Industrial use Reference
property
Housing Building insulation; humidity control (maintains humidity a 45- Large surface area; low Schmidt (2013), Pandey
70% during winter and summer); production of building bricks thermal conductivity; high (2022)
with tensile strength of 20 N/mm? porosity
Wastewater Absorbent for removal of heavy metals, organic contaminants, Large surface area; Schmidt, (2013),
treatment nitrogen, and phosphorus; Biochar enhances flocculation, high porosity; stronger Duwiejuah et al. (2020),
dewatering, adsorption, and oxidation processes during municipal adsorption capacity; Pokharel et al. (2020),
wastewater treatment, which in turn aids sludge management, abundant surface Xiang et al. (2020), He
odor mitigation, and nutrient recovery functional groups; ion et al. (2022), Wang et al.
exchange capacity (2022)
Air Ozone, volatile organics, and odors; Biochar air filters can be used ~ Carbon content; high ion Gwenzi et al. (2021)
purification in incinerators, kilns, cremation, and smelters; removal of heavy exchange capacity
metals from industrial flue gas; reducing emissions of nitric oxide
from soil
Water Production of biochar water filters for removal of pesticides and High adsorption capacity =~ Gwenzi et al. (2015)
purification other agrochemicals from water; removal of contaminants such as ~ with many functional
Heavy metals and pathogens groups; large surface area;
high porosity;
Metalwork Reducing agent for blast furnace High porosity; lower Suopajarvi et al. (2013),
ash and sulfur contents; Schmidt, (2013),
large surface area; high Adrados et al. (2015)
porosity, higher reactivity.
Mining Rehabilitation of degraded soils in mining sites. Biochar enhances ~ High adsorption capacity, = Gwenzi et al. (2015)

plant growth in contaminated soils

soil moisture retention

summarizes the mechanisms under which biochar
contributes to climate change mitigation.

Industrial uses of biochar

Studies have shown that biochar harbors great
potential for industrial use in different sectors
(Schmidt, 2013). Biochar can be used for the
remediation of polluted soils through the binding
of heavy metals in soil, which helps to keep them
from reaching plants or entering water supplies
(He et al. 2021). Biochar is also showing potential
in cleaning up polluted water, as a much cheaper
replacement for activated charcoal, which is used in
the treatment of plants as well as in areas that are
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heavily contaminated with toxic chemicals (Hassan
et al. 2020; Wang et al. 2022). Biochar particles have
a relatively large surface area, which expands
even further in water, providing a vast number
of sites for contaminants to bind to (Cernansky,
2015). Biochar effectively removes metal vapors,
particularly elemental mercury (Hg’), acidic gases
(H,S, SO,, CO,), ozone, nitrogen oxides (NOx),
and organic contaminants including aromatic
compounds, volatile organic compounds, and
odorous substances (Gwenzi et al. 2021). Biochar
has also shown potential in the housing sector, air
pollution control, water purification, metal work,
and mining as summarized in Table 7.
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Table 8: Constraints to the use of biochar for agriculture and industrial use

Constraint

References

(a) Industrial use

Lack of policies and regulations to govern the sector
Feasibility for large-scale production not known
Competition from other industrial alternatives

Lack of prototypes

Lack of design data for reactors

(b) Agriculture

Lack of regulatory frameworks on biochar use for agriculture

Lack of standardized analytical procedures for biochar analysis

Inadequate long-term data for informed decision-making by research

organizations and governments

Lack of systems for classification and governance of biochar as a soil

conditioner

Lack of decision-support system to help end users with choosing appropriate

biochar type and application rate

Research outcomes are unavailable to the intended end users thus hindering

the adoption of the technology

Singh et al. (2014); Pokharel et al. (2020)
Pokharel et al. (2020)
Pokharel et al. (2020)
Pokharel et al. (2020)
Pokharel et al. (2020)

Laer et al. (2013; Singh et al. (2014)
Singh et al. (2014)
Singh et al. (2014)

Singh et al. (2014)
Singh et al. (2014)

Singh et al. (2014)

Table 9: Biochar projects/ studies undertaken in Kenya

Biochar study/ project Project location Study focus References
Persistence of biochar, its effects on carbon ~ Western Kenya, 2004 Climate change mitigation, food B4SS, 2022
dioxide, methane, and nitrous oxide production

emissions and soil fertility by ICRAF

Quantification of life-cycle GHG emissions =~ Western Kenya, 2007 Climate change mitigation, food B4SS, 2022

e.g., energy and mass balances of biochar production

production, biomass procurement, and

biochar use by ICRAF and UoN

Production of biochar seed balls for Countrywide, 2022 Climate change mitigation through Glaser and Lehr
restoration activities restoration initiatives (2019)

Biochar in Kenya — quality, soil fertility, and
crop production Kenya, Coast
Soils, sinks, and smallholder farmers:

Examining the benefits of biochar energy

transitions in Kenya

2018

Maize grain yield responses to realistic

biochar application rates on smallholder 2015
farms in Kenya
Effects of applying biochar to soils from Embu, 2012

Embu, Kenya

Western Kenya, Central

Embu, Siaya and Kwale,

Kwale, Siaya and Embu,

Food production Mahmoud et al. 2021

Clean energy, soil fertility Mahmoud et al. 2021

enhancement, carbon sequestration

Food production; soil fertility Katterer et al. 2022

improvement

Soil fertility improvement Aslund, 2012

Constraints to the utilization of biochar for
industrial and agricultural use

The biochar sector is relatively new and
uncoordinated in most countries despite its great
potential in agriculture and industrial use (Singh et
al. 2014; Jatav et al. 2020; Pokharel et al. 2020). There
are also several constraints, which could hinder the
adoption of biochar as a soil conditioner and for
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use in industries as summarized in Table 8. Most of
these constraints can however be addressed through
proper regulation, more research, and dissemination
of relevant research findings.

