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Abstract

:

Biochar is a carbon-based substance made by the pyrolysis of organic waste. The amount of biochar produced is determined by the type of feedstock and pyrolysis conditions. Biochar is frequently added to the soil for various reasons, including carbon sequestration, greenhouse gas mitigation, improved crop production by boosting soil fertility, removing harmful contaminants, and drought mitigation. Biochar may also be used for waste management and wastewater treatment. Biochar’s various advantages make it a potentially appealing instrument material for current science and technology. Although biochar’s impacts on soil chemical qualities and fertility have been extensively researched, little is known about its impact on enhancing soil physical qualities. This review is intended to describe biochar’s influence on some crucial soil physical and hydrological properties, including bulk density of soil, water holding capacity, soil porosity, soil hydraulic conductivity, soil water retention, water repellence–available plant water, water infiltration, soil temperature, soil color, and surface albedo. Therefore, we propose that the application of biochar in soils has considerable advantages, and this is especially true for arable soils with low fertility.
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1. Introduction


Biochar is a carbonaceous porous substance derived from biomass. The carbon component’s abundance and chemical composition vary depending on the source material. Biochar has been made from various feedstocks, including agricultural residues, wood waste, livestock wastes, and sewage sludge [1,2,3,4]. Biochar can be generated using various thermochemical processes, including gasification, pyrolysis, and hydrothermal carbonization [5]. Because of its broad surface area, high porosity, and abundance of functional groups, biochar is an appealing choice for environmental remediation. It can be used as an adsorbent and catalyst material to remove various harmful pollutants in water and wastewater [4,6]. Biochar’s use as an adsorbent and a nitrogen source in enhancing soil fertility has long been known [7,8]. However, the capacity for Biochar to be used as a support material and catalyst in advanced oxidation processes has only recently been realized [9].



“Black gold” is a term given to biochar. Biochar is made by high aromatization of organic waste, including agricultural straw, chicken manure, and urban sludge, at high temperatures and anaerobic conditions, reducing pollution and maximizing resource use [10]. Biochar has wide surface areas [7], large charge densities [11], low bulk densities [12,13], high porous structures, and high organic carbon (OC) contents [14,15,16], according to numerous reports [17]. Biochar has been shown to improve soil biological and chemical properties, such as pH, EC, zeta potential, and cation exchange capacity (CEC) [18,19].



Adding biochar to soil has been shown in several studies to reduce bulk density [14,20]. The biophysical requirement for root and microbial respiration is mediated by increased soil porosity and aeration, resulting in a decreased soil bulk density (SBD). A 10 t ha−1 biochar amendment decreased SBD in an Alfisol low in OC but not in an Andisol high in organic OC [14]. Organic amendments have been described as a critical alternative for encouraging the production and stabilization of soil aggregates and microbial activity [21]. Since mean weight diameter (MWD) is a critical soil quality indicator, it can affect infiltration and soil erosion. Biochar improves soil structure by enhancing aggregate stability and encouraging the production of macro aggregates [14,22].



Porosity has long been recognized as a significant soil property that influences the processes in the root zone, including plant respiration and root water uptake [23]. Biochar soil amendment improved soil porosity [1] and structure [24]. However, the degree to which these enhanced properties differed depended on the soil conditions and biochar feedstocks used. For instance, in sandy clay loam soil SBD, porosity, and water content were substantially improved. Additionally, following biochar amendment, SBD, soil structure (SS), and porosity in clay soils improved significantly [24]. Biochar’s highly porous structure aided in soil water preservation [25], but it did not inherently increase usable water capacity [14] (Figure 1).



Furthermore, adding biochar increased the quantity of available water in the soil at any matric potential [25]. Biochar substantially improved the available water capacity (AWC) in coarse-textured soils; depending on the pyrolysis temperature of the biochar employed, the extent varies [27]. This influence, however, varied depending on the soil texture [28]. Soil hydraulic conductivity (K) was previously thought to be a significant soil property that governs infiltration and movement of water within the soil profile, affecting the probability of soil runoff following heavy rainfall. Applying biochar can cause the soil’s saturated hydraulic conductivity (Ksat) to increase [14,25]. On the other side, such shifts were not found in the United States’s traditional Midwestern agricultural soils. Although much attention has been paid to improvements in plant growth and productivity [29] and soil organic carbon (SOC) mineralization [30], studies on biochar’s impact on soil hydrological and physical properties have been few [25]. Furthermore, in the limited research, the effects of biochar on soil physical qualities were inconsistent or contradictory, which varied with a wide range of soil and biochar circumstances. Unfortunately, there has been no quantitative evaluation of biochar’s effects on soil physical properties, particularly soil hydrological parameters.




