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Abstract

:

The adverse effects of long-term usage of synthetic fertilizers such as eutrophication, weed infestation, opportunistic diseases, and declining yields have been established. However, the fact that soil fertility declines because of continuous cropping to meet the demand for feeding the ever-growing population, coupled with the high cost of chemical fertilizers, has left little option. This mainly affects resource-poor smallholder farmers, who heavily depend on their production for sustenance and economic well-being. Current research efforts have underscored the urgency of mitigating this trend by seeking a cost-effective and eco-friendly alternative to avert impending global food crises. Biochar has gained attention as a possible alternative to meet the soil requirements on many fronts, such as improving soil functioning and restoring degraded lands. Biochar is also known to reduce heavy metal mobility and inorganic contaminants, mitigating salinity and drought stress as well as greenhouse gas emissions associated with agriculture. However, these studies need to be harmonized to draft a more pragmatic approach to policy formulation and establish an enhanced paradigm. In this paper, we review several studies on biochar and synthesize its possible use as an alternative or supplement to synthetic fertilizers to enhance crop productivity under standard and stressful growing conditions. The ability of biochar to sequester carbon and its impact on soil properties are highlighted. We emphasize its potential for soil nutrient management and the possibility of adopting it as an alternative to synthetic fertilizer in smallholder farming. We also point out several critical research gaps that call for attention and serve as pointers for future research.
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1. Introduction


The increased food demand due to the rising world population, as well as climate change, has put immense pressure on the agricultural industry [1]. Consequently, doubling food production by 2050 to meet the increased food demand is a major challenge [2]. Synthetic fertilizers are widely used globally to increase the productivity of numerous crops [3]. Nonetheless, using chemical fertilizers above the threshold levels results in environmental pollution, land degradation, and high soil acidification [4]. In terms of the production of many commercial crops, the adverse effects of long-term usage of synthetic fertilizers, such as weed infestation [5], opportunistic diseases [6], and pests [7], have been reported in relation to how they cause crop yields to decline. In addition, the current trade embargoes between Russia (one of the main exporters of fertilizers) and many countries, because of its ongoing conflict with Ukraine, have worsened the accessibility of these fertilizers [8,9]. This has led to supply blockages of chemical fertilizers, resulting in increased prices [9]. Smallholder farmers in many developing countries, especially in sub-Saharan Africa (SSA), are the main victims as they struggle to afford the purchase due to their high costs [10].



Farmers in smallholder systems are currently under pressure to increase their crop production with fewer agricultural inputs while simultaneously mitigating greenhouse gas emissions and conserving the overall environment [11]. Small farms produce 51–77% of the food globally, and in SSA, they account for over 75% [12]; thus, these farmers are significant actors in food production in this region. However, the decline in soil fertility due to continuous cropping and the high cost of fertilizers pose a serious production challenge [9]. These have left little option, especially for smallholder farmers who are resource-poor and heavily dependent on their production for sustenance and economic well-being. This necessitates the search for safe, eco-friendly, and cost-effective alternatives to phytonutrients to achieve sustainable agricultural practices while simultaneously improving crop productivity.



Recently, biochar has been applied to optimize agricultural productivity, enhance soil ecosystems, and mitigate environmental problems [13]. Zhou et al. [14] described biochar as an aromatic, charcoal-like, and carbon-rich solid by-product primarily derived from pyrolyzed plant materials or any other organic waste in a low-oxygen environment. It is primarily used in modern agriculture to enhance crop yields and improve the chemical, biological, and physical properties of the soil [15]. Owing to its high porosity and surface or volume ratio, biochar can retain a high quantity of exchange cations, which increases its adsorption to the planting medium and subsequently increases crop productivity [16]. It plays an important role in improving the content of soil macro- and micronutrients (e.g., N, P, K, Mg, Ca, and Na) as well as the retention of these nutrients [17]. Biochar increases the available phosphorus (P) by improving the phosphate activity required for plant growth [18]. It also enhances soil nutrients by increasing the abundance and functional activity of soil microorganisms, such as bacteria, actinomycetes, and fungi, as well as altering their community structure [18,19]. Guo et al. [20] demonstrated that biochar can change the soil pH and water content, which explains its effect on microbial abundance and enzyme activity in the soil. However, the particle size, quality, and toxicity of biochar differ depending on the manufacturing method, substrate, and temperature used [21].



The application of biochar to soils not only aids in element storage but may also act as a fertilizer, increasing crop productivity [22]. Biochar can improve plant growth and yield, especially in areas with limited natural resources, insufficient water, and limited access to fertilizers, thereby increasing food production in a sustainable manner [17]. It has the potential to be used on farms as a manure treatment, composting additive, and soil amendment [23]. As such, it has gained attention as a possible alternative to meet the soil requirements on many fronts, such as improving fertility and restoring degraded lands. In addition, the reduction of heavy metal mobility and inorganic contaminants, mitigating salinity and drought stress, as well as greenhouse gas emissions associated with agriculture, due to biochar application have been reported [18]. In this paper, we review several studies on biochar and synthesize its potential use as an alternative or supplement to synthetic fertilizers to improve soil health, crop growth, and productivity under normal or stressful growing conditions. The ability of biochar to sequester carbon and its impact on the physical, chemical, and biological properties of soil are highlighted. We emphasize the potential of biochar in soil nutrient management and the possibility of adopting it as an alternative to synthetic fertilizer in smallholder farming, and we identify some key research gaps that require attention.




2. Description of Smallholder Farming


Smallholder farming, also known as low-input subsistence agriculture [24], is often characterized by farming small land areas of less than 2 ha, which some authors have seen as an advantage because the implementation of solid models for improvement is easier on a small land area [15]. Some of the frequent features of this farming system include practicing mixed crop and livestock farming with limited resources. Food is primarily grown for household consumption and sold when surplus for financial income and labor provision is shared within family members [25]. Globally, these farmers are mostly found in Sub-Saharan Africa (SSA), South Asia, and South America, and they cultivate approximately 24% of the farming area while producing 30% of staple crops [26]. In SSA, production by smallholder farming is estimated to account for 75 and 50% for crops and livestock, respectively [27]. The increasing population of SSA and other developing regions is already at its peak as compared to developed regions. As such, concrete solutions in agriculture are required to meet the food, fuel, and fiber demands.



Farming forms the backbone of the economy in SSA because of its tremendous contribution to this region, especially to rural livelihoods [24]. It has been reported that between 1961 and 2008, agricultural land increased from 130.5 to 207.3 million ha [28], which indicates the significance and growth within this sector. In Ethiopia, statistics show that more than 95% of major crop types, such as vegetables, pulses, cereals, root crops, fruits, oilseeds, and cash crops, are cultivated by these farmers [29]. Interestingly, women cover a large percentage of smallholder farming, which fulfills the global objective of women’s empowerment to neutralize previous gender inequalities. Since smallholder farmers have greater potential to address global food security, research attention should be centered on optimizing production in a sustainable manner.



2.1. Soil Quality under Smallholder Farming in SSA


Although the potential of smallholder farming to participate in and contribute to the global food security basket has been theoretically recognized, these farmers face myriad challenges that require urgent attention for the potential to be achieved practically. Here, we focus on the inherent soil fertility depletion challenge, which is within the scope of this study. Soil fertility is the ability of the soil to provide optimum amounts of nutrients for the adequate growth and development of plants [30]. Soil fertility impacts our understanding of how soil’s physicochemical and biological conditions influence crop growth and development. Soil fertility depletion is acknowledged as one of the fundamental agronomic constraints dominant not only in smallholder farming but globally, which decreases the ability of soil to support ecological functioning and crop yield optimization [31].



Bado and Bationo [30] reported that about 40% of soils in Africa have inherently limited native nutrient reserves, 25% are severely affected by aluminum toxicity, 18% have greater leaching potential, while only 9% are susceptible to P-fixation. Additionally, about 56% of the soils are categorized as ‘acidic infertile soils’ consisting of oxisols and ultisols, 16% as ‘very infertile sandy soils’, which are comprised psamments, while ‘poorly drained soils’ of the aquepts are about 12%, and lastly 12% is ‘moderately fertile and well-drained soils’ of the alfisols, vertisols, mollisols, andepts, tropepts, and fluvents. In addition, Zingore et al. [32] estimated the average nutrient losses in SSA of the major nutrients and showed that 10–70, 2–10, and 8–50 kg·ha−1 of N, P, and K losses, respectively, occurred annually in this region. This is often spearheaded by unsustainable practices, such as overgrazing of livestock, monocropping, crop residue removal and burning, and other natural factors, such as veld fires [31].



In SSA, soils are highly heterogeneous, with diverse physical, chemical, and ecological characteristics as well as diverse agronomic practices that form soil fertility variability. The fields in smallholder farming are handled differently in terms of labor, fertilizer, and crop allocation, which contribute to within-farm fertility variation. Since many of the soils in this region have ceased their productivity with the current fertility status, efforts should be taken to replenish fertility [33]. A decline in soil organic matter (SOM) and lower soil pH are closely linked to soil infertility in this region [27]. The SOM has a significant influence on the soil multifunctionality and supporting living conditions, and various soil properties are dependent on the SOM quality and quantity. The SOM also contributes to nutrient cycling, soil organic carbon (SOC) dynamics, and carbon (C) sequestration. The soil pH plays a substantial role in balancing soil nutrients and acidic conditions, which tends to introduce nutrient fixation and toxicity.