Potential of biochar for agriculture and
industrial use in Kenya

The potential of biochar for industrial and
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Table 10: Emerging opportunities for biochar use

Opportunity

References

Growth media for the horticultural industry; biochar can replace peat as a growth media

Waste management; industrial and municipal waste can be pyrolyzed into biochar for

brick-making and other industrial uses

Mine site rehabilitation, biochar enhances the growth of trees in disturbed sites through
nutrient provision, soil moisture retention, and adsorption of contaminants such as heavy

metals

Construction industry; biochar is being explored for brick-making and insulation of

buildings due to its low thermal conductivity

Singh et al. (2014)
Singh et al. (2014)

Singh et al. (2014); Puhringer
(2016); Mwadalu et al. (2021)

Schmidt (2013)

agricultural use has been explored in the current
metadata analysis. Many studies have reported
positive effects of biochar on plant growth, crop
yield, and soil properties (Gwenzi et al. 2015;
Mwadalu et al. 2025; Katterer et al. 2022). Studies
have also shown the potential of biochar for
industrial use (Schmidt, 2013; Duwiejuah et al. 2020;
Suopajarvi et al. 2013; Schmidt, 2013; Adrados et al.
2015). From the metadata analysis, biochar could
immensely contribute to the growth of the Kenyan
agricultural sector and industrial development. For
wastewater treatment, the most common method
used in Kenya is the Membrane Bioreactor (MBR)
which integrates biological units and membrane
separation units. The technology utilizes high-
efficiency fluidized media that has a large surface
area to provide optimal environmental contact for
bacteria, air, waste, and water. Bacteria grow and
thrive in open pores (Wainoga, 2020); biochar could
act as a substitute for the fluidized media due to
its large surface area and high adsorption capacity
(Gwenzi et al. 2021). Table 9 gives a summary of
selected past and present biochar projects and
studies conducted in Kenya.

Emerging opportunities for biochar use in
agriculture and industrial use

The current metadata analysis shows that biochar
could be used in a myriad of ways, which could
contribute to the growth of the agriculture and
industrial sectors. Emerging opportunities show
potential in the horticulture industry; waste
management and mines rehabilitation (Singh et al.
2014) as shown in Table 10.

CONCLUSION

The metadata analysis shows that biochar harbors
great potential for use in agriculture and industrial
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development. The study shows that biochar can
significantly increase crop yield and act as a
reducing agent in blast furnace technology for steel
making. It can also be used in wastewater treatment
and water purification due to its large surface area
and high adsorption capacity. The key impediment
to the adoption of biochar for agriculture and
industry is the lack of proper regulation to govern
the biochar industry thus leading to the production
of biochar of different qualities, which in turn
influences crop production differently. The lack of
a decision support system to help end users select
appropriate biochar types and application rates has
also hindered the adoption of biochar technology.
Hence, more studies are needed to pilot the use of
biochar for industrial use.

REFERENCES

Abdullaeva, Y. (2014). Biochar effect on fertility of saline
and alkaline soils (Noivoy region Uzbekistan). Land
restoration training programme, Keldnaholt, 112
Reykjavik, Iceland.

Adeyemi, T.O.A., Idowu, O.0O. (2017). Biochar. Promoting
crop yield, improving soil fertility, mitigating climate
change, and restoring polluted soils. World news of
natural sciences, 8: 27-36.

Adrados, A., De Marco, 1., Lépez-Urionabarrenechea, A.,
Solar, J., Caballero, B.M., Gastelu, N. (2015). Biomass
pyrolysis solids as reducing agents: comparison with
commercial reducing agents. Materials (Basel). 9(1): 3.
https://doi.org/10.3390/ma9010003.

Agengnehu, G., Bass, A.M., Nelson, P.N., Muirhead, B,
Wright, G., Bird, M.I. (2015). Biochar and biochar
compost as soil amendment: Effects on peanut yield,
soil properties and greenhouse gas emissions in tropical
North Queensland, Australia. Agriculture Ecosystems and
Environment, 213: 72-85.

Alhammad, B.A., Mohamed, A., Raza, M.A., Ngie, M., Maitra,
S., Seleiman, ML.F., Wasonga, D.O. (2023). Optimizing
productivity of Buffel and Sudan grasses using optimal
nitrogen fertilizer application under arid conditions.
Agronomy 13(8): 2146.

Online ISSN : 2454-9541



Review of Scientific Advances and Importance of Biochar for Agricultural and Industrial Uses k¢

Alkharabsheh, H.M., Mwadalu, R., Mochoge, B., Danga, B.,
Raza, M.A,, Seleiman, M.F., Khan N. (2023). Revitalizing
the biochemical soil properties of degraded Coastal soil
using Prosopis juliflora biochar. Life, 13: 2098. https://doi.
org/10.3390/1ife13102098.

Aller, D.M. (2017). Scaling understanding of biochar aging
impacts on soil water and crop yields. Graduate Theses and
Dissertations. 16066. https://lib.dr.iastate.edu/etd/16066.