2. Biochar Properties


The chemical and physical characteristics of biochar vary depending on the nature of feedstock, the pyrolysis temperature, and the pyrolysis procedure [31,32]. Soil physical properties (e.g., soil particle distribution), soil porosity and surface area (SA), and chemical characteristics (such as pH, EC, zeta potential, OC, polycyclic aromatic hydrocarbons, element composition, and nutrient content) are modified by biochar application [33,34] (Figure 2).



Compared to other plant-based feedstocks, hardwood biomass pyrolysis produces a higher OC [32,34]. After pyrolysis, the abundance of lignocellulose in hardwood biomass results in a greater C content. On the other hand, biochar made from animal manure has been shown to have higher nutrient content (N, P, K) and higher CEC than biochar made from plant-based feedstock [16,36]. Increased pyrolysis temperature of biochar raises nutrient concentration, soil porosity, SSA and C content, lowering O and H concentrations, improving pH, and lowering volatile matter concentrations [7,34,37]. The creation of micropores (intra-particle pores) is due to the splitting of aliphatic alkyl and ester groups, resulting in the loss of volatile compounds (i.e., cellulose and hemicelluloses) and, hence, the rise of SSA with pyrolysis temperatures [38]. Because no lignocellulosic component is present in biochar generated from animal manure and solid waste, the SSA is less affected by the pyrolysis temperature. It has a lower SSA than plant-based biochar pyrolyzed at the same high temperature [7]. The release of nutrients during the heating process could cause the pH to rise as the pyrolysis temperature rises [39].



CEC is a measure of biochar’s negative surface charge, which may rise or fall with pyrolysis temperature depending on the functional groups in the biochar that have a net negative charge. Furthermore, the physicochemical characteristics of biochar, which are affected by the type of feedstock and pyrolysis conditions, determine its flexibility and stability. Because of the development of intra-particle pores and a high SSA caused by higher volatile matter degradation at high temperatures (>400 °C), biochar pyrolyzed at high temperatures is viable for the sorption of organic pollutants and heavy metals, improved soil characteristics and carbon sequestration [7,39]. Furthermore, the electrostatic attraction between the charged biochar surface and the ionic contaminant varies with pyrolysis temperature. This is attributed to changes in the biochar functional groups that control charge action. Because of the decreased oxidation of volatile materials, biochar pyrolyzed at low temperatures is also suitable for growing plants. As a result, characterizing the feedstock and pyrolysis temperature before using it for a specific application is essential.




3. The Impact of Biochar Application on the Physical and Hydrological Properties of Soil


3.1. Soil Bulk Density


Soil bulk density is a crucial measure of soil physical properties. It is closely linked to how soil particles are packed or arranged. Low SBD improves soil composition, facilitates nutrient release and preservation, and reduces soil compaction efficiently. Biochar has a porous structure and a density of 0.05–0.57 kg m−3, smaller than mineral soil. Biochar applications significantly decreased SBD relative to the control group, according to Laird et al. [20]. Applying 25 g kg-1 biochar in silty soil reduced the SBD from 1.52 g cm−3 to 1.33 g cm−3 [40]. The soil stimulates soil fungal growth and microbial activity after biochar incorporation, as well as soil agglomeration; the formation of roots and hyphae affects SBD [41]. It has been shown that applying biochar to the soil reduces SBD and increases overall porosity [42,43]. Biochar composition, type of soil, biochar particle size, and biochar addition rate all affected SBD reduction (Table 1).




3.2. Soil Porosity


Soil pores provide oxygen for plants and animals and influence water transformation, preservation, and consumption. Biochar’s pore distribution, connectedness, and particle size substantially impact the soil pore structure. The surface area of biochar is determined by the pores, which are loose and porous. The volatile matter reduces as the pyrolysis temperature rises, pore space and porosity rise, and SA rises [44]. A broad surface area encourages microbial activity and plants root development in soil pores by increasing soil microorganisms. Crop roots, on the other hand, relax the soil and alter the porosity indirectly. Wide pores and a low water-retaining capability characterize sandy soil.
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Table 1. The effects of biochar on the soil bulk density, porosity, and soil organic carbon.
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	Biochars
	Temp.

