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A B S T R A C T   

Biochar amendments are effective for stabilizing soil aggregates and improving the quality and fertility of soils. 
Soil internal forces (SIFs), including electrostatic, hydration, and van der Waals forces, can substantially affect 
aggregate stability; however, there has been relatively little focus on the effects of biochar addition on SIFs and 
their relation to aggregate stability. In this work, in order to quantitatively investigate the influence of biochar on 
aggregate stability, we collected soil samples with different biochar application rates (0, 2.5%, 5.5%, and 7.0%; 
w/w) after a two-year field experiment, and then used Na+-saturated soil aggregates (1–5 mm) to conduct our 
experiments. Our results demonstrated that after 2-year, specific surface area (SSA), soil organic carbon (SOM), 
cation exchange capacity (CEC), and surface charge density (σ0) increased while soil pH slightly decreased with 
biochar application from 0% to 7%. Soil aggregate stability increased with the biochar application rate. Theo
retical calculations indicated that forces of electrostatic repulsion and van der Waals attraction both increased in 
response to biochar incorporation, however the net pressure of SIFs decreased. Soil aggregate stability was well 
explained by the theoretical calculations. Biochar addition reduced the net pressure of SIFs and stabilized soil 
aggregates. Overall, the investigation by using the mono-cationic model system showed that SIFs played 
important roles in the aggregate stability and explained well the aggregate stability of amended soils. The 
findings of this work initiate the process of elucidating and quantifying the complex biochar-mineral interaction 
mechanism in soil systems.   

1. Introduction 

Aggregates are considered one of the basic functional units of soils. 
Aggregate stability affects numerous soil properties and processes 
including carbon and nitrogen cycling, emission of greenhouse gas, 
nutrient storage and transport, water infiltration, tilth, and soil erosion 
(Tisdall and Oadcs, 1982; Six et al., 2000; Van Oost et al., 2007; Rabot 
et al., 2018). Therefore, aggregate stability is vital for agricultural pro
ductivity and environmental quality (Amézketa, 1999; Bronick and Ral, 
2005; Rabot et al., 2018), and the improvement of aggregate stability is 
a major objective of soil management. 

Heating biomass under limited oxygen condition leads to the for
mation of biochar. Biochar is an organic porous material containing high 
carbon contents (Sohi et al., 2010; Alwabel et al., 2018). Biochar 

amendment is highly advantageous for the soil as it is responsible for 
better soil quality, crop productivity and environmental health (Leh
mann, 2007; Spokas et al., 2009; Sohi et al., 2010; Arif et al., 2017; Gao 
et al., 2019; Luo et al., 2020; Zhang et al., 2020b). Field and laboratory 
trials demonstrate that biochar amendments can promote soil aggrega
tion and stabilization of aggregates (Mukherjee and Lal, 2013; Herath 
et al., 2013; Lu et al., 2014; Liu et al., 2014; Fungo et al., 2017; Zhang 
et al., 2020a). Wang et al. (2017) reported that soil aggregation was 
enhanced in a fine-textured Yolo soil after the addition of biochar. 
Biochars based on softwood and walnut shell improved soil aggregation 
by 217% and 126%, respectively. The study of Peng et al. (2011) showed 
that biochar made from rice straw was ineffective for improving 
aggregate stability in an Ultisol of southern China. Similar observations 
for temperate soils have also been described by Liu et al. (2014) and 
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Borchard et al. (2014). However, Burrell et al. (2016) conducted a pot 
experiment using woodchip biochar and studied its long-term effects on 
a Cambisol, a coarse-textured Planosol, and Chernozem. They reported 
stronger ability of biochar to stabilize the soil aggregates in the Planosol 
than the Cambisol and no affect for the Chernozem. From a one-year 
biochar amendment study on a sandy soil, Zhang et al. (2015) re
ported that the amendment was ineffective towards soil aggregation or 
aggregate stability. Despite substantial research effort, a clear pattern of 
biochar effects on aggregate stability has not emerged, because of the 
great variations in soil property, biochar quality, and environmental 
conditions that can affect the response of aggregate stability (Mukherjee 
and Lal, 2013; Herath et al., 2013; Lychuk et al., 2014; Zhao and Zhou, 
2019). Therefore, further research should be conducted to elucidate the 
mechanisms underlying the biochar effects on soil aggregate stability. 

The stability of soil aggregates in water is controlled mainly by soil 
internal forces (SIFs), i.e. van der Waals attraction, hydration and 
electrostatic forces (Farres, 1980; Hu et al., 2015; Rengasamya et al., 
2016; Yu et al., 2020). In theory, two adjacent soil particles exhibit in
ternal forces that can be equivalent to hundreds of thousands of atmo
spheres (Li et al., 2013; Huang et al., 2016; Ding et al., 2019). It was 
proposed that SIFs have a stronger influence on aggregate stability than 
other factors like raindrop impact, and slaking (Farres, 1980; Hu et al., 
2015; Yu et al., 2020). These forces are the results of interactions be
tween the electrically charged soil particles and/or water molecules in 
bulk solution (Quirk, 1994; Bolan et al., 1999; Rengasamya et al., 2016). 
Thus, the interactions of soil particles are dependent on their surface 
electrochemical properties such as surface charge density (σ0), specific 
surface area (SSA), surface potential, and cation exchange capacity 
(CEC), and environmental conditions (e.g., electrolyte concentration 
and ion species of soil solution, and pH) (Hu et al., 2018a, 2018b; Liu 
et al., 2020). Thus, factors influencing soil electrochemical properties 
could have important effects on the internal forces and further the sta
bility of soil aggregates (Xu et al., 2015; Yu et al., 2020). 