Allohverdi, T., Mohanty, A.K., Roy, P., Misra, M. (2021). A
review on the current status of biochar uses in agriculture.
Molecules. 26(18): 5584. https://doi.org/10.3390/
molecules26185584.

Al-Wasfy, M.M. and El-Khawaga, A.S. (2008). Effect of organic
fertilizer on growth yield and fruit quality of Zaghloul
date palm growing in sandy soil. Assiut Journal of
Agricultural Sciences. 39 (1): 121-133.

Are, K.S. (2020). Biochar and soil physical health (Retrieved
on May 12, 2022 from https://www.intechopen.com/
books/biochar-an-imperative-amendment-for-soil-and-
the-environment/biochar-and-soil-physical-health.

Aslam, Z., Khalid, M., Am, M. (2014). Impact of biochar on
soil physical properties. Scholarly Journal of Agricultural
Science 4(5): 280-284.

Aslund, I. (2012). Effects of applying biochar to soils
from Embu - Effects on crop residue decomposition
and soil fertility under varying soil moisture levels.
Swedish University of Agricultural Science. Agricultural
Programme — Soil and Plant Science. (Degree project in
Biology 2012:05).

Baidoo, L, Sarpong, D.B., Bolwig, S. (2016). Biochar amended
soils and crop productivity: A critical and meta-analysis
of literature. International Journal of Development and
Sustainability, 5(9): 414-432.

Berek, A K. (2014). Exploring the potential roles of biochars
on land degradation mitigation. Journal of Degraded and
Mining Lands Management, 1(3):149-158.

Bhattarai, A., Bhattarai, B., Pandey, S. (2015). Variation of soil
microbial population in different soil horizons. Journal of
Microbiology and Experimentation, 2(2): 75-78.

Blair, R.H., Tyler, D.D., Amonette, T. (2014). Biochar effect
on soil chemical properties and corn yield. University of
Tennessee-Knoxville.

Bonanomi, G., Ippolito, F., Cesarano, G., Nanni, B., Lombardi,
N., Rita, A., Saracino, A., Scala, F. (2017). Biochar as
Plant Growth Promoter: Better Off Alone or Mixed with
Organic Amendments? Front. Plant Sci. 8: 1570. https://
doi.org/10.3389/fpls.2017.01570

Brantley, K.E., Brye, K.R., Savin, M.C., Longer, D.E. (2015)
Biochar Source and Application Rate Effects on Soil
Water Retention Determined Using Wetting Curves. Open
Journal of Soil Science, 5: 1-10. http://dx.doi.org/10.4236/
0jss.2015.51001.

Carter, S., Shackley, S., Sohi, S., Suy, T.B., Haefele, S. (2013).
The impact of biochar application on soil properties and
plant growth of pot-grown lettuce (Lactusa sativa) and
Cabbage (Brassica chenensis). Agronomy, 3: 404—418.

Print ISSN : 2347-9655

269

1

Carvalho, M.T.M., Madari, B.E., Bastiaans, L., Oort, P.A.J,,
Heinemann, A.B., Meinke, H. (2013). Biochar improves
the fertility of clay soil in Brazilian Savannah: short term
effects and impacts on rice yield. Journal of agriculture
and rural development in the tropics and subtropics, 114(2):
101-107.

Case, S.D.C., Mcmanara, N.P., Reay, D., Whitaker, J. (2014).
Can biochar reduce soil greenhouse gas emissions from
Mascanthus bioenergy crop? GCB Bioenergy, 6(1): 76-89.
https://doi.org/10.1111/gcbb.2052.

Cernansky, R. (2015). Agriculture: State-of-the-art soil. Nature
517: 258-260 https://doi.org/10.1038/517258a.

Chintala, R., Mollinedo, J., Schumacher, T.E., Malo, D.D.,
Julson, J.L. (2013). Effect of biochar on chemical properties
of acidic soil, Archives of Agronomy and Soil Science. 60(3):
393-404. https://doi.org/10.1080/03650340.2013.789870.

Clough, T.J., Condron, L.L., Kammann, C., Miller, C. (2013). A
review of biochar and soil nitrogen dynamics. Agronomy,
3: 275-293. https://doi.org/10.3390/agronomy3020275.

Dai, Z., Muhammad, N., Xiongsheng, Y. and Xiao, K. (2014).
The effects and mechanisms of soil acidity changes,
following the incorporation of biochars in three different
soils differing in initial soil pH. Soil Science Society of
America Journal, 78(5): 1606-1614. https://doi.org/10.213/
s55aj2013.08.0340.

Das, S.K., Ghosh, G.K. Avasthe, R. Application of biochar in
agriculture and environment, and its safety issues. Biomass
Conv. Bioref., 13: 1359-1369 (2023). https://doi.org/10.1007/
$13399-020-01013-4.

Deng, B., Tammeorg, P., Luukkanen, O., Helenius, J., Starr,
M. (2017). Effects of Acacia seyal and biochar on soil
properties and sorghum yield in agroforestry systems in
South Sudan. Agroforestry Systems. 91: 137-148. https://
doi.org/10.1007/s10457-016-9914-2.

Diao, X. et al. The Role of Agriculture in African Development,
World Development (2010), https://doi.org/10.1016/j.
worlddev.2009.06.011.

Ding, Y., Liu, Y., Liu, S,, Li, Z,, Tan, X., Huang, X., Zheng, G.,
Zhou, L., Zheng, B. (2016). Biochar to improve soil fertility,
a review. Agronomy for Sustainable Development. 36: 36.