2.2. Managing Soil Fertility and Fertilizer Use in SSA


Managing soil fertility either by conserving natural fertility, supplementing plant nutrients, or integrating both has become a global option for improving crop yields. The well-known Green Revolution introduced the use of inorganic fertilizers to supplement the amounts of major plant nutrients (N, P, and K), which has led to an increase in agricultural production to feed the ever-increasing global population [27]. The positive impact of the Green Revolution is still transparent in regions where inorganic fertilizers have been highly adopted. However, in SSA smallholder settings, synthetic fertilizer adoption and use efficiency are still lagging, thus leading to insignificant crop nutrient balances and yields [31]. In other words, the Green Revolution has not yet seen a dawn in smallholder farming, particularly in SSA.



Fertilizer input in smallholder farming is currently approximately 20 kg·ha−1, and in a few cases, it may reach 50 kg·ha−1, which is below the required amount needed to improve soil fertility and optimize crop yields [32]. Consequently, this has led to a constant decrease in yield [34], especially for common crops such as legumes and cereals grown in smallholder farming [32]. The difficulty in fertilizer adoption and use is attributed to many factors, including high fertilizer costs and the government’s failure to subsidize these underprivileged farmers [35]. Moreover, the continuous rise in global instabilities (i.e., the 2008 global depression) and the current Russian–Ukraine war have reflected its negative effects on fertilizer prices [9]. As such, fertilizer access and distribution are delayed in some farming communities, which delays its application in the field. Limited knowledge of appropriate fertilizer application practices, rates, frequencies, and intervals also leads to reduced fertilizer use efficiency and crop yields [27]. Additionally, the excessive use of inorganic fertilizers has been associated with negative implications that further degrade the soil and cause environmental pollution [36].



Smallholder farmers also tend to use organic sources of soil nutrients, with a large preference for animal manure and, to a lesser extent, crop residue, leaf litter, biostimulants, and N2-fixing legumes [37]. The preferred use of such organic resources is mainly ascribed to the addition of SOM, which is involved in the comprehensive and collective support of other soil properties. Although these conventional organic materials offer better opportunities for farmers, they are seldom available. For example, animal manure may be scarce owing to a smaller number of farmers’ livestock, while crop residues are removed from fields at times for other uses. Moreover, these organic materials mineralize rapidly, hence reducing their long-term sustainability. Therefore, further research on the extensive use of other organic materials, such as biochar, that enhance long-term sustainability and stability in soil is urgently required.





3. Biochar Potential in Smallholder Farming


Biochar is a carbon-rich organic material produced by pyrolysis at high temperatures and under suppressed oxygen conditions. Its utilization dates from more than 2000 years ago in the Amazon region for supporting and improving agricultural soils [38]. Therefore, with the overarching and continuous challenges faced by the application of inorganic fertilizers, biochar could be a better alternative for improving livelihoods in SSA.



3.1. Biochar Feedstocks in SSA


Because biochar is produced from a diverse range of feedstocks, it is crucial to assess its availability. In SSA, biochar feedstocks can be derived primarily from crop residues, animal manure, wood waste, sewage materials, and other feedstocks, such as macroalgae and invasive plants. In Africa, waste production from animals, crops, and aquaculture remains, and overall, agriculture equates to 998 million tons per year [39]. Although some of these waste materials are recycled for use as fuel, organic manure, and reapplication in crop fields and feedstuffs, a large proportion are poorly managed, burnt, or abandoned. Converting these into biochar will not only contribute to sustainable waste management but also provide substantial benefits to soil quality management [36]. However, it is imperative to assess the quantity of waste materials available in SSA, as well as socioeconomic and environmental factors.



Here, we discuss the main waste materials and crop residues found in SSA that have a large potential for biochar production. Crop residues can be the largest feedstock source for producing biochar, given the diverse agricultural production in SSA. The first generation of crop residues is generally produced soon after field harvest (e.g., roots, straw, stalks), whereas the second generation is produced after the final value of the crop is removed (e.g., pods, husks, oil seed cake, bagasse, fruit shells) [39]. The largest share of residues is derived from staple food crops such as maize, sorghum, cassava, and rice [38,40]. However, feedstock types differ according to country or region because of the diversity of cultivated crops. For example, East African countries like Kenya, Tanzania, Uganda, and Rwanda produce about 8.40, 15.31, 6.92, and 1.02 million tons of maize residues, respectively. This has the potential to produce 0.40–6.13 million tons of biochar [41].



In SSA, a large population of livestock that produce manure can be utilized for biochar production. Cattle, goats, sheep, and poultry are the main animals reared by smallholder farmers, with cattle topping the list because of their variety of uses and their large size. Although manure feedstock may be beneficial for biochar production, some authors have questioned its collection efficiency in rural households as well as the quantity available for biochar production [34]. Gabisa and Gheewala [42] mentioned that the collection efficiency of cattle, goats, and sheep was 45, 40 and 35%, respectively, while that of pigs and poultry was 80 and 70%, correspondingly. This may jeopardize the amount of feedstock for biochar, especially in countries with few livestock or during drought periods when animals have little to graze [36].



Municipal solid waste, which generally comprises industrial, household, and sewage waste, is another possible feedstock for biochar production in SSA because it consists of 68–78% organic matter [43]. However, it is not available to smallholder farmers, who generally reside in rural areas, as it is mostly collected in urban or municipal areas. Municipal solid waste management in SSA’s urban areas is a huge concern because of inadequate collection systems and poorly managed and unattended waste stockpiles, which pose risks to environmental pollution and public health [44].



The significant quantities of waste generated during industrial usage have great potential for use as a biochar feedstock. These are known forest residues and are classified into two categories. The first category includes logging residues, which are usually produced during timber harvesting for industrial purposes. The second category is wood-processing residues, which are by-products of post-industrial processing. Logging residues comprise stumps, roots, and branches, whereas wood-processing wastes include sawdust, off-cuts, discarded logs, and bark [43]. Röder et al. [40] estimated that about 4 and 17 million tons of wood processing and logging residues are produced annually in SSA, respectively. Even though logging residues can be produced in substantial quantities, they may end up being utilized as wood fuel, while others may decompose in the forests, thereby widening the biochar feedstock chances of post-industrial waste material.



The above-mentioned feedstock categories are not the only feedstocks for biochar production in SSA but are readily available in substantial amounts. Other feedstocks can be used for biochar production in this region if proper evaluations are conducted from a long-term perspective, including seaweed and aquatic weed. However, a challenge might arise due to their high moisture content, which may require high energy consumption during biochar production [39]. In SSA, they are frequently found in water bodies, such as rivers, dams, and lakes, previously affected by municipal waste mismanagement or eutrophication zones [43]. Finally, invasive plants can also be added as a potential biochar feedstock in SSA. Invasive species have long been declared a threat to agricultural production, as they compete for resources with crop plants and compromise soil functioning [45]. Thus, the conversion of these species can simultaneously yield ecological and economic advantages, and the high temperatures during pyrolysis can destroy the seeds, preventing their further spread.




3.2. Available Biochar Production Technologies


Despite the evaluation of the potential feedstocks available in SSA, it is also imperative to assess the availability of biochar production technologies suitable for smallholder farming, as well as their efficiency and sustainability. Biochar is produced through pyrolysis, in which it is burned under low-oxygen conditions and high temperatures [46]. Pyrolysis can be carried out using various reactors, which can be divided into continuous and batch pyrolysis [38]. Continuous pyrolysis reactors are expensive and difficult to build, have a mechanism for continuous feedstock supply in the reactor, and yield large quantities of biochar while being efficient. In contrast, batch pyrolysis reactors are cheap and easy to construct, and they are usually like traditional charcoal production systems such as earth mounds, pits, drum kilns, and numerous pyrolytic cookstoves. They are usually not sophisticated to operate, but their efficiency is lower than that of continuous reactors.



Batch pyrolysis reactors are feasible in smallholder systems because of their low cost and ease of construction by farmers. Various kilns can be used in batch processes that differ in the heating rate, temperature, and residence time, resulting in differences in the properties of biochar [43]. The earth-mound kiln is one of the most frequently used kilns in countries such as Ghana, Kenya, Zambia, and Zimbabwe [31]. It is structured such that the ground acts as an insulator that shields the entrance from air during pyrolysis, and the temperature ranges between 300 °C and 500 °C [38]. Bricks, concrete, and metal kilns are typically created using a mixture of concrete and steel reinforcements. These kilns can reach a temperature range of 400–800 °C, with a biochar yield of 25–33% [38]. The metal drum kiln is another common pyrolysis kiln, which is constructed by placing the feedstock in a 20 L metal container and then placing it in a large 200 L enclosed metal drum with temperatures ranging between 300 and 500 °C [36].