(°C)
	Rates

(t ha−1)
	BD

(g cm−3)
	Porosity

(cm3 cm−3)
	SOC

(g kg−1)
	References





	Corn
	Control
	0
	1.66
	0.37
	3
	



	
	350
	4
	1.3
	0.51
	30.5
	[45]



	
	650
	4
	1.32
	0.50
	7.5
	



	Corn cob
	Control
	0
	1.52
	0.43
	1.03
	



	
	500–550
	10
	1.49
	0.44
	1.39
	[46]



	
	500–550
	20
	1.45
	0.45
	1.71
	



	Birch
	Control
	0
	1.30
	50.9
	1.81
	[47]



	
	400
	9
	1.25
	52.8
	1.81
	



	Straw
	Control
	
	1.43
	-
	-
	[48]



	
	525
	
	1.17
	84.3
	-
	



	Eucalyptus trees
	Control
	0
	1.58
	-
	4.1
	



	
	350
	1
	1.55
	-
	10.3
	[49]



	
	350
	2
	1.50
	-
	18.1
	



	
	350
	4
	1.34
	-
	25.4
	








Soil porosity, permeability, and saturated hydraulic conductivity increase dramatically after adding biochar [42]. According to Jeffery et al. [50], crop productivity improved by 10% and 13% after applying biochar to coarse and medium textured soils. Biochar allows the soil pore distribution (PD) of soil to shift to a narrower pore size distribution, which benefits crop development [51]. The improvement in soil porosity after applying biochar was observed in the 5–10 µm and 25 µm ranges [52]. Biochar increases overall porosity and the content of pores greater than 0.25 mm in diameter in frozen soil, resulting in the highest structural stability index [53]. According to studies, straw biochar raises macropores and mesopores in clay soils, and soil particles can be mixed with biochar to create stable big agglomerates [54]. The incorporation of biochar increases the porosity of the soil. It allows the reorganization of soil pores, which changes the distribution of soil pores. In brief, biochar can decrease soil compaction, help in water conservation and productivity by changing soil porosity and particle density (SPD), improve soil pore connectivity, and increase water and air circulation.




3.3. Water-Holding Capacity of Soil (SWHC)


Moisture is an essential component in the soil condition and its composition is determined by soil texture and precipitation levels [55]. The hydraulic properties are the foundation for understanding soil water flow and solute transfer in soil [56]. Biochar’s high porosity and specific SA lower soil water permeability resistance, raise water-holding capacity, and alter water residence time and flow direction in soil [57,58]. The microporous composition of biochar influences SWHC. Biochar has been shown in studies to raise the SWHC in the region. Since sandy soil has lower water retaining potential than clay soil, applying biochar to sandy soil has a greater advantage [59]. According to Verheijen et al. [60], soil bulk density decreased after applying biochar to the soil.



In contrast, the soil water-holding capacity rose to its maximum. The reduction effect was more noticeable in sandy soil than in loam. Adding 25% and 5% biochar to sandy soil preserved 260 percent and 370 percent more water than in controlled trials [61]. The change in soil water content (SWC) may cause an increased output yield [62]. Field tests revealed no substantial changes in crop yield after adding biochar (@20 t ha−1). A higher SWC was observed after three consecutive years, and corn yields rose by 28%, 30%, and 140%, respectively, compared to the regulation [63]. However, it is unclear if the WHC rises as the volume of biochar added rises. As a result, by varying the soil–biochar ratios, biochar is an ecologically friendly and long-lasting material.




3.4. Soil Water Retention Curve or Soil Water Characteristic Curve (SWCC)


The curve representing the graphical relationship between soil water suction (or matric suction) and soil water content (or soil moisture) is one of the most significant hydraulic characteristics in soil [64]. The SWCC is mainly influenced by the shape and composition of the soil [56]. Since the SWCC represents the relationship between soil pore condition and water content, it is influenced by factors that impact soil pore condition and water characteristics. Biochar amendment will change the size of soil pores, PD, porosity, and connectivity of soil pores, impacting water retention and soil mechanical ability. Water preservation was higher in biochar with a lower pore volume and average pore diameter. As a result, biochar will increase the hydraulic conductivity in soil water, particularly when used as a sandy soil amendment. Including biochar can change the soil’s SWRC (Table 2) [16,28].