Drabkin, D., Weinfuether, K. (2014). Effects of biochar
substrates on tree growth and soil on wind throw areas
and Christmas tree cultures. The Earth Living Skin: soil,
life and climate change, ECTU-SSS Conference, Bari, Italy,
and 22-25 September 2014.

El-Dayem, A. (2003). Effect of fertilizer treatment on Tuxodium
dictichum seedlings growth in alkali soil. XII World
Forestry Congress, 2003. Quebec City, Canada.

Fayong, L., Liang, X., Niyungeko, C., Sun, T., Liu, F., Arai, Y.
(2019). Effects of biochar amendments on soil phosphorus
transformations in agricultural soils, Advances in
Agronomy. 158: 131-178.

Frimpong, K.A., Phares CA, Boateng I, Abban-Baidoo E, Apuri
L. (2021). A one-time application of biochar influenced
crop yield across three cropping cycles on tropical sandy
loam soil in Ghana. Heliyon. 7(2): e06267.

Online ISSN : 2454-9541



B¢ Mwadalu et al.

1
Gao, L., Shen, G., Zhang, Y., Menga Z.]J. (2017). Effects of
biochar on nutrients and microbial community structure
of tobacco-planting soils. Journal of Soil Science and Plant
Nutrition, 17(4): 884-896.

Garcia, B., Alves, O., Rijo, B., Lourinho, G., Nobre, C. (2022).
Biochar: Production, applications, and market prospects
in Portugal. Environments 9: 95. https://doi.org/10.3390/
environments9080095.

Gebremedhin, G.H., Haileselassie, B., Berhe, D., Belay, T.
(2015) Effect of biochar on yield and yield components of
wheat and post-harvest soil properties in Tigray, Ethiopia.
J Fertil Pestic 6: 158. https://doi.org/10.4172/jbfbp.1000158.

Glaser, B., Lehmann, J., Zech, W. (2002) Ameliorating physical
and chemical properties of highly weathered soils in the
tropics with charcoal — a review. Biology and Fertility of
Soils 35: 219-230.

Glaser. B., Lehr, V. (2019). Biochar effects on phosphorus
availability in agricultural soils: A meta-analysis. Scientific
Reports 9: 9338.

Gwenzi, W., Chaukura, N. Wenga, T., Mtisi M. (2021). Biochars
as media for air pollution control systems: Contaminant
removal, applications, and future research directions,
Science of The Total Environment, 753: 142249. https://
doi.org/10.1016/j.scitotenv.2020.142249.

Gwenzi, W., Chaukura, N., Mukome, F. N. D., Machado, S.,
Nyamasoka, B. (2015). Biochar production and applications
in sub-Saharan Africa: Opportunities, constraints,
risks and uncertainties. Journal of Environmental
Management, 150: 250-261. https://doi.org/10.1016/j.
jenvman.2014.11.027.

Hafeez, Y., Igbal, S., Jabee, K., Shahza, S., Jahan, S., Rasul, F.
(2017). Effect of biochar application on seed germination
and seedling growth of glycine max (L) MERR. Under
drought stress. Pakistan Journal of Botany, 49(51), 7-13.

Harder, G. (2017). Biochars as a beneficial soil amendment
in sandy soils, Ph.D. thesis, Justus- Liebig- University,
Giessen, Germany.

Hassan, M.]., Raza, M.A., Rehman, S.U., Ansar, M., Khan, I.,
Wajid, M., Ahmed, M., Shah, G.A., Peng, Y., Li, Z. (2020).
Effect of cadmium toxicity on growth, oxidative damage,
antioxidant defense system, and cadmium accumulation
in two sorghum cultivars. Plants. 9(11): 1575.

He, M., Xu, Z., Hou, D. (2022). Waste-derived biochar for
water pollution control and sustainable development.
Nat Rev Earth Environ 3: 444-460 https://doi.org/10.1038/
s43017-022-00306-8.

Helliwell, R. (2015). Effects of biochar on plant growth. The
International Journal of Urban Forestry, 37(4): 238-242.

Herrero, M., Ringler, C., van de Steeg, J., Thornton, P., Zhu,
T., Bryan, E., Omolo, A., Koo, ]J., Notenbaert, A. (2010).
Climate variability and climate change and their impacts
on Kenya’'s agricultural sector. Nairobi, Kenya. ILRI.

Hseu, Z. M., Jieni, S., Chien, W., Liou, R. (2014). Impacts of
biochar on physical properties and erosion potential of

muclstone slope land soil. The Scientific World Journal.
6, 602197 https://doi.org/10.155/2014/602197.

Print ISSN : 2347-9655

270

Humberto, B.C. (2017). Biochar and soil physical properties.
Soil Science Society of America Journal, 81, 687-711.

Imoro, A. W., Sackey, M., Abubakari, A. H. (2012). Preliminary
study on the effects on the effects of two different sources
of organic manure on the growth performance on Moringa
oleifera. Journal of Biology, Agriculture and Healthcare,
2 (10): 147-158.

Jatav, H.S,, Singh, S.K,, Jatav, S.S., Rajput, V.D., Parihar, M.,
Mahawer, S.K,, Singhal, R K. (2020). Importance of biochar
in Agriculture and its consequence. IntechOpen. https://
doi.org/10.5772/intechopen.93049.

Joseph, S., Tailor, P. (2014). Production and application of
biochar in soils. Advances in Biorefineries, pp 525-555.