Although a batch process can be feasible for biochar production, there can be a compromise in the quantities of biochar produced through this process and it could take time to produce biochar, which can be applied at an application rate that can significantly change the soil properties. Kätterer et al. [47] reported that an oil drum kiln which reaches 300–500 °C can produce about 10 kg of biochar in Kenya. This implies that a farmer with a land area of 1 ha at an application rate of 5 t·ha−1 will need to burn 500 kg, which could be immensely laborious and time consuming. The study by Gwenzi et al. [31] noted that metal drum kilns may produce 0.46 t·ha−1 in a year. This highlights the necessity to scale up modern large-scale technologies and eschew the comfort of smallholder farmers in the name of lower costs. However, modern technology requires significant capital investment, maintenance, and operational expenses from private and government subsidies. Although smallholder farmers can currently utilize small-scale biochar production technologies, there is a need to consider the long-term use of highly advanced modern technologies.




3.3. Characterization and Properties of Biochar


Pyrolysis produces solid (biochar), liquid (bio-oil), and gaseous (CO2, H2, CH4, and hydrocarbons) products. The pyrolysis process is further classified into slow pyrolysis, fast pyrolysis, and gasification, which differ in the conditions applied during the process [48]. Slow pyrolysis consists of temperatures between 450 and 650 °C, and gradual heating rates between 0.01 and 2.00 °C·s−1. Complex organic reactions occur slowly on feedstock particles, and such conditions result in higher biochar yields than liquid or gaseous yields. Conversely, fast pyrolysis is associated with rapid heating rates at a temperature of approximately 500 °C, whereas gasification occurs at temperatures above 800 °C [38,49]. Both fast pyrolysis and gasification produce high bio-oil and syngas yields. Slow pyrolysis is the preferred and most widely used pyrolysis method because it produces high-quality biochar, which is preferred for agricultural applications.



The properties of biochar are primarily affected by the feedstock type, pyrolysis temperature, and other factors. The former two variables have a large influence on the proximate and analytical characteristics of biochar, as shown in Table 1. This, in turn, further affects the dynamics of biochar in soil and crop productivity once incorporated into the soil. Modifications occurring during pyrolysis lead to a complex chemical structure containing organic and inorganic compounds. Table 1 shows an extract of the biochar properties used in SSA and how they differ over a range of certain conditions. The quality of the biochar produced at different temperatures varies. For instance, biochar produced at low temperatures (<500 °C) is usually of lower quality than that produced at higher temperatures (>500 °C). However, biochar produced at higher temperatures is usually high in pH, ash content, surface area, fixed carbon, surface pores, and CEC [31,49,50]. Additionally, a high ash content increases the nutrient content, but at high temperatures, nitrogen (N) and sulfur (S) usually decrease due to evaporation [38].



The difference in biochar differs with the properties and quality of the feedstock type [50]. Manure-based biochar is usually higher in ash content and thus high in nutrients, in comparison to plant- and municipal solid waste-based biochar. Plant-based biochar is known for a higher C content than other types of biochar [51], while municipal solid waste has been known to have a high heavy metal content. Furthermore, variation within the biochar type may exist. For example, legumes may tend to have a higher N content than cereals and vegetables, while poultry manure may have a higher nutrient content than cattle, sheep or goat manure. Also, for a particular biochar type, manure derived from cattle that feed on different feedstuff will differ in terms of the biochar quality [52]. Generally, the feedstock and pyrolysis temperature are the primary determinants of the quality and properties of biochar. However, prior to applying biochar, it is crucial to take note of its characterization as it influences its future application. Nonetheless, there is still a paucity of studies conducted in SSA on characterizing biochar. Also, studies that focus on the influence of biochar on soil and crop productivity do not properly characterize biochar’s characteristics. This opens a research gap in SSA as a puzzle concerning the potential of biochar in the farming sector of this region.





 





Table 1. Biochar’s properties when produced from different feedstock materials and biochar’s properties in SSA.
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Feedstock

	
Temp

	
Technology

	
Yield

	
MC

	
VM

	
Ash

	
C

	
H

	
O

	
N

	
P

	
K

	
pH

	
SA

	
CEC

	
Country

	
Reference




	

	
°C

	

	

	

	

	

	

	
%

	

	

	

	

	

	
m2·g−1

	
cmol(+) K·g−1

	

	






	
Sheep manure

	
400

	
Drum kiln

	
–

	
1.9

	
25.0

	
46.0

	
28.0

	
–

	
–

	
1.4

	
1.2

	
6.5

	
9.2

	
–

	
–

	
South Africa

	
[36]




	
Goat manure

	
400

	
Drum kiln

	
–

	
1.9

	
27.0

	
44.0

	
27.0

	
–

	
–

	
1.4

	
1.4

	
6.1

	
9.0

	
–

	
–

	
South Africa

	
[36]




	
Poultry manure

	
400

	
Drum kiln

	
–

	
2.1

	
29.0

	
51.0

	
21.0

	
–

	
–

	
1.2

	
0.8

	
3.8

	
9.1

	
–

	
–

	
South Africa

	
[36]




	
Cattle manure

	
400

	
Drum kiln

	
–

	
1.9

	
25.0

	
47.0

	
30.0

	
–

	
–

	
1.1

	
1.6

	
4.6

	
8.8

	
–

	
–

	
South Africa

	
[36]




	
Banana peels

	
550

	
Rocket stove

	
25.8

	
11.5

	
88.0

	
9.2

	
36.6

	
6.1

	
45.9

	
1.9

	
–

	
–

	
–

	
–

	
–

	
Uganda

	
[41]




	
Rice husk

	
500

	
–

	
–

	
9.6

	
23.2

	
45.2

	
42.4

	
2.1

	
11.5

	
0.6

	
0.8

	
0.9

	
9.1

	
62.9

	
81.2

	
Ghana

	
[53]




	
Maize residues

	
500

	
Drum kiln

	
–

	
–

	
8.5

	
8.5

	
47.1

	
–

	
–

	
1.9

	

	
–

	
9.5

	
–

	
–

	
South Africa

	
[37]




	
Cassava

	
600

	
Elsa drum

	
31.4

	
6.5

	
4.3

	
23.4

	
83.4

	
–

	
–

	
0.5

	
0.2

	
–

	
–

	
–

	
–

	
Cameroon

	
[52]




	
Concorb

	
650

	
Elsa drum

	
26.8

	
7.2

	
5.3

	
17.1

	
60.0

	
–

	
–

	
0.2

	
0.3

	
–

	
–

	
–

	
–

	
Cameroon

	
[52]




	
Rice husk

	
450

	
Elsa drum

	
46.5

	
11.0

	
19.4

	
11.1

	
40.0

	
–

	
–

	
0.4

	
0.2

	
–

	
–

	
–

	
–

	
Cameroon

	
[52]




	
Coffee

	
490

	
Elsa drum

	
45.8

	
9.6

	
12.5

	
12.7

	
54.1

	
–

	
–

	
0.3

	
0.2

	
–

	
–

	
–

	
–

	
Cameroon

	
[52]




	
Groundnut

	
580

	
Elsa drum

	
34.5

	
9.4

	
6.8

	
16.4

	
60.0

	
–

	
–

	
0.7

	
0.5

	
–

	
–

	
–

	
–

	
Cameroon

	
[52]




	
Sawdust

	
520

	
Elsa drum

	
42.2

	
11.6

	
6.2

	
13.2

	
45.6

	
–

	
–

	
0.2

	
0.8

	
–

	
–

	
–

	
–

	
Cameroon

	
[52]




	
Apple

	
450

	
Fixed bed

	
32.0

	
10.9

	
82.0

	
2.4

	
39.8

	
6.9

	
50.7

	
0.7

	

	
–

	
–

	
–

	
–

	
Nigeria

	
[54]




	
Silk cotton

	
450

	
Fixed bed

	
28.0

	
11.2

	
68.6

	
10.3

	
39.6

	
6.7

	
44.6

	
0.9

	

	
–

	
–

	
–

	
–

	
Nigeria

	
[54]




	
Rice husk

	
400

	
Biochar

	
51.0

	
–

	
–

	
–

	
51 *

	
–

	
–

	
0.0

	
0.1

	
–

	
8.5

	
–

	
–

	
Nigeria

	
[55]




	
Pinewood

	
450

	
Commercial

	
B

	
10.0

	
20.0

	
5.0

	
–

	
–

	
–

	
0.0

	
–

	
1.8

	
8.9

	
–

	
1.3

	
South Africa

	
[56]




	
Sludge

	
500

	
Biochar

	
–

	
–

	
–

	
–

	
–

	
–

	
–

	
0.7

	
0.1

	
0.1

	
8.5

	
–

	
140.0

	
Zimbabwe

	
[57]




	
Sawdust

	
350

	
Earth mound

	
–

	
–

	
–

	
38.9

	
90.8

	
–

	
–

	
0.8

	
0.0

	
0.1

	
8.1

	
–

	
–

	
Nigeria

	
[58]




	
Concorb

	
500

	
–

	
–

	
14.8

	
14.2

	
50.0

	
73 *

	
–

	
–

	
0.8

	
0.1

	
–

	

	
–

	
–

	
Uganda

	
[51]




	
Sawmill

	
463

	
–

	
–

	
17

	
53.0

	
12.0

	
60.6

	
2.8

	
35.5

	
0.8

	
4.3

	
–

	
9.9

	
–

	
–

	
Nigeria

	
[49]




	
Maize residues

	
463

	
–

	
–

	
14

	
49.1

	
23.5

	
48.2

	
2.0

	
47.9

	
1.2

	
36

	
–

	
10.4

	