3.5. Soil Hydraulic Conductivity (K)


Biochar application to soils will increase, reduce or have no effect on soil hydraulic conductivity, as shown in Table 3. According to the results, biochar application increased soil hydraulic conductivity by 28–176% compared to non-treated soil [70]. Applying biochar to clay soil at a rate of 16 Mg ha−1 [71] had the largest increase of 176%, with a mean increase of 73%, recording a 1–270% decline in K [70].



The most important reduction (270%) was observed in coarse sandy soil treated with 5% biochar. Biochar application decreased the soil saturated hydraulic conductivity in a study performed by Al-Wabel et al. [72] to examine the effect of cono carpus biochar addition on K of sandy loam soil. Similarly, Igalavithana et al. [74] discovered that applying biochar made from corn residue at 500 °C reduced Ksat, particularly as biochar application rates increased. Following the application of corn residue biochar at 2.5%, 5%, 7.5% and 10%, Ksat reduced by 46.6%, 63.4%, 76.7% and 83.5%, respectively. However, even when introduced at a high rate of 4%, certain biochars had no noticeable impact on K [75]. Based on the tests above, the impact of biochar on K can be described as follows: (i) fine-textured soil (clay) had a greater increase in K, (ii) coarse-textured soil (sand) had a greater reduction in K, and (iii) medium-textured soil (sand) had little to no effect.



The first pattern may be attributed to soil particle rearrangement, microporosity formation [27], and improved soil accumulation that aids soil drainage. The degree of pore organization and particle rearrangement improved by biochar application to fine-textured soil increases K [54]. These results do not preclude those caused by expansive clay [76]. According to Mubarak et al. [77], due to the restructuring of the delicate structural porosity produced by sample preparation, there may be a slight rise in water flow following high biochar application rates. The second pattern of decreased K in coarse texture soil after applying biochar as a soil amendment may be due to biochar particles clogging macropores. Most biochars used to have a particle size smaller than 2 mm. Biochar can clog parts of the soil pores and reduce porosity and water flow because coarse-textured soil is linked with macropores. Increased biochar application to soil raises the fraction of small and medium pores, reducing K due to the filling of pores by biochar particles [71].



The third pattern, in which biochar has little to no impact on medium-textured soil, might be due to a balance in the proportion of micro- and macropores in this soil type. If biochar particles occupy vast pores, diminishing microporosity, particle rearrangement occurs, resulting in the creation of new macropores and, as a result, a steady water flow. Generally, as the quantity of biochar added is raised, the K of fine-textured soil increases. In contrast, the hydraulic conductivity of coarse-textured soil decreases. However, further study in this field is needed to provide a solid understanding of biochar’s effect on K.




3.6. Plant-Available Water (PAW)


Biochar enhanced plant-available water (PAW) in 21 of the 29 soils, according to Table 4, concluding that biochar increases available water in 72% of cases. There was a 4 to 130% rise in plant-available water with biochar. Biochar particles with higher specific surface area (SSA) and porosity may have contributed to the increased available water. Biochar has an SSA of up to 3000 m2 g−1, sandy loam has an SSA of 10 to 40 m2 g−1, silt loam has an SSA of 5 to 150 m2 g−1, and clayey soils have an SSA of 150 to 250 m2 g−1. Biochar is a porous material with a high SSA that can retain water within the pores and particles. In comparison to macropores and mesopores, micropores depend on capillary and adhesive forces to keep water in place. As a result, applying biochar to soil alters the overall porosity, PD, water movement, and water-retention (WR) properties.



Since biochar increases the amount of water available to plants, using it on cropland may reduce irrigation frequency. This is particularly significant in water-scarce or semi-arid areas. Since sandy soils have less microporosity and a smaller SSA than clayey soils, biochar’s beneficial effect on rising water retention may be more significant in sandy soils. Table 4 shows no evident tendency for a bigger increase in WR in sandy soils than in clayey soils. This is due to a scarcity of matched research comparing various textural groups using the same quantity of biochar. The tests used various amounts of biochar and were conducted in various soil texture classes. Comparisons were difficult because the temperature of the pyrolysis reaction, experiment duration, and the feedstock used in each sample differed. When used in small amounts, biochar does not affect the water available. According to several studies, biochar addition at 10 Mg ha−1 did not affect AW [75,78,79]; however, greater application rates resulted in a considerable rise in AW.