Joseph, S.D., Camps-Arbestain, M., Lin, Y.., Monroe, P.,
Amonette, J. (2016). An investigation into the reactions
of biochar in soil. Australian Journal of Soil Research,
48: 501-515.

Kaluy, S., Kulmala, L., Zrim, J., Peltokangas, K., Tammeorg,
P., Rasa, K., Kitzler, B., Pihlatie, M., Karhu, K. (2022).
Potential of biochar to reduce GHG emissions and
increase nitrogen use efficiency in Boreal arable soils in the
long-term. Frontiers in Environmental Sciences. https://
doi.org.10.3389fenvs.2022.914766.

Karan, S.K., Woolf, D., Azzi, E.S., Sundberg, C., Wood, S.A.
(2023). Potential for biochar carbon sequestration from
crop residues: A global spatially explicit assessment.
15(12): 1424-1436. https://doi.org/10.1111/gcbb.13102.

Katterer, T., Roobroeck, D., Kimutai, G. (2022). Maize grain
yield responses to realistic biochar application rates on
smallholder farms in Kenya. Agron. Sustain. Dev. 42: 63
(2022). https://doi.org/10.1007/s13593-022-00793-5.

Kazmi, S.J.H., Shaikh, S., Zamir, U., Zafar, H., Rasool, A.,
Tariq, F., Afzal, A., Arif, T. (2010). Ecological and socio-
economic evaluation of use of Prosopis juliflora biochar
production in Pakistan. University of Karachi, Karachi,
Pakistan.

Kelly, C.N., Calderon, F.C., Acosta-Mart'inez, V., Mikha,
M. M., Benjamin, J., Rutherford, D.W., Rostad, C.E.
(2015). Switch grass biochar effects on plant biomass and
microbial dynamics in two soils from different regions.
Pedosphere. 25(3): 329-342.

Khaitov, B., Yun, H.J., Lee, Y., Ruziev, F., Le, T.H., Umurzokov,
M., Bo, A.B., Cho, KM, Park, KW. (2019). Impact of
organic manure on growth, nutrient content and yield
of chilli pepper under various temperate environments.
Journal of Environmental Research and Public Health
16: 3031.

Kisaka, M.O., Shisanya, C., Cournac, L., Manlay, J.R.,
Gitari, H., Muriuki, J. (2023). Integrating no-tillage with
agroforestry augments soil quality indicators in Kenya’s
dry-land agroecosystems. Soil & Tillage Research. 227:
105586. https://doi.org/10.1016/j.still.2022.105586.

Kormanek, D.J., Banach, J. Sowa, P. (2015). Effect of soil
bulk density on forest tree seedlings. International
Agrophysics, 2015(29): 67-74.

Online ISSN : 2454-9541



Review of Scientific Advances and Importance of Biochar for Agricultural and Industrial Uses k¢

Laer, T., Smedt P, Ronsse F, Ruysschaert G, Boeckx P,
Verstraete W, Bysse J, Lavrysen L] (2013). Legal
constraints and opportunities for biochar: a case analysis
of EC laws. GCB Bioenergy, 7 (1): 14-24. https://doi.
org/10.1111/gcbb.12114.

Lane, J. (2016). An overview of current biochar and activated
carbon markets, McLaughlin H Lee Enterprise Consulting
Inc.

Lawewiec, A., Strassburg, B.B.N., Juqueira, A.B (2019).
Biochar amendment improves degraded pasturelands in
Brazil: Environmental and cost-benefit analysis, Scientific
reports, 9: 11993. https://doi.org/10.1038/s41598-079-
47647-x

Leghari, S.J.,, Wahocho, N.A., Laghari, G.M., Leghari, A.H.,
Bhabhan, G.M.,, Talpur, K.H., Bhutto, T.A., Wahocho, B.S,,
Lashari, A.A. (2016). Role of nitrogen for plant growth
and development: A review. Advances in Environmental
Biology 10(9): 209-218.

Liu, J., Shu, A., Song, W., Shi, W., Li, M., Zhang, W., Li,
Z., Liu, G, Yuan, F.,, Zhang, S., Liu, Z., Gao, Z. (2021).
Long-term organic fertilizer substitution increases rice
yield by improving soil properties and regulating soil
bacteria. Geoderma, 404: 115287. https://doi.org/10.1016/;.
geoderma.2021.115287.

Mahmoud, Y., Njenga, M., Sundberg, C., Roing de Nowina, K.
(2021). Soils, sinks, and smallholder farmers: Examining
the benefits of biochar energy transitions in Kenya. Energy
Research & amp; Social Science, 75: 102033. https://doi.
org/10.1016/j.erss.2021.102033

McElligott, K. (2011). Biochar Amendments to Forest Soils:
Effects on Soil Properties and Tree Growth. Moscow, ID:
Master of Science Thesis, University of Idaho.

McHenry, M.P. (2009). Agriculture biochar production,
renewable energy generation and farm sequestration
in Western Australia: certainty, uncertainty and risk.
Agriculture, Ecosystems and Environment, 129: 1-7.

Mekuria, W., Noble, A. (2013). The role of biochar in
ameliorating disturbed soils and sequestering soil
carbon in tropical production systems. Applied and
Environmental Soil Science. 2013, 354965. http://dx.doi.
org/10.1155/2013/354965

Melo, L.C.A., Lehmann, J., Carneiro, ].S. (2022). Biochar-based
fertilizer effects on crop productivity: a meta-analysis.
Plant Soil. 472: 45-58. https://doi.org/10.1007/s11104-
021-05276-2.