	
–

	
Nigeria

	
[49]




	
Rice husk

	
350

	
Drum retort

	
–

	
–

	
–

	
–

	
38.4

	
2.3

	
–

	
0.6

	
–

	
–

	
8.3

	
0.3

	
14.0

	
Zambia

	
[59]




	
Maize cob

	
350

	
Drum retort

	
–

	
–

	
–

	
–

	
29.8

	
2.0

	
–

	
0.7

	
–

	
–

	
9.0

	
0.3

	
22.2

	
Ethiopia

	
[50]




	
Coffee husk

	
350

	
–

	
–

	
–

	
–

	
–

	
16 *

	
–

	
–

	
1.4

	
–

	
–

	
9.6

	
14.0

	
64.7

	
Ethiopia

	
[50]




	
Coffee husk

	
500

	
–

	
–

	
–

	
–

	
–

	
26 *

	
–

	
–

	
2.3

	
–

	
–

	
11

	
26.2

	
79.2

	
Ethiopia

	
[50]




	
Corn cob

	
350

	
–

	
–

	
–

	
–

	
–

	
13 *

	
–

	
–

	
1.2

	
–

	
–

	
8.1

	
4.4

	
47.5

	
Ethiopia

	
[50]




	
Corn cob

	
500

	
–

	
–

	
–

	
–

	
–

	
20 *

	

	
–

	
1.7

	
–

	

	
9.4

	
18.1

	
62.0

	
Ethiopia

	
[50]








Temp = Temperature, MC = Moisture Content, VM = Volatile Matter, C = Carbon, H = Hydrogen, O = Oxygen, N = Nitrogen, P = Phosphorus, K = Potassium, SA = Surface Area, CEC = Cation Exchange Capacity, * = The carbon was extracted from the article as organic carbon, – = No data recorded.













4. Influence of Biochar on Soil Properties


4.1. Soil Physical and Chemical Properties


Amending soil with biochar has been reported to positively influence several soil physicochemical properties in general, as shown in Table 2. This alludes to the high organic matter and modifications brought about by biochar’s properties, which mainly consist of its porous structure, surface area, carbon content, CEC, and elemental content [36,52,57]. Notably, the influence of biochar on soil physicochemical properties primarily varies with factors such as the feedstock type, pyrolysis temperature, soil type, study duration, application rate, initial soil nutrient status, time of application, biochar particle size, and climate [36,52]. Several studies have reported that the effects of biochar on soil physicochemical properties are more pronounced in poor soils such as sandy [60], compacted [61], acidic [62], heavy metal-infested [63], and poorly drained soils [64].



The general increase in the SOC after biochar application alludes to its complex organic functional groups, which are hardly broken down or mineralized in the soil, and its shielding of native SOC from decomposition [65]. The role of biochar in increasing the SOC is critical for enhancing carbon sequestration [62], mitigating greenhouse gas emissions [66], and remediating soil degradation [61]. Biochar increases the soil pH because of the hydroxide carbonates and oxides of basic cations (K+, Ca2+, Mg2+, and Na+), and the adsorption of these cations in soil due to its high CEC [67]. In addition, through the absorption of Al in its negative charges, biochar reduces the Al concentration, which is associated with a pH decline, thus increasing the soil pH [34]. Therefore, biochar can be used as a liming material in acidic soils, which are prevalent in the SSA region. The high ash content of biochar containing soluble salts is associated with an increase in the soil EC [68]. However, some biochars may contain ECs beyond crop requirements, which is detrimental [36]. Therefore, the biochar EC should be carefully considered in relation to the requirements of specific crops.



The increase in soil nutrients due to biochar addition is largely attributed to indirect mechanisms such as the manipulation of other soil properties. Moreover, it improves the soil structure and stability, which reduce nutrient loss [69]. Because of its high CEC, biochar plays an important role in holding soil cations, preventing them from being lost. With time, biochar oxidation continuously develops the negative charges responsible for improving the soil CEC [70]. Biochar’s increase of the soil pH and reduction of Al increases the bioavailability of nutrients, mainly P, Ca, and Mg [71].





 





Table 2. Influence of biochar on selected soil physicochemical properties.






Table 2. Influence of biochar on selected soil physicochemical properties.





	
Biochar Type

	
Research Setting

	
Study Duration

	
Soil Texture

	
pH

	
Rate

	
SOC

	
EC

	
N

	
P

	
K

	
S

	
Ca

	
Mg

	
CEC

	
BD

	
SP

	
MWD (mm)

	
Reference




	

	

	
Month

	

	

	
t·ha−1

	
%

	
uS·cm−1

	
g.kg−1

	
Cmol.kg−1

	
g.cm−1

	
%

	

	






	
Corn biochar

	
Greenhouse

	
1

	
Clay loam

	
7.3

	
0.0

	
1.2

	
1.8

	
0.9

	
0.9

	
2.4

	
-

	
0.1

	
0.4

	
11.6

	
-

	
-

	
-

	




	

	

	

	

	
7.4

	
10.0

	
1.2

	
2.7

	
1.8

	
0.4

	
0.6

	
-

	
0.1

	
0.2

	
42.0

	
-

	
-

	
-

	




	

	

	

	

	
7.8

	
20.0

	
0.9

	
-

	
0.3

	
0.3

	
2.0

	
-

	
0.1

	
2.0

	
43.0

	
-

	
-

	
-

	
[72]




	
Wood biochar

	
Greenhouse

	
1

	
Clay loam

	
7.1

	
0.0

	
0.2

	
-

	
0.9

	
0.9

	
2.4

	
-

	
0.1

	
0.4

	
11.6

	
-

	
-

	
-

	




	

	

	

	

	
8.4

	
10.0

	
0.8

	
3.0

	
1.4

	
0.3

	
0.3

	
-

	
0.1

	
0.2

	
56.0

	
-

	
-

	
-

	




	

	

	

	

	
8.6

	
20.0

	
1.1

	
3.0

	
0.2

	
0.2

	
1.4

	
-

	
0.1

	
0.2

	
58.0

	
-

	
-

	
-

	
[72]




	
Rice husk

	
Incubation

	
12

	
Clay

	
6.7

	
0.0 *

	
1.1

	
0.3

	

	
-

	

	
-

	
-

	

	
12.2

	
1.3

	
50.6

	
1.2

	




	

	

	

	

	
6.8

	
1.0 *

	
1.4

	
0.3

	

	
-

	

	
-

	
-

	

	
13.3

	
1.3

	
51.7

	
1.3

	




	

	

	

	

	
7.2

	
3.0 *

	
2.0

	
0.2

	

	
-

	

	
-

	
-

	

	
14.4

	
1.2

	
54.3

	
1.5

	
[73]




	
Rice husk

	
Incubation

	
12

	
Sandy loam

	
4.4

	
0.0 *

	
0.5

	
0.3

	

	
-

	

	
-

	
-

	

	
5.7

	
1.6

	
39.2

	
0.6

	




	

	

	

	

	
4.8

	
1.0 *

	
1.2

	
0.3

	

	
-

	

	
-

	
-

	

	
6.9

	
1.4

	
46.4

	
0.5

	




	

	

	

	

	
5.1

	
3.0 *

	
1.4

	
0.2

	

	
-

	

	
-

	
-

	

	
7.4

	
1.3

	
52.5

	
0.5

	
[73]




	
Pinewood

	
Field

	
6

	
Sand

	
7.6

	
0.0

	
0.4

	
-

	

	
0.2

	
0.1

	
0.0

	
32.3 a

	
2.9 a

	
9.2

	
1.3

	
49.4

	
0.3

	




	

	

	

	

	
7.8

	
10.0

	
1.2

	
-

	

	
0.2

	
0.1

	
0.0

	
23.1 a

	
1.9 a

	
8.4

	
1.1

	
56.2

	
0.5

	
[34]




	
Pinewood

	
Field

	
6

	
Sandy loam

	
6.6

	
0.0

	
0.9

	
-

	

	
0.2

	
0.1

	
0.0

	
7.6 a

	
0.9 a

	
7.4

	
1.3

	
52.5

	
0.4

	




	

	

	

	

	
7.5

	
10.0

	
1.2

	
-

	

	
0.2

	
0.1

	
0.0

	
7.6 a

	
0.8 a

	
8.0

	
1.1

	
57.2

	
0.5

	
[34]




	
Poultry manure

	
Field

	
12

	
Sandy clay loam

	
4.9

	
0.0

	
0.4

	
-

	

	
0.0

	
0.1 a

	
-

	
-

	

	
3.0

	
1.2

	
54.0

	
1.2

	




	

	

	

	

	
5.3

	
20.0

	
0.4

	
-

	

	
0.0

	
0.1 a

	
-

	
-

	

	
3.1

	
1.2

	
55.0

	
1.2

	




	

	

	

	

	
5.4

	
40.0

	
0.4

	
-

	

	
0.0

	
0.4 a

	
-

	
-

	

	
3.2

	
1.2

	
54.0

	
1.2

	
[62]




	
Poultry litter

	
Greenhouse

	
6

	
Clay loam

	
6.5

	
0.0 *

	
0.5

	
3.8

	
0.7

	
0.04

	
1.4

	
0.3

	
1.1

	
0.7

	
-

	
-

	
-

	
-

	




	

	

	