In many cases, observations were taken shortly after biochar was combined with soil. The majority of tests were conducted in the lab. Long-term field studies will better illustrate how soil–biochar interactions evolve. Biochar has a mixed impact on available water, as shown in Table 4. Biochar tends to affect the amount of water available. Burrell et al. [49] found that while straw biochar increased AW, woodchip biochar did not affect the same concentration. Second, the seven studies that found no impact of biochar indicate that biochar may not always increase available water depending on the soil type. The amount of biochar used indicates that biochar’s benefits are site-specific (Table 4).



Thirdly, according to this literature review, biochar may either increase [79], decrease [80], or have no impact [81] on AW in clayey soils. Biochar seems to work better in soils with a coarse texture. It is also worth noting that while biochar can help with water retention in some situations, it does not necessarily mean more water for the plants. The hydrophobicity of biochar may be a factor in cases where it does not improve water retention. Due to the existence of OM on the surface of biochar particles, fresh biochar formed at low temperatures may have water-repellent properties, as previously mentioned. Biochar will improve the water available to plants in the long run.
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Table 4. For various soil and management circumstances, the impact of biochar application on PAW.
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Location

	
Soil

	
Study Type

	
Study

Duration

	
Biochar Feedstock

	
Biochar Rate

	
PAW

(%)

	
References






	
Malaysia

	
Sand

	
P

	
170 days

	
Rice husk

	
0

	
0.047 b

	
[82]




	

	

	

	

	
20g kg−1

	
0.062 a,b




	

	

	

	

	
50g kg−1

	
0.082 a




	
Iran

	
Sandy loam

	
I

	
180 days

	
Rice husk and wood

	
0, 20

g kg−1

	
Increased

	
[83]




	
China

	
Sand

	
I

	
180 days

	
Straw, woodchips, and wastewater sludge

	
20, 40, 60 g kg−1

	
No effect

	
[84]




	
USA

	
Silty clay loam

	
L

	
2 weeks

	
Wood

	
0 and 1%

	
Increased

	
[85]




	
Zambia

	
Sandy loam

	
F

	
1 year

	
Corn cob, rice husk

	
0–40

g kg−1

	
Increased

	
[86]




	
China

	
loam

	
F

	
1 year

	
Crop straw

	
0–16 Mg ha−1

	
No effect

	
[87]




	
Brazil

	
Sandy loam

	
F

	
3 years

	
Wood

	
0, 8, 16, 32Mg ha−1

	
Increased

	
[88]








Note: P is for Pot, F is for Field, and L is for the lab. and I am Incubation, and a, b indicates significant differences between the treatments.












3.7. Infiltration


Infiltration is the downward flow of water through the surface. Water infiltration is a crucial hydrological process influencing surface runoff and soil erosion. Infiltration replenishes the water in the soil. Poor management may reduce the infiltration rate, resulting in runoff or ponding on the soil surface, where it evaporates. As a result, water retained in the soil for the growth of plants is exhausted, resulting in lower plant production and less biomass, which contributes to SOM. In addition, the composition of the soil is harmed. The effect of biochar on the infiltration rate into the soil is shown in Table 5. There are data on the impact of biochar on soil’s physical or hydrological properties in this region. Infiltration was affected differently by biochar. Biochar application increased infiltration rate [89,90], decreased infiltration rate [73,91] or had no impact [73,91,92]. These results are comparable to those of K in soil.



The decline in infiltration rate after biochar application may be due to the pores in biochar filling with water [93] or their physical disintegration [93]. Furthermore, Verheijen et al. [94] indicated that structural deterioration of biochar caused by water flushing, heavy traffic during the application, and soil tillage’s impact after application might all contribute to soil compaction. It is thought that dislodged particles clog soil pores. When biochar made from pelletized lignocellulosic and manure was shaken in the water, it broke down physically into flake-like fragments, according to Spokas et al. [94]. The fragments were micrometer to a nanometer in size, with some having jagged edges [95]. As a result, biochar may be suspended in percolating water and migrate along with the soil profile. The biochar particles’ jagged-edge shape and size can block soil micropores, decreasing water penetration. Joseph et al. [96] confirmed the creation of nano-scale fragments from pyrolyzed black carbon content, and this hypothesis has validity. After a two-year experiment in which biochar was put into clay loam soil at a rate of 20 Mg ha−1, Prober et al. [90] observed an increase in water penetration, which they believe was due to the formation of more pores in the soil matrix. Since biochar is highly porous [35] and micropores dominate clay soils, the interaction of biochar with clay soils may result in more pores. However, more research is required to fully comprehend the relationship between biochar and soil and how it affects infiltration.