Mensah, A K., Frimpong, K.A. (2018). Biochar and/or compost
applications improve soil properties, growth and yield of
maize grown in acidic Rainforest and Coastal Savannah
soils in Ghana. International Journal of Agronomy. 2018:
6837404. https://doi.org/10.1155/2018/6837404.

Mohamed, G.O., Saleh, M.E., Shalaby E.A., Elsafty A.S. (2022).
Using biochar to control nitric oxide air pollution. Journal
of Physics: Conference Series. 2305: 012029. https://doi.
org/10.1088/1742-6596/2305/1/012029.

Mohan, D., Abhishek, K., Sarswat, A., Patel, M., Singh, P.
Pittman, C.U. (2018). Biochar production and application

Print ISSN : 2347-9655

Y
in soil fertility and carbon sequestration- a sustainable
solution to crop residue burning in India. Royal Society
of Chemistry, 8: 508-520.

Mohan. P.C.U. Steele P.H. (2006). Pyrolysis of wood/biomass
for bio-oil: a critical review. Energy and Fuels, 20:848-9.

Mwadalu, R., Mochoge, B., Danga, B. (2021). Assessing the
Potential of Biochar for Improving Soil Physical Properties
and Tree Growth, International Journal of Agronomy,
2021, 6000184. https://doi.org/10.1155/2021/6000184.

Mwadalu, R., Mochoge, B., Mwangi, M., Maitra, S. (2022).
Response of Gadam Sorghum (Sorghum bicolor) to
Farmyard Manure and Inorganic Fertilizer Application.
Int. J. Ag. Env. Biotech., 15(01): 51-60. http://doi.
org/10.30954/0974-1712.01.2022.6.

Mwadalu, R., Rutto, M., Abdi, A.M., Chappa, L.R., Nungula,
E.Z., Ngaiza, V.V, Raj, A., Dlamini, J.C., Raza, M.A,,
Soratto, R.P., Nasar, J., Gitari, H.I. (2025). Potential of
biochar for defluoridation of drinking water: A review.
In: Sharma, K. (Ed) Fluorides in Drinking water - Source,
Issue, and Mitigation Strategies. Springer, Singapore.

Mwadalu, R.U., Mochoge, B., Danga, B. (2020). Effects of
biochar and manure on soil properties and growth of
Casuarina equisetifolia seedlings at the coastal region of
Kenya. Scientific Research and Essays, 15(3): 52-63.

Nair V.D., Nair, P.K.R,, Dari, B., Freitas A.M., Chatterjee N.,
Pinheiro, F.M. (2017). Biochar in the Agroecosystem-—
Climate-Change-Sustainability Nexus. Frontiers in Plant
Science, 8: 2051. https://www.frontiersin.org/articles
/10.3389/fpls.2017.02051.

Novak, J.M., Busscher, W.]., Watts, D.W., Amonette, J.E.,
Ippolito, J.A., Lima, .M., Rah-rah, D. (2012). Biochars
impact on soil-moisture storage in an ultimo and two arid
soils. Soil Science, 177(5): 310-320.

Nungula, E.Z., Mugwe, ]., Nasar, ., Massawe, H.]., Karuma,
A.N., Maitra, S., Seleiman, M.F., Dindaroglu, T., Khan,
N., Gitari, H.I. (2023). Land degradation unmasked as the
key constraint in sunflower (Helianthus annus) production:
Role of GIS in Revitalizing this vital sector. Cogent Food
& Agriculture. 9(2): 2267863. https://doi.org/10.1080/2331
1932.2023.2267863.

Nyamangara, J., Mudhara, M., Giller, K.E. (2005). Effectiveness
of cattle manure and nitrogen fertilizer application on the
agronomic and economic performance of maize. South
African Journal of Plant and Soil, 22(1): 59-63, https://doi.
org/10.1080/02571862.2005.10634682.

Ochieng, J., Kirimi, L., Mathenge, M. (2016). Effect of climate
variability and change on agricultural production: The
case of smallholder farmers in Kenya. NJAS-Wageningen
Journal of Life Sciences, 77: 71-78.

Ochieng’.1.0., Ranjani, S., Seleiman, M.F., Padhan. S.R., Psiwa.
R, Sow, S., Wasonga, D.O., Gitari. H.I. (2023). Increasing
rainwater use efficiency, gross return, and grain protein
of rain-fed maize under nitrate and urea nitrogen forms.
Notulae Botanicae Horti Agrobotanici Cluj-Napoca. 51(3):
13293. https://doi.org/10.15835/nbha51313293.

Online ISSN : 2454-9541



B¢ Mwadalu et al.

1
Omulo, G. (2020). Biochar Potential in Improving Agricultural
Production in East Africa. In A.A., Abdelhafez, Abbas
M.H.H. (Eds.), Applications of Biochar for Environmental
Safety. IntechOpen. https://doi.org/10.5772/
intechopen.92195.

Oshunsanya, S.0., Aliku, O.O. (2016). Biochar Technology
for Sustainable Organic Farming. http//dx.doi.
org/10.5772/61440.

Page-Dumroese, D.S., Coleman, M.D., Thomas, S.C. 2015.
Opportunities and uses of biochar on forest soils of North
America, 315-335.

Poitras, R., Straubing, S. (2009). The effect of biochar
applications on soil fertility and crop production for small
farms in Northeast US. Northeast Biochar Symposium,
November 13, 2009.