	

	
6.5

	
1.0 *

	
0.6

	
3.8

	
0.7

	
0.04

	
1.3

	
0.3

	
1.3

	
0.7

	
-

	
-

	
-

	
-

	




	

	

	

	

	
6.6

	
2.0 *

	
0.8

	
3.8

	
0.8

	
0.4

	
1.8

	
0.3

	
1.5

	
0.8

	
-

	
-

	
-

	
-

	




	

	

	

	

	
6.6

	
3.0 *

	
1.0

	
3.9

	
0.9

	
0.5

	
1.9

	
0.3

	
1.9

	
0.9

	
-

	
-

	
-

	
-

	




	

	

	

	

	
6.7

	
4.0 *

	
1.1

	
3.9

	
0.9

	
0.52

	
2.3

	
0.3

	
2.2

	
1.0

	
-

	
-

	
-

	
-

	
[68]




	
Cattle manure

	
Field (A)

	
12

	
Sandy loam

	
5.5

	
0.0

	
0.9

	
-

	
0.2 *

	
0.01

	
0.1 a

	
-

	
1.6 a

	
0.3 a

	
4.8

	
-

	
-

	
-

	




	

	

	

	

	
6.6

	
10.0

	
1.9

	
-

	
0.2 *

	
0.02

	
0.3 a

	
-

	
1.9 a

	
0.7 a

	
5.4

	
-

	
-

	
-

	
[74]




	
Cattle manure

	
Field (B)

	
12

	
Sandy loam

	
5.6

	
0.0

	
0.9

	
-

	
0.2 *

	
0.01

	
0.1 a

	
-

	
1.5 a

	
0.3 a

	
4.7

	
-

	
-

	
-

	




	

	

	

	

	
6.7

	
10.0

	
1.9

	
-

	
0.2 *

	
0.02

	
0.2 a

	
-

	
1.8 a

	
0.7 a

	
5.4

	
-

	
-

	
-

	
[74]




	
Wood

	
Field (A)

	
12

	
Sandy loam

	
5.5

	
0.0

	
0.9

	
-

	
0.2 *

	
0.01

	
0.1 a

	
-

	
1.6 a

	
0.3 a

	
4.8

	
-

	
-

	
-

	




	

	

	

	

	
6.6

	
10.0

	
1.9

	
-

	
0.2 *

	
0.02

	
0.2 a

	
-

	
1.7 a

	
0.5 a

	
5.2

	
-

	
-

	
-

	
[74]




	
Wood

	
Field (B)

	
12

	
Sandy loam

	
5.6

	
0.0

	
0.9

	
-

	
0.2 *

	
0.01

	
0.1 a

	
-

	
1.5 a

	
0.3 a

	
4.7

	
-

	
-

	
-

	




	

	

	

	

	
6.7

	
10.0

	
1.9

	
-

	
0.2 *

	
0.01

	
0.2 a

	
-

	
1.7 a

	
0.5 a

	
5.2

	
-

	
-

	
-

	
[74]




	
Pinewood

	
Field

	
12

	
Sand

	
5.1

	
0.0 *

	
-

	
0.06 +

	
-

	
0.1

	
0.01

	
-

	
0.1

	
0.01

	
2.0

	
-

	
-

	
-

	




	

	

	

	

	
6.3

	
0.1

	
-

	
0.1 +

	
-

	
0.01

	
0.01

	
-

	
0.2

	
0.02

	
2.0

	
-

	
-

	
-

	




	

	

	

	

	
6.8

	
0.5 *

	
-

	
0.1 +

	
-

	
0.01

	
0.02

	
-

	
0.2

	
0.02

	
2.0

	
-

	
-

	
-

	




	

	

	

	

	
7.3

	
2.5 *

	
-

	
0.1 +

	
-

	
0.01

	
0.1

	
-

	
0.2

	
0.02

	
2.04

	
-

	
-

	
-

	




	

	

	

	

	
8.4

	
10 *

	
-

	
0.2

	
-

	
0.01

	
0.04

	
-

	
0.3

	
0.04

	
2.6

	
-

	
-

	
-

	
[60]




	
Acacia

	
Field

	
4

	
Clay

	
5.8

	
0.0

	
2.6

	
-

	
0.1 *

	
0.01

	
0.4 a

	
-

	
5.3 a

	
2.2 a

	
19.8

	
-

	
-

	
67.7

	




	

	

	

	

	
5.8

	
5.0

	
2.5

	
-

	
0.1 *

	
0.01

	
0.4 a

	
-

	
4.3 a

	
2.1 a

	
18.5

	
-

	
-

	
72.7

	




	

	

	

	

	
5.8

	
10.0

	
2.8

	
-

	
0.1 *

	
0.01

	
0.4 a

	
-

	
6.0 a

	
2.3 a

	
17.6

	
-

	
-

	
73.7

	




	

	

	

	

	
5.9

	
20.0

	
2.9

	
-

	
0.2 *

	
0.01

	
0.4 a

	
-

	
5.1 a

	
2.3 a

	
19.7

	
-

	
-

	
76.0

	
[75]




	
Acacia

	
Field

	
4

	
Sandy loam

	
6.1

	
0.0

	
2.6

	
-

	
0.4 *

	
0.1

	
0.4 a

	
-

	
4.1 a

	
2.1 a

	
14.6

	
-

	
-

	
62.9

	




	

	

	

	

	
5.9

	
5.0

	
2.5

	
-

	
0.3 *

	
0.1

	
0.4 a

	
-

	
4.0 a

	
2.0 a

	
14.4

	
-

	
-

	
57.4

	




	

	

	

	

	
5.9

	
10.0

	
2.6

	
-

	
0.3 *

	
0.1

	
0.4 a

	
-

	
4.1 a

	
2.0 a

	
14.5

	
-

	
-

	
45.4

	




	

	

	

	

	
5.9

	
20.0

	
2.5

	
-

	
0.3 *

	
0.1

	
0.4 a

	
-

	
3.8 a

	
1.8 a

	
14.0

	
-

	
-

	
60.1

	
[75]




	
Rice husk

	
Field

	
24

	
Sandy loam

	
6.4

	
0.0

	
0.5

	
-

	
0.1

	
0.02

	
0.2 a

	
-

	
0.2 a

	
0.2 a

	
5.4

	
1.7

	
33.3

	
-

	




	

	

	

	

	
6.6

	
5.0

	
0.7

	
-

	
0.1

	
0.02

	
0.4 a

	
-

	
5.1 a

	
0.5 a

	
6.6

	
1.6

	
35.4

	
-

	




	

	

	

	

	
6.8

	
10.0

	
0.7

	
-

	
0.2

	
0.03

	
0.6 a

	
-

	
5.8 a

	
0.8 a

	
7.8

	
1.6

	
36.5

	
-

	
[76]




	
Sawdust

	
Field

	
24

	
Sandy loam

	
6.4

	
0.0

	
0.3

	
-

	
0.1

	
0.02

	
0.2 a

	
-

	
4.2 a

	
0.5 a

	
5.3

	
1.7

	
32.5

	
-

	




	

	

	

	

	
6.6

	
5.0

	
0.7

	
-

	
0.1

	
0.02

	
0.4 a

	
-

	
4.8 a

	
0.7 a

	
6.3

	
1.6

	
35.1

	
-

	




	

	

	

	

	
6.7

	
10.0

	
0.8

	
-

	
0.1

	
0.03

	
0.6 a

	
-

	
5.5 a

	
1.1 a

	
8.1

	
1.6

	
35.6

	
-

	
[76]




	
Mize stalk

	
Field

	
4

	
Sandy loam

	
5.7

	
0.0

	
0.4

	
0.2

	
0.2

	
0.02

	
0.01 a

	
-

	
2.5 a

	
1.0 a

	
5.6

	
-

	
-

	
-

	




	

	

	

	

	
6.1

	
2.5

	
0.4

	
0.4

	
0.2

	
0.03

	
0.01 a

	
-

	
2.5 a

	
1.3 a

	
6.0

	
-

	
-

	
-

	




	

	

	

	

	
6.3

	
5.0

	
0.5

	
0.4

	
0.2

	
0.03

	
0.02 a

	
-

	
3.0 a

	
1.5 a

	
6.4

	
-

	
-

	
-

	
[77]




	
Cotton stalk

	
Field

	
4

	
Sandy loam

	
5.7

	
0.0

	
0.4

	
0.2

	
0.2

	
0.02

	
0.01 a

	
-

	
2.5 a

	
1.0 a

	
5.6

	
-

	
-

	
-

	




	

	

	

	

	
6.1

	
2.5

	
0.4

	
0.39

	
0.2

	
0.03

	
0.01 a

	
-

	
3.0 a

	
1.0 a

	
6.0

	
-

	
-

	
-

	




	

	

	

	

	
6.3

	
5.0

	
0.5

	
0.4

	
0.2

	
0.03

	
0.02 a

	
-

	
2.5 a

	
1.5 a

	
6.4

	
-

	
-

	
-

	
[77]




	
Redgram stalk

	
Field

	
4

	
Sandy loam

	
5.7

	
0.0

	
0.4

	
0.2

	
0.2

	
0.02

	
0.01 a

	
-

	
2.5 a

	
1.0 a

	
5.6

	
-

	
-

	
-

	