3.8. Water Repellency


Runoff, bypass flow, water infiltration, water retention, integrity, and other hydrological processes influence the water repellency in soil. Aggregation, microbial activity, organic matter (OM) breakdown, and water input and dispersion are all affected by biochar application. The above processes impact soil physical processes, while extreme soil water repellency (SWR) can reduce penetration and harm-related hydrological processes [97].



Fire-affected forest soils can be highly hydrophobic [98,99]. The question is whether biochar has an impact on soil water repellency. Biochar’s microstructure is frequently hydrophobic, which means that when applied to soil, it repels water [100,101]. Based on the limited evidence available, biochar appears to have little or no effect on SWR (Table 6). In the three studies mentioned in Table 6, biochar did not affect water repellency. Biochar application at 1.5, 2.5, and 5.0% decreased SWR, with the 5.0% rate having the greatest effect, decreasing SWR five times relative to the control, according to Devereux et al. [25]. Biochar application at 1.5, 2.5, and 5.0% decreased water repellency the most, according to Głąb et al. [75], with the 5.0% rate having the greatest impact, reducing water repellency five-fold compared to the control. Biochar application at 4.0% improved SWR slightly compared to 0.5%, however biochar application at 1 and 2% had no impact, according to Głąb et al. [75]. Dekker and Jungerius [102] classified WDPT as wettable, moderately repellent, seriously repellent, and extremely repellent with WDPT, ranging from 5 s to 5 to 60 s, 60 to 600 s, 600 to 3600 s, and greater than 3600 s, respectively. Biochar reduced the soil’s WDPT from 11 to 4 and 2 s, according to Devereux et al. [25], implying that biochar application decreased the soil’s water repellency from moderately water repellent to non-water repellent.



According to Glab et al. [75], biochar raised the WDPT of the soil to 1.62 s, from 1.02 s, but the increase was minor. The water repellency of biochar may be affected by interactions between the temperature of biochar production, biochar placement technique, the soil texture, soil water quality, application time, and other parameters. New biochar repels water better than old biochar in general [98]. The hydrophobicity of biochar can be affected by the pyrolysis temperature. Low-temperature biochar has the potential to be more water-resistant than biochar generated at high temperatures. The biochar feedstock determines how much repellency increases as the pyrolysis temperature rises. According to Kinney et al. [100], the drop in SWR as the pyrolysis temperature increased was higher for maize stover and apple wood biochar than for magnolia leaf biochar. In both coarse and fine soils, Page-Dumroese et al. and Hussain et al. [103,104] observed that biochar mixed with the soil exhibited less SWR than the biochar applied at the surface, especially when the soil water content approached 25%. As biochar–soil interactions strengthen and repellent layers erode, the strength of water repellency will decrease. Finally, the study revealed that biochar had little to no influence on the SWR (Table 6).
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Table 6. Biochar effects on SWR under various management scenarios.
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	Location
	Soil
	Type of Study
	Duration of Study
	Type of Feedstock
	Biochar Rate
	SWR

(S = m/s)
	References





	Germany
	Sandy
	L and F
	<6 months
	Corn
	1, 2.5, 5%
	No effect
	[27]



	Italy
	Sandy clay loam
	P
	Two years
	Orchard pruning
	22, 44 Mg ha−1
	No effect
	[105]



	New Zealand
	Silt loam
	G
	295 days
	Corn stover at
	17.3, 11.3, 10.0 Mg ha−1
	No effect
	[14]



	UK
	Sandy loam
	G
	<10 weeks
	Wood
	0%

1.5

2.5%

5%
	11 a

4.1 b

2 c
	[25]



	Portland
	Loamy sand
	G
	Three months
	Miscanthus giganteus, winter wheat.
	0.5%

1%

2%

3%

4%
	1.02

1.03

1.15

1.62
	[75]







Note: L means Lab, G means Greenhouse, P means Pots, and F means Field. and a, b, and c represent the significant differences between the treatments.