Pokharel, A., Acharya, B., Farooque, A. (2020). Biochar-
assisted wastewater treatment and waste valorization.
In Abdelhafez, A.A., Abbas, M.H.H. (Eds.), Applications
of biochar for environmental safety. IntechOpen. https://
doi.org/10.5772/intechopen.92288.

Piihringer, H. (2016). Effects of different biochar application
rates on soil fertility and retention in on-farm experiments
on smallholder farms in Kenya. Master’s thesis, Swedish
University of Agricultural Sciences.

Rice University. (2017). Biochar could clear the air in more
ways than one: Health, economic benefits of capturing
agricultural nitric oxide outlined in study. ScienceDaily.
Retrieved November 14, 2022 from www.sciencedaily.
com.

Sahoo, U., Maitra, S., Hossain, A., Santosh, D.T., Nath, S.
Sairam, M., Sagar, L., Jena, J., Pattanayak, S., Gitari, H.I.
and Rezaei-Chiyaneh, E. 2024. Biochar for soil health
improvement in the present context of climate change: A
reality or fantasy. In: Fahad, S.,, Muhammad, M., Saud, S.,
Nawaz, T., Zhou, R. (Eds.), Biochar-assisted Remediation
Of Contaminated Soils Under Changing Climate, pp.
1 - 33, DOI https://doi.org/10.1016/B978-0-443-21562-
9.00001-3.

Sahoo, U., Maitra, S., Hossain., A, Santosh., D.T., Nath, S.,
Sairam, M., Sagar, M., Jena, J., Pattanayak, S., Rezaei-
Chiyaneh, E. (2024). Biochar for soil health improvement
in the present context of climate change: a reality or
fantasy. In: Fahad S, Adnan M, Zhou R, Nawaz T, Saud
S (Eds). Biochar-assisted Remediation of Contaminated
Soils Under Changing Climate. Elsevier, Chapter 1.
https://doi.org/10.1016/B978-0-443-21562-9.00001-3.

Saletink, B., Zagula, G., Bojcar, M., Tarapatskyy, M., Bobula,
G., Puchalski, C. (2019). Biochar as a multifunctional
component of environment: a review. Applied sciences,
9(1139). https://doi.org/10.3390/app9061139

Sanchez, C. (2009). Lignocellulosic residues: biodegradation
and bioconversion by fungi. Biotechnology Advances.
27:185-94.

Schmidt, H.P. (2013). 55 Uses of Biochar. Ithaka Journal 1/2012:
286-289 (2012), www.ithaka-journal.net.

Shakoor, A., Muhammad, S.A, Sher, M.S., Taimoor, H.F,

Print ISSN : 2347-9655

272

Fatima. A., Muhammad, M.A., Waqas, A., Muhammad,
A.T., Muhammad, A. (2021). Does biochar accelerate
the mitigation of greenhouse gaseous emissions
from agricultural soil? - A global meta-analysis,
Environmental Research, 202: 111789. https://doi.
org/10.1016/j.envres.2021.111789.

Shanthi Priya G., Sagar, L., Shankar, T. and Maitra, S. 2023.
Impact of Biochar on Soil Properties. In: Advances in
Agricultural Technology, Maitra, S., Gaikwad, D.]J. and
Santosh, D.T. (Eds.), Published by Griffon, Canada, pp.
213 -227.

Shao, Z., Zhang, X., Nasar, J., Gitari H. (2024). Synergetic
Effect of Potassium, Biochar and Cattle Manure on the
Growth and Yield of Maize, and Soil Physio-Chemical
Characteristics. Plants. 2024, 13: 3345. https://doi.
org/10.3390/plants13233345.

Sial, T.A., Lan Z., Wang, L, Zhao, Y., Zhang, J., Kumbhar, F.,
Memon, M., Lashari, M.S., Shah, A.N. (2019). Effects of
different biochars on wheat growth parameters, yield
and soil fertility status in a silty clay loam soil. Molecules.
24(9): 1798. https://doi.org/10.3390/molecules24091798.

Singh, B., Macdonald, L.M., Kookana, RS, Zwieten, G.B.,
Joseph, S., Weatherley, A., Kaudal, B.B., Regan, A.,
Cattle, J., Dijkstra, F., Boersma, M., Kimber, S., Keith, A,
Esfandbod, M. (2014). Opportunities and constraints for
biochar technology in Australian agriculture: looking
beyond carbon sequestration. Soil Research, 52: 739-750.
http://dx.doi.org/10.1071/SR14112.

Srinivasarao, C., Venkateswarlu B., Lal R., Singh A.K. Kundu
S. (2013). Sustainable management of soils of dryland
ecosystems of India for enhancing agronomic productivity
and sequestering carbon. In: Advances in Agronomy.
121: 253-329

Suopajarvi, H., Pongracz, E., Fabritires, T. (2013). The
potential of using biomass-based reducing agent in the
blast furnace: a review of thermochemical conversion
technologies and assessments related to sustainability.
Renewable and sustainable energy review, 25 (45):
511-528. https://doi.org/19.1016/j.rser.2013.05.005.

Tel-Technology Exchange Lab. (2018). Biochar production
and application. Geology and Energy Organization,
Cambridge Innovation Centre, Cambridge, USA.

Tisserant, A. Cherubini, F. (2019). Potentials, limitations, co-
benefits, and trade-offs of biochar Applications to soils
for climate change mitigation. Land, 8: 179. https://doi.
org/10.3390/1and8120179.