	

	

	

	

	
6.2

	
2.5

	
0.4

	
0.3

	
0.2

	
0.03

	
0.02 a

	
-

	
2.8 a

	
1.2 a

	
6.0

	
-

	
-

	
-

	




	

	

	

	

	
6.3

	
5.0

	
0.5

	
0.4

	
0.2

	
0.03

	
0.01 a

	
-

	
3.0 a

	
1.5 a

	
6.5

	
-

	
-

	
-

	
[77]




	
Mesquite wood

	
Field

	
4

	
Sandy loam

	
5.7

	
0.0

	
0.4

	
0.2

	
0.2

	
0.02

	
0.01 a

	
-

	
2.5 a

	
1.0 a

	
5.6

	
-

	
-

	
-

	




	

	

	

	

	
6.2

	
2.5

	
0.4

	
0.3

	
0.2

	
0.03

	
0.01 a

	
-

	
2.5 a

	
1.6 a

	
6.1

	
-

	
-

	
-

	




	

	

	

	

	
6.3

	
5.0

	
0.5

	
0.4

	
0.2 *

	
0.03

	
0.01 a

	
-

	
2.8 a

	
1.6 a

	
6.4

	
-

	
-

	
-

	
[77]




	
Hardwood

	
Field

	
7

	
Sandy loam

	
5.6

	
0.0

	
1.03

	
-

	
0.2 *

	
0.01

	
0.1 a

	
-

	
1.7 a

	
0.4 a

	
1.1

	
1.6

	
40.4

	
1.1

	




	

	

	

	

	
5.7

	
10.0

	
1.5

	
-

	
0.2 *

	
0.01

	
0.1 a

	
-

	
1.7 a

	
0.4 a

	
3.4

	
1.4

	
45.7

	
1.4

	




	

	

	

	

	
5.9

	
20.0

	
1.5

	
-

	
0.2 *

	
0.01

	
0.1 a

	
-

	
1.9 a

	
0.4 a

	
5.3

	
1.3

	
50.9

	
1.6

	




	

	

	

	

	
6.0

	
30.0

	
1.7

	
-

	
0.2 *

	
0.02

	
0.1 a

	
-

	
2.5 a

	
0.4 a

	
7.5

	
1.1

	
59.2

	
1.8

	
[78]




	
Poultry

	
Field

	
5

	
Sandy loam

	
5.7

	
0.0

	
0.9

	
-

	
0.2 *

	
0.01

	
0.1

	
-

	
1.7

	
0.4

	
-

	
1.3

	
50.9

	
-

	




	

	

	

	

	
6.5

	
15.0

	
2.1

	
-

	
0.2 *

	
0.01

	
0.1

	
-

	
2.2

	
0.5

	
-

	
1.2

	
55.5

	
-

	
[78]








SOC = Soil Organic Carbon, EC = Electrical Conductivity, N = Nitrogen, P = Phosphorus, K = Potassium, S = Sulphur, Ca = Calcium, Mg = Magnesium, CEC = Cation Exchange Capacity, BD = Bulk Density, SP = Soil Porosity, MWD = Mean Weight Diameter, - = Not available, * = Value given as a percentage, + = Value given dS·m−1, a = Value given as exchangeable cations (cmol·kg−1).











Biochar increases the favorable conditions for soil microbial biodiversity by improving the soil pH, providing habitation, and supplying energy, and these microorganisms mediate nutrient cycling and acquisition [79]. However, biochar’s effects on soil nutrients tend to be closely related to the feedstock type [74].



On the other hand, the direct mechanism of biochar in enhancing soil nutrients is relatively less when compared to chemical fertilizers and other organic materials like animal manure. Nutrients such as N and S are reduced in biochar at high temperatures (>500 °C) due to volatilization, and upon application in the soil they will be in lower quantities. In addition, because of biochar’s recalcitrance, some nutrients are fixed in its complex structure, and due to its difficulty in mineralization, they become slowly available in the soil [80]. As a result, other studies advocated blending biochar with fertilizer [55] or manure [81], and this is because biochar will reduce the loss of nutrients from other sources and facilitate nutrient use efficiency. For instance, a study by Motsi [34] observed that the soil nutrients and crop productivity were more pronounced when biochar was mixed with various kraal manure types than with the sole application of biochar or kraal manure.



Biochar amendment reduces the bulk density while increasing the soil porosity, which is largely because of the lower bulk density (0.3–0.43 g·cm−3) and its porous nature [78]. The reduced bulk density and porosity increases after biochar amendment are crucial to facilitating water, gasses, nutrients, and heat movement, soil microbial activities and root penetration in the soil [61]. The mean weight diameter (MWD) is related to the soil strength and resistance to erosion or degradation, and the addition of biochar improves the macroaggregate formation, which then increases the chances of soil resistance to erosion [34]. The negative functional groups and biochar CEC bind soil particles and other debris in the soil to form aggregates [73,82]. However, evaluation of biochar has mainly paid attention to the bulk density, porosity and MWD, with little attention paid to the rest of the physical properties.




4.2. Soil Microorganisms


Soil microorganisms play a significant role in critical ecosystem functions such as nutrient cycling, C sequestration, SOM decomposition, and greenhouse gas emissions [83]. Since biochar is associated with similar ecosystem functions, a strong relationship exists between biochar and microorganisms because they greatly influence each other [84]. Owing to its high porosity and large surface area, biochar provides more spacious and aerated habitats for microorganisms, which promotes microbial activity and biogeochemical cycling [85]. These include creating favorable habitats for microorganisms in the soil where they can thrive [85]. Luo et al. [86] demonstrated that the application of C4 Miscanthus biochar applied at pyrolysis temperatures of 350 °C and 700 °C in acidic soil positively alters the soil microbial communities. According to Yu et al. [87], pores are also an excellent source for the sorption and desorption of easily decomposable organic compounds such as ammonium and nitrate, which improves the microbial habitat.



Biochar amendments can promote the growth of specific microorganisms, which are helpful for plant growth and crop productivity. Fang et al. [88] reported that biochar composed from the invasive weed Eupatorium adenophorum suppressed Chloropicrin and improved soil enzyme activities, and this has a positive impact on the composition of the soil microorganisms [89]. Matsubara et al. [90] deduced that biochar made from coconut charcoal and manure of coffee residues increased the tolerance of asparagus plants to Fusarium root rot. It also increased the arbuscular mycorrhizal fungi, which are responsible for protecting the roots of plant hosts against infections caused by pathogens. Furthermore, biochar pores protect the soil bacteria and fungi from predatory soil microarthropods [13]. Since biochar increases the soil pH, many soil microorganisms are active and perform better under neutral to slightly alkaline conditions [84]. Likewise, rice straw biochar application improves the soil pH and influences CO2 emission by increasing the bioavailability of organic carbon and enhances soil microbial populations in acidic ferralsol compared to phaeozems [79]. The increase in alkalinity after biochar addition also reduces the toxicity to microorganisms, which is induced by aluminum at lower pH levels and makes several nutrients, such as P, available to microbes. Several studies have indicated that the application of biochar leads to an increase in the soil pH, which provides a suitable habitat for soil microorganisms that are of agricultural importance (i.e., involved in nutrient cycling). For example, a study by Lin et al. [91] reported that the increase in the soil pH after the application of wheat straw biochar (pyrolysis temperatures at 400 °C) led to an increase in the abundance of ammonia-oxidizing bacteria in the nitrification process in rice paddy soils. Biochar increases the abundance of mycorrhizal fungi, which are in symbiosis with plant roots in phosphorus acquisition [13]. Other studies have shown that biochar provides suitable conditions for microbial communities owing to the increased pH, which results in increased soil P availability [92]. In another study, it was demonstrated that when comparing the application of leaf or woodchip biochar pyrolyzed at 300 °C or 600 °C with woodchip biochar, the leaf biochar produced at both pyrolysis temperatures was more alkaline and improved the enzyme activities and P availability in forest plantation soil by increasing the growth of P-solubilizing bacteria such as Pseudomonas, Flavobacterium, and Thiobacillus [93]. According to Jin et al. [67], although biochar decreased the acid phosphomonoesterase activities, it enhanced the alkaline phosphomonoesterase activities, which are responsible for the mineralization of organic P. These results indicate that biochar may affect interrelated soil microorganisms and their released enzymes by improving the soil pH. Although the use of biochar is beneficial to soil microbial communities, its effect depends on the biochar properties, application rate, and feedback used.





5. Effectiveness of Biochar as a Plant Growth and Yield Enhancer


Biochar can increase plant growth through either direct or indirect mechanisms. The direct mechanism involves the supply of mineral nutrients (i.e., Ca, K, P, S, and Mg) by biochar amendments to plants, while the indirect mechanisms include the improvement of soil’s biological, chemical, and physical characteristics [94]. Its application provides numerous benefits for plant growth, stress management, and overall productivity (Table 3) [95]. For example, the plant growth, biomass, and yield of maize (Zea mays), sugarcane (Saccharum officinarum L.), and wheat (Triticum aestivum L.) were significantly increased by the application of various types of biochar [96,97,98,99].