3.9. Soil Temperature


Biochar application can affect soil temperature due to its inherent electrical and thermal properties and changes in soil parameters. According to a few published studies, biochar treatment can impact soil temperature. Corncob biochar applied at 4.5, and 9.0 Mg ha−1 to winter wheat–corn crop in the North China Plain decreased daytime soil temperature fluctuations [106]. Biochar lowered soil surface temperature by 0.8 degrees in very hot soils. The same study raised soil temperature by 0.6 degrees in less-hot soils. On grassland and fallow fields in Poland, wood biochar decreased the amplitude of average soil temperature in grassland. It enhanced the amplitude in fallow soil, but the mean soil temperature observed at the 0–15 cm depth remained unchanged [107]. According to Ventura et al. [108], in Italy, biochar applied at 30 and 60 Mg ha−1 did not affect soil temperature at the 7.5 cm level. Although mean soil temperature does not appear to alter considerably, data show that biochar can decrease the daytime surface temperature in the soil while enhancing nocturnal soil temperature. These soil temperature fluctuations can have a significant effect on reducing extreme temperature swings in the soil.




3.10. Surface Albedo


Biochar’s dark color darkens the soil and affects the soil surface’s albedo. Surface albedo is the percentage of solar energy reflected in the atmosphere by the soil. Dark soils absorb light and reflect less light than grey soils. Biochar application from 4.5 to 30 Mg ha−1 was found to minimize albedo or soil reflectance in studies conducted in China [106] and Poland [107]. Soils containing biochar have a lower reflectance than soils containing biochar, decreasing evaporation and raising soil water content. Even at low application rates, Verheijen et al. [109] revealed that applying pine (Pinus spp.) biochar to the soil at rates of 1, 10, 100, and 200 t Mg ha−1 can reduce soil albedo. Variations in soil surface albedo are more evident in damaged soils with little to no plant cover than in soils with suitable vegetation, which reduces albedo changes [107,110].




3.11. Soil Color


Biochar is a black particulate matter that darkens the color of the soil and affects the reflectance and temperature of the soil surface, thereby affecting soil heat [111,112]. The soil color surrounding the charcoal kiln in Ghana was darker than in the rest of the nation. Surface reflectivity was reduced by 37% compared to other places, and the average surface temperature rose by 4 °C [42]. Briggs et al. [108] investigated how the soil color changed after biochar application and found that the Munsell color value changed as the biochar application rate increased. The Munsell color value was 5.5 when the adding rate was 10 g kg−1. The value dropped to 3.6 when the application rate was raised to 50 g kg−1. According to Oguntunde et al. [113], the Munsell color of the soil reduced to 2.5 from 3.1 after adding biochar.





4. Future Recommendations


Although most case studies have shown that biochar has favorable effects on soil parameters in agro settings, there may be some less well-known negative consequences of biochar on some soils. According to recent reports, additional substances, such as PAHs and VOCs, were created during the manufacture of biochar and persisted on the surface of the biochar particles. Such elements would be detrimental to the development of crops and the soil microbial community. Therefore, future research has to focus on the eco-toxicological impacts of applying biochar on developing soil microbes and crops in agronomic environments. In addition, most of the studies on biochar are confined to laboratory and greenhouse conditions. At the same time, little has been undertaken on a field scale, which needs introspection. The research conducted in the lab should be in sync with field studies. Differences in soil qualities, weather, and environmental variables may account for the discrepancy between field and laboratory investigations. As a result, large-scale field studies are required to learn more about the impacts of biochar on soil’s physical and hydrological qualities under various environmental situations. Since biochar ages with time, drastically changing its properties and affecting soil water properties, a comprehensive strategy should be adopted to properly replace biochar with fresh material. Biochar research is limited to very short spans. As a result, it is critical to conduct long-term field research to evaluate the impact of biochar on soil water characteristics and the changes in biochar functioning that result over a while. Biochar surface functionality and hydrophobicity should be considered before its application on a large scale. These two qualities are crucial in determining biochar’s capacity to improve soil water retention. It is critical to conduct further study in this area. Given the higher costs of biochar, this is likely to impact the return on investment. More studies into biochar modification (using pre- or post-pyrolysis treatments) are critical to maximizing the low-dosage–high-efficiency advantage.