Tomczyk, A., Sokolowska, Z., Boguta, P. (2020). Biochar
physicochemical properties: pyrolysis temperature and
feedstock kind of effects. Rev Environmental Science
Biotechnol, 19: 191-215. https://doi.org/10.10.1007/s11157-
020-09523-3.

Truong, T.H.H., Marschner, P. (2018). Addition of residues
with different C/N ratio in soil over time individually
or as mixes- effect on nutrient availability and microbial
biomass depends on amendment rate and frequency.
Journal of Soil Science and Plant Nutrition 18(4): 1157-
1172.

Online ISSN : 2454-9541


https://doi.org/
http://dx.doi.org/10.1016/B978-0-443-21562-9.00001-3
https://doi.org/10.3390/plants9111575
https://doi.org/10.3390/plants9111575

Review of Scientific Advances and Importance of Biochar for Agricultural and Industrial Uses k¢

Trupiano, D., Cocozza, C., Baronti, S., Amendola, C., Vaccari,
E.P.,, Lustrato, G., Lonardo, S., Fnatasma, F., Tognetti,
R., Scippa, G.S. (2017). The effects of biochar and its
combination with compost on Lettuce (Lactuca sativa L.)
growth, soil properties and soil microbial activity and
abundance. International Journal of Agronomy. 2017:
3158207. https://doi.org/10.1155/2017/3158207.

Tumuluru, J.S., Ghiasi, B., Soelberg, N.R., Sokhansanj, S.
(2021) Biomass Torrefaction Process, Product Properties,
Reactor Types, and Moving Bed Reactor Design Concepts.
Front. Energy Res. 9, 728140. https://doi.org/10.3389/
fenrg.2021.728140.

Velez, T.I. (2012). Measuring the Impact of Melaleuca
quinquenervia Biochar Application on Soil Quality, Plant
Growth, and Microbial Gas Flux. FIU Electronic Theses
and Dissertations. Pg. 775. http://digitalcommons.fiu.
edu/etd/775.

Videgain-Marco, M., Marco-Montori, P., Marti-Dalmau, C.,
Jaizme-Vega, M.C., Manya-Cervello, ].J., Garcia-Ramos,
E.J. (2020). Effects of Biochar Application in a Sorghum
Crop under Greenhouse Conditions: Growth Parameters
and Physicochemical Fertility. Agronomy. 10(1): 104.
https://doi.org/10.3390/agronomy10010104.

Vitoka, J., Kondrlova, E, Rodny, M., Surda, P. and Horak, J.
(2017). Analysis of soil water content and crop yield after
biochar application in field conditions. Plant, Soil and
Environment, 63(12): 569-573.

Wainoga, J. (2020). A sustainable approach to water utilization
through sewage treatment in Kenya. Assessed on June 12,
2023 from https://gwcnweb.org.

Wang, X., Guo, Z., Hu, Z., Zhang, J. (2020). Recent advances in
biochar application for water and wastewater treatment: a
review. Peer]. 19: €9164. https://doi.org/10.7717/peerj.9164.

Wanniarachchi, D., Cheema, M., Thomas, R., Galagedara,
L. (2019). Effect of biochar on TDR-Based volumetric
soil moisture measurements in a loamy sand podzolic
soil. Soil Systems, 3(49). https://doi.org/10.3390/
soilsystems3030049.

Print ISSN : 2347-9655

273

A g
Weber, K., Quicker, P. (2018). Properties of biochar. Fuel,
217(2018): 240-261.

Wilson, K. (2015). Biochar for forest restoration in the western
United States. Wilson Biochar Associates, South, Umpqua
Rural Community Partnership (SURCP).

Wilson, K. Major, J. (2010). Impact of biochar on soil moisture.
International Biochar Initiative.

Xiang, W., Zhang, X., Chen, J., Zou, W., He, F., Xin
H., Daniel C.W., Ok, T.Y.S., Bin, G. (2020). Biochar
technology in wastewater treatment: A critical review,
Chemosphere, 252: 126539. https://doi.org/10.1016/j.
chemosphere.2020.126539.

Xie, T., Sadasivan, B.Y., ASCE SMA., Reddy, K.R.,, ASCE, F.,
Wang, C. and Spokas, K. (2015). Review of the effects
of biochar amendment on soil properties and carbon
sequestration. Journal of Hazardous, toxic and radioactive
waste, 20: https://doi.org/10.1061/ (ASCE) HZ.2153-
5515.0000293.

Yunilasari, M., Sufardi, Zaitun, (2020). Effects of biochar
and cow manure on soil chemical properties and peanut
(Arachis hypogaea L.) yields in entisol. IOP Conference
Series: Earth and Environmental Science 425: 012014

Zhang, Q-Z., Dijkstra, F.A., Liu, X-R., Wang, Y-D. and Huang,
J. (2014). Effects of biochar on soil microbial biomass after
four years of consecutive application in the North China
Plain. PLoS ONE 9(7): €102062. https://doi.org/10.1371/
journal.pone.0102062.

Zhang, Y., He, M., Wang, L., Yan, J., Ma, B., Zhu, X,, Ok,
Y.S, Mechtcherine V., Tsang, D.C.W (2022). Biochar as
construction materials for achieving carbon neutrality.
Biochar 4: 59 (2022). https://doi.org/10.1007/s42773-022-
00182-x.

Online ISSN : 2454-9541


https://doi.org/10.1007/s42773-022-00182-x
https://doi.org/10.1007/s42773-022-00182-x




	_Hlk117505026
	_Hlk117505160
	_Hlk16835244
	_Hlk117508993