In a study conducted by Reibe et al. [100], it was demonstrated that growing spring wheat with maize biochar changed the plant morphology by increasing the shoot biomass and root thickening. Additionally, Mohamed et al. [101] reported that the application of wheat straw biochar resulted in enhanced plant height, leaf number, leaf length, and grain yield in rice (Oryza sativa). This implies that biochar can improve crop yields by increasing the soil fertility and fertilizer use efficiency as well as by enhancing the nutrient supply and/or reducing nutrient losses.



The plant biomass and fruit yield of sweet pepper and dwarf tomato (Solanum lycopersicum) significantly increased after biochar application [102]. The positive effect of biochar on the yields of these crops has been attributed to an increase in beneficial soil microbial communities (i.e., Agrobacterium, Cellvibrio, and Streptomyces beneficial heterotrophic bacteria) [102]. A study conducted by Agbna et al. [103] showed that an increase in wheat straw biochar significantly increased the plant height, number of leaves, fresh and dry biomass, and fruit quality of tomatoes. The addition of biochar to sandy loam soils also improved the physiology, yield, and quality of tomatoes under reduced irrigation [104]. Therefore, using biochar to improve crop productivity is ideal, especially in areas with limited freshwater sources for irrigation. Similarly, biochar application increased the plant height, number of leaves, leaf area/plant, chlorophyll content, relative water content, and yield of water-stressed barley (Hordeum vulgare) plants [105]. These findings demonstrate the importance of biochar in mitigating the negative effects of drought on barley plants as well as their positive effects on soils.





 





Table 3. Effect of biochar application on the plant growth and yield of various crops under different types of soils.
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Crop

	
Biochar Feedstock

	
Soil Texture

	
Rate/Dose

	
* Effect

	
Reference






	
Wheat

	
Bagasse (sugarcane)

	
Sandy loam

	
10–20 t·ha−1

	
Increased the biomass (110–126%) and grain yield (263–278%)

	
[97]




	

	
Rice straw

	
Sandy clay loam

	
1.5–5%

	
Increased the biomass (68–211%), grain yield (18.7–106%) and chlorophyll contents (18.7–106%).

	
[106]




	
Sorghum

	
Pine sawdust

	
Sandy soil

	
5%

	
Improved growth and yield by 19–32%

	
[107]




	
Maize

	
Coconut husk

	

	
30 t·ha−1

	
Increased the biomass by 90%.

	
[98]




	
Wood biochar

	
Typic Haplustox

	
20 t·ha−1

	
Increased grain yield by 18–140%.

	
[99]




	
Eucalyptus wood

	
Loamy sand (ultisol)

	
4%

	
Reduced biomass by 25%.

	
[108]




	
Sugarcane

	
Rice hull-based

	
Sandy soil

	
2%

	
Increased the biomass yield (6–39%) and sucrose content (23–33%).

	
[96]




	
Tomato

	
Rice husk, shell of cotton seed

	
Sandy loam soil

	
67.5 t·ha−1

	
Biochar amendment in soil increased yield (13–20%).

	
[104]




	
Wheat straw

	
Depleted loam soils

	
25–50 t·ha−1

	
Increased plant height (169–175%), number of leaves (20–25%), and fruit yield (40.6–51.4%).

	
[103]




	
Pine wood chips

	
Alfisoil

	
67 t·ha−1

	
Increased fruit number per plant (15%) and fruit weight (24%).

	
[109]




	
Sweet potato

	
Mixed crop straws

	
Loamy soil (entisol)

	
40 t·ha−1

	
Improved the yield by 54%.

	
[82]




	
Rice

	
Wheat straw

	
Psammaquent and Plinthudult soils

	
3%

	
Increased biomass (80–169%).

	
[101]




	
Eucalyptus chips

	
Clay loam oxisols

	
45 g·kg−1

	
Increased total dry mass (160–240) and weight of grains (150–225%).

	
[110]




	
Paper mill waste

	
Ferrosol

	
10 t·ha−1

	
Increased dry shoot (50–186%).

	
[111]




	
Rapeseed

	
Mixed crop straws

	
Loamy soil (entisol)

	
40 t·ha−1

	
Enhanced the yield by 36%.

	
[82]




	
Cocoyam

	
Hard wood

	
Sandy loam

	
10, 20 and 30 t·ha−1

	
Increased the yield by 8.1, 7.8, and 5.5% at 10, 20, and 30 t·ha−1 biochar application, respectively.

	
[81]




	
Mash bean

	
Pyrolysis of bagasse (sugarcane)

	
Sandy loam

	
10–20 t·ha−1

	
Increased the biomass (102–113%) and grain yield (121–234%).

	
[97]




	
Mustard

	
Eupatorium adenophorum feedstock

	
Silty loam soil

	
15 t·ha−1

	
Increased grain yield (96–134%) in the second year.

	
[112]








* = All the effects were related to the control.











However, it is imperative to note that biochar can have a variety of effects on the crop yield in the years following its application. For instance, a wood-derived biochar applied to an acidic oxisol had no significant impact on maize growth in the first season but improved the crop yields in the following three seasons [99]. Another study also showed that the addition of biochar had no effect on either the maize or mustard grain yield in the first year, but it had a significant positive effect in the second and third years [112]. The application of a large amount of wood biochar did not affect the plant growth parameters of grapevines [113]. Depending on the type of biochar and the crop variety, the effects of biochar on the plant growth and yield can be positive, neutral, or negative. For example, the biomass of maize was significantly reduced (25%) after the application of Eucalyptus wood-based biochar compared to the untreated control [108]. In addition, the use of this type of biochar reduced the dry root mass of tomato by 13% compared to the control [114]. Similarly, oak biochar impedes the growth and yield of wheat [115]. Undeniably, crops might have different responses to biochar application, which can be influenced by the type of biochar and soil. Therefore, the unfavorable effects of biochar on the crop growth and yield should be fully explored. These contradictory findings highlight the importance of tailoring research to specific crops and application rates to determine their overall effects on plant production.



As such, other authors integrated biochar with N fertilizer, and the combination produced significantly higher yields of rapeseed and sweet potato planted in dryland red soil during five growing seasons [21]. The beneficial effects of combining biochar with other fertilizer sources on plant growth and yield have also been observed in coffee (Coffea arabica L. var. Castillo) [116], potato (Solanum tuberosum L.) [117], tomato [109], and wheat [118]. Nevertheless, further research is needed to determine how biochar can decrease chemical fertilizer use input while maintaining the fruit yield and quality in other agronomic and horticultural crops [102]. However, it is important to note that achieving more precise optimal levels of crop productivity using biochar depends on various factors, including the biochar type and properties, application rate, soil texture, plant variety, and climatic conditions [21,103].




6. Biochar Amendment on Reducing Plant Stresses


In addition to its positive impact on crop productivity, several studies have demonstrated that biochar can mitigate plant stresses, including salinity, drought, and metal toxicity (Table 4) [103,119]. It improves plant tolerance to ecological stresses such as drought and salinity by altering the soil properties, supplying nutrients, and lowering the uptake of sodium (Na) [120]. These modifications typically have a positive impact on nutrient bioavailability and crop performance, health, and yield.



6.1. Salinity and Drought


Salinity is one of the main abiotic stresses that impede the optimum production of food and fodder crops globally [121]. Salt stress inhibits plant growth by increasing Na-ion toxicity, oxidative damage, and nutrient imbalances [122]. According to Farhangi-Abriz and Torabian [123], adding maple residue biochar (10–25%) to soils increases the uptake of water by common bean (Phaseolus vulgaris L. cv. Derakhshan) plants, thereby decreasing salinity-dependent osmotic stress. Similarly, biochar (5%) amendment under high-salinity conditions significantly reduces Na uptake by plants and increases wheat growth, physiology, and yield [118]. The ability of biochar to absorb Na ions is an important mechanism that reduces the uptake of Na by plants under saline conditions [122].



The negative effects of drought stress on crops can be mitigated using biochar. Paneque et al. [64] demonstrated that the addition of biochar improves the water-use efficiency of sunflower plants (Helianthus annuus L.) planted under drought conditions, leading to better crop performance. Similarly, Mulcahy et al. [124] showed that sandy soils amended with biochar significantly improves the resistance of tomato seedlings to drought conditions and wilting. Other authors have demonstrated that combining biochar with P fertilizer results in a significant increase in water-use efficiency, plant growth, and yield of chickpea (Cicer arietinum) [125]. These results were due to alterations in the anatomical and physiological parameters of the plants, which subsequently reduced the stomatal conductance.





 





Table 4. Effect of biochar amendment on alleviating drought, heavy metal contamination and salinity stress conditions.
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Crop

	
Biochar Feedstock

	
Soil Type

	
Application Rate

	
Environmental Stress

	
Effect on Soil and/or Crops

	
Reference






	
Wheat

	
Rice husk

	
Sandy loam

	
5%

	
Salinity

	
Reduced the uptake of Sodium by plants and improved the growth, physiology, and yield.

	
[118]




	
Eucalyptus saligna wood

	
Loam

	
2%

	
Heavy metals

	
Reduced the Cadmium availability and uptake in crops.

	
[126]




	
Rice straw

	
Sandy clay loam

	
5%

	
Heavy metals

	
Lowered the plant available Cadmium and enhanced the content of Manganese and Zinc, as well as soil pH after harvest.