5. Conclusions


Biochar’s unique physical and chemical features offer much potential for improving the soil. Biochar can lower soil bulk density, enhance soil porosity, infiltration, and hydraulic characteristics, darken soil color and raise soil temperature by adding it to the soil. To understand the interacting effect of biochar and soil particles, this review analyzed existing data on the effects of biochar on soil physical parameters. Biochar enhances the physical environment of the soil in general. Biochar appears to benefit sandy soils more than clayey soils. Biochar application can boost water-retention capacity and plant-available water continuously. Biochar application improves soil’s physical qualities, depending on the biochar (pyrolysis conditions and biomass type). This information is required to assess the technology’s economic feasibility.
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Figure 1. Effect of biochar on soil physical, chemical, and hydraulic properties (reprinted and adapted from [26]). 
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Figure 2. SEM images of various biochars (a) Ctr-EU, (b) Ctr-PI, (c) L-EU, (d), L-PI, (e) S-EU, (f) S-PI. (reprinted and adapted from [35]). 
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Table 2. Influence of biochar in soil’s water retention (SWR).
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	Soil Texture
	Pyrolysis

Temp °C
	Biochar Feedstock
	Soil Water Retention (SWRC)
	References





	Sand
	350,600
	Pinewood, Pine bark
	Increased
	[65]



	Silty sand
	500
	Peanut-shell
	Increased
	[66]



	Sandy Clay
	300−350
	Water hyacinth
	Increased
	[67]



	Kaolin clay
	500
	Peanut-shell
	Increased
	[68]



	Sandy clay loam, Loam
	450
	Miscanthus sp.
	Increased
	[69]



	Sand
	400
	Mesquite
	Increased
	[28]
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Table 3. Biochar and hydraulic conductivity.
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Soil

Textural

	
Type of Study

	
Duration of Study

	
Type of Feedstock

	
Biochar Application Rate

	
K (cm h−1)

	
References






	
Silty clay soil

	
I

	
105 days

	
Leucaena leuco cephala

	
0%

	
16.7 a

	
[24]




	
2.5%

	
30.0 b




	
5%

	
33.1 c




	
0

	
0.59 b

	
[71]




	
4 Mg ha−1

	
0.89 b




	
Clay loam

soil

	
F

	
1 year

	
Wood

	
8 Mg ha−1

	
0.77 b

	
[72]




	
16 Mg ha−1

	
1.63 a




	
Sandy loam soil

	
F

	
30 months

	
Acacia green waste

	
0%

	
4.85 a

	
[73]




	
0.50%

	
4.80 a




	
Sandy loam

	
C

	
5 weeks

	
Conocarpus wastes

	
1%

	
4.47 b




	
1.5%

	
4.31 c




	
2%

	
4.12 d




	
Loamy soil

	
F

	
30 months

	
Miscanthus sp.

	
0, 3.5, and 10 Mg ha−1

	
Ns

	
[69]




	
Sandy loam soil.

	
15 months

	
0, 10, and 20 Mg ha−1

	
Ns








Note: F is for Field, I is for Incubation. C is for Column, NS is Non-Significant, and the letters a, b, c, and d represent the significant difference between various K values, and the increase was significant.
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Table 5. Biochar’s effects on water infiltration as reported in many studies.
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Soil Texture

	
Type of Study

	
Duration of Study

	
Type of Feedstock

	
Biochar Application Rate

	
Water Infiltration

(mL min−1)

	
References






	
Clay loam

	
P

	
Two years

	
Plant residues

	
0 and 20 Mg ha−1

	
Increased

	
[90]




	
Sandy loamy

	
I

	
128 days

	
Pine chips and poultry litter (50:50) and (80:20)

100% poultry litter

100% pine chips

	
0%

	
0.086 b

	
[89]




	
2%

	
0.0168 a




	
2%

	
0.110 b




	
2%

	
0.047 b




	
2%

	
0.119 b




	
Loamy sand

	
I

	
96 days

	
Pecan

	
0, 11, 22, and 44

Mg ha−1

	
Not significant

	
[92]




	
Sandy loamy

	
P

	
5 weeks

	
Wood

	
0%

	
0.763 a

	
[73]




	
0.5%

	
0.761 a




	
1%

	
0.548 c




	
1.5%

	
0.564 b




	
2%

	
0.534 d




	
Sandy loamy

	
G

	
<2 months

	
Peanut hulls

	
0, 25, 50, 75, and

100% by volume

	
Decreased

	
[91]








Note: a, b, c, d mean that the treatments differ significantly.
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