	
[106]




	
Sunflower

	
Vineyard-wood

	
Sandy loam

	
15 t·ha−1

	
Drought

	
Reduced stomatal conductance, increased water-use efficiency, plant development, and productivity.

	
[64]




	
Common beans

	
Maple residues

	
Silty loam

	
20%

	
Salinity

	
Increased dry shoot and root mass, reduced antioxidant activities, oxygen radicals, hydrogen peroxide, and osmotic adjustments.

	
[123]




	
Tomato

	
Wood pellets

	
Sandy loam

	
30%

	
Drought

	
Increased seedling resistance to wilting.

	
[124]




	
Rubber fig

	
Grain husk

	
Sandy soil

	
10–50 g·kg−1

	
Heavy metals

	
Immobilized Zinc in soils and decreased its uptake and accumulation in plants.

	
[127]




	
Tobacco

	
Tobacco stalk

	
Clay loam

	
5%

	
Heavy metals

	
Reduced the Zinc and Cadmium uptake by 94.9 and 64.2%, respectively.

	
[63]




	
Rice

	
Soybean straw

	
Sandy loam

	
3%

	
Heavy metals

	
Reduced the uptake of Arsenic by 88%.

	
[19]




	
Rice straw-derived

	
Paddy soils

	
1–4%

	
Heavy metals

	
Lowered the content of methyl mercury in rice grains by 49–92%.

	
[128]










6.2. Heavy Metal Stress


The pollution of agricultural soils with heavy metals has emerged as a global ecological concern [129]. According to Buss et al. [130], fertilizers, mining, sewage sludge, pesticides, and industrial activities are the main sources of heavy metal accumulation in soil. Because plants are primary producers, their adsorption of heavy metals could be harmful to terrestrial food chains [106]. Subsequently, the use of biochar to alleviate the uptake of toxic heavy metals, such as lead (Pb), cadmium (Cd), and arsenic (As), from soils has been reported to yield positive results. The findings reported by Lu et al. [131] demonstrated that bamboo and rice straw biochar added at either 1% or 5% immobilized heavy metals like Cd, Cu, Pb and Zn in contaminated soils and thus reducing their mobility and bioavailability. Grain husk and cattle manure biochar applied at 10, 30 and 50 g·kg−1 reduced Zn absorption in Zn-contaminated soil and subsequently increased the plant growth of rubber fig (Ficus elastica) [127]. Similarly, biochar made from 2% Eucalyptus saligna wood decreased the availability and uptake of Cd in wheat crops [126]. This is important because Cd toxicity causes leaf rolling, necrosis, chlorosis, and growth inhibition. In addition, Cd toxicity inhibits root elongation in many crops (e.g., rice, tomato, and wheat) [63].



On the surface of biochar particles, the adsorption of metals to negative charges occurs, and biochar particles (especially small size) tend to immobilize the metals found in the soil [130]. This immobilization is caused by the enhanced surface area of biochar, which ultimately results in the reduced uptake of metals into plant tissues [132]. However, the effect of biochar on the alleviation of toxic heavy metals depends on the pyrolysis temperature, feedstock, and concentration. Tobacco stalk biochar, for example, was more effective in remediating heavy metals such as Cd and Zn in soil than pig carcass biochar and subsequently enhanced the plant growth of tobacco (Nicotiana tabacum L.) [63]. Similarly, soybean straw biochar prepared at higher temperatures reduced the uptake in rice plants [19], whereas biochar derived from rice straw lowered the concentration of methyl mercury in rice grains [128]. Although biochar has been reported to reduce the uptake of heavy metals in numerous plants, most of these studies were carried out over a short period, under controlled conditions, and in metal-spiked soils. Therefore, future research should be conducted over a prolonged period under field conditions to fully understand and confirm the effectiveness of biochar mechanisms in soils and plants.





7. Knowledge Gaps, Considerations and Recommendations


Owing to the wide range of potential properties of biochar, it has become a challenge to comprehensively research it. Although many studies have been conducted on biochar, there is little field-based evidence of its applicability, especially in developing countries in SSA with severe soil constraints and poor crop yields. This is because even the few studies reported in the literature were short-term trials. As such, the long-term effects of biochar on soil processes and mechanisms have yet to be determined extensively in field studies under realistic conditions. Therefore, long-term biochar amendment experiments are necessary to assess changes in the physical, chemical, and biological properties of soil. These include assessing whether biochar could have any influence on the availability and movement of essential, trace, and/or toxic nutrients and its effect on the abundance of beneficial soil microorganisms in the long term. Future research should focus on the long-term unintended effects of biochar on soil biological organisms and processes. In addition, its long-term impact on crop growth, weed suppression, and the duration of agronomic as well as greenhouse gas mitigation or sequestration benefits need to be investigated.



Although there is clear evidence that biochar can address several soil constraints for successful crop production, the mechanisms by which it addresses these constraints are divergent and require further investigation. For example, several studies that showed biochar’s potential for reducing heavy metal uptake in various plants were conducted under controlled conditions and in metal-spiked soils within a short period. To fully understand and confirm the effectiveness of biochar’s mechanisms in soil and plants, future research should be conducted over a longer period in the field. Before recommending the use of biochar on a larger scale, several factors, such as the pyrolysis process, organic matter source, energy inputs, and land-use management practices, need to be taken into consideration. Extensive research on these will aid in determining whether biochar amendment provides a variety of benefits or problems in the long run and will enable future biochar studies to support sustainable agriculture.



Different studies have reported different methods for applying biochar, but there are consequences that could hamper the effect of biochar. For instance, surface applications would result in a risk of loss due to wind erosion under dry conditions. Therefore, research should be conducted to determine the best application method for different soils or areas to ensure that the aim is achieved. In addition, there is little knowledge of how much is considered sufficient and whether this sufficient limit applies to every need for which biochar is sought. Research in this direction is critical because biochar is derived from organic materials considered waste, which would eventually run out. Furthermore, we recommend that future studies consider combining biochar application with chemical fertilizers to improve the soil quality. In such a combination, biochar improves the nutrient retention, which avoids the loss of nutrients supplied by fertilizers and ultimately improves the nutrient use efficient and nutrient availability to plants.



With a wide range of biomasses used to produce biochar, it is important to identify and rank suitable feedstock for biochar production. This also entails the characterization of biochar to determine its properties before application, which is significant for improving its precise use when applied to the soil. This is because biochar varies according to the feedstock type and production conditions, and amending a specific soil condition requires a specific biochar that resolves the desired conditions. Moreover, biochar produced through commercial processes using regionally available feedstock in SSA should be properly planned and developed. Efforts to use these feedstocks include designing proper guidelines to guarantee the production of non-hazardous biochar, which is a high-quality standard and is produced in a sustainable manner. This is important because, despite the risks associated with its production and application, a few farmers are making their own biochar. This could lead to the further production of biochar, which might have a negative impact on crop performance and reduce its potential for mitigating global warming owing to the paucity of production guidelines and quality standards. In addition, there is a need for further research concerning the environmental safety implications for farmers’ health during biochar production, since biochar in small-scale farming is produced under unregulated conditions that may be health hazardous. This may require a multidisciplinary research approach with the inclusion of researchers from the environmental safety, environmental pollution, environmental and public health and toxicology disciplines.



Investments from various sectors are vital to further promote the industrial development of biochar in smallholder farming systems. This highlights the necessity to scale up modern large-scale technologies and eschew the comfortability of smallholder farmers in the name of lower costs. However, modern technology will require significant capital investment, maintenance, and operational expenses by private and government subsidies. Although smallholder farmers can currently utilize small-scale biochar production technologies, there is a need to consider the long-term use of highly advanced modern technologies. Therefore, proven technology for large-scale biochar production on a small scale is required. Finally, participatory and interdisciplinary research that moves beyond empirical trials and involves incorporation as well as engagements with smallholder farmers to adjust the research to their needs is required. This will encourage transparency among stakeholders regarding the benefits and flaws of biochar adoption.




8. Conclusions


The decline in soil fertility due to improper cropping practices and the high cost of chemical fertilizers has become a serious challenge for feeding the world’s growing population, especially in SSA. Carbon-rich organic materials, such as biochar, are becoming alternatives for substituting chemical fertilizers without compromising yields because of their astonishing properties and ease of use. Therefore, they should be promoted for application by small-scale and commercial farmers in SSA. In SSA, biochar can be produced from vast amounts of waste materials, which raises environmental mismanagement concerns and various production techniques that suit farmers in this region. Biochar can be used to meet soil requirements on a variety of fronts, such as increasing the soil fertility, restoring degraded land, reducing the heavy metal mobility and inorganic contaminants, mitigating salinity and drought stress, and reducing agricultural greenhouse gas emissions, which severely affect SSA. However, it is imperative to note that attaining more accurate optimum levels of crop productivity is dependent on a variety of factors, such as the climatic conditions, soil texture, type and properties of biochar, application rate, and plant variety. Since biochar is a new sustainable practice, there is a need for researchers and policymakers to convince farmers of the need for its adoption. This may include extensive initiatives such as demonstrative farmer days, workshops and training, and proactive information dissemination strategies, which can be further supported by providing farmers with subsidies and conducive policies and regulations. In addition, efforts should also be directed toward modernizing production units that are efficient and mobile to allow for a high biochar production capacity and utilizing biochar feedstocks beyond their proximity.
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