Biochar addition can alter many soil physicochemical properties. 
Biochar possesses large surface areas with multiple charged functional 
groups capable to interact with soil minerals (Sohi et al., 2010; Zhao 
et al., 2015; Palansooriya et al., 2019; Zhao and Zhou, 2019). Biochar- 
mineral interactions can promote biochar oxidation and create new 
functional moieties on its surface, such as –COOH and –OH which 
facilitate the biochar-mineral complex formations (Glaser et al., 2000; 
Qian and Chen, 2014; Zhao and Zhou, 2019). Many studies showed that 
biochar incorporation enhances the SSA and CEC of soil because of the 
complex formation between soil minerals and biochar (Mukherjee et al., 
2011; Alwabel et al., 2018; Palansooriya et al., 2019). The classic double 
layer theory suggests that changes in CEC and SSA can modulate the soil 
interaction forces which further exhibit a great effect on aggregate sta
bility (Huang et al., 2016, Yu et al., 2020). However, to our knowledge, 
there are few studies on how biochar influences soil internal forces 
through modifying soil surface properties and their effects on aggregate 
stability. Therefore, exploring the quantitative information regarding 
biochar impact on aggregate stability in terms of particle-solution in
teractions and derived SIFs is important for clarifying the underlying 
mechanism of how biochar stabilizes soil aggregates. 

The main objective of this study is to quantify the effects of biochar 
amendment on SIFs and aggregate stability, as well as to explore the 
mechanisms underlying these responses. Due to the inherent complexity 
of natural soil system (e.g., various ion types and uncertain electrolyte 
concentration in soil solution), the quantitative calculation of internal 
forces of natural soils is still challenging in practice. Therefore, to 
investigate the influence of biochar on soil aggregate stability in a 
quantitative manner, we collected soil samples with different biochar 
application rates (0, 2.5%, 5.5%, and 7.0%) from a two-year field study, 
and evaluated the aggregate stability under a carefully designed mono- 
cationic model system with the aim to make theoretics predictions based 
on the soil surface properties and the classic diffuse double layer model 
(Yu et al., 2017; Xu et al., 2015). In doing so, we can exclude the 

influences of other environmental conditions (e.g., ion types and con
centration in bulk solution) and directly gain the quantitative informa
tion of SIFs and their effects on aggregate stability of biochar-amended 
soils. 

2. Materials and methods 

2.1. Biochar 

The biochar used in this research was derived from clipped apple 
branches as the study area is a major apple-producing region in China. 
The apple branches were pyrolyzed at 550 ◦C and the carbonized ma
terial was allowed to pass through a 2-mm sieve before field application. 
The biochar contained 332 g kg− 1C, 3.33 g kg− 1N, which were quanti
fied using a Vario EL cube elemental analyzer (German Element, GRE). It 
had a specific surface of 9.95 m2 g− 1, determined by N2 adsorbtion at 77 
K with a V-Sorb 2800P SSA (GAPP, CHN); CEC of 2.3 cmol kg− 1, 
measured by the ammonium acetate exchange method; pH of 8.75 (1:15, 
w/v) by measuring the mixture after 24 h shaking and standing for 1 h 
using a pH meter. 

2.2. Field experimental setup 

We conducted the field experiment at the long-term Ansai field 
experiment station which was established in 1973 and located in the 
northern Loess Plateau in Shaanxi Province (109◦19′23′′ E 36◦51′30′′ N). 
The annual average precipitation of this site is 500 mm and an average 
temperature of 8.8 ◦C (Li et al., 2019). According to the FAO (Food and 
Agriculture Organization) soil classification, the soil of this site is a 
Calcic Cambisol. The main clay minerals of the soil were illite (~40%), 
kaolinite (~20%), chlorite (~20%), montmorillonite (~10%) and 
vermiculite (~5%) (Hu et al., 2018a). The soil texture consisted of 8.0% 
clay, 53.9% silt and 38.1% sand, and is classified as a silt loam based on 
the U.S. Department of Agriculture definitions. Soils in this region 
usually have low organic matter content and suffer from serious erosion. 
The soil used in this study had organic matter content of 5.8 g kg− 1 and 
pH of 8.25 before the biochar amendment. 

The field experiment was established in August 2017. The biochar 
was evenly spread across the soil by raking and incorporated into the soil 
to ~20 cm depth. We chose four application rates as treatments: 0%, 
2.5%, 5.5%, and 7.0% (w/w) and each was replicated three times. The 
experiment comprised of 12 subplots, each of which had an area of 6 m2 

(4 × 1.5 m). During the field study, we removed the weeds in the 
experimental plots occasionally so as to minimize any over growth of 
vegetation. 

2.3. Sampling and analysis of soil 

The collection of soil samples was carried out in August 2019, 24 
months after the biochar amendment. We randomly collected three soil 
cores per micro-plot at 0–10 cm depth, composited as a single soil 
sample. After the soil samples were air-dried and visible matter (plant 
roots, stones, and debris) was removed, samples were stored in indi
vidual plastic bags. Soil samples ~1.0 kg were transferred to the labo
ratory for further analysis. Prior to determine the soil properties, the free 
biochar particles in the soil samples were removed by flotation in 
distilled water. 

Determination of soil pH was conducted with a pH meter using a soil 
: water ratio of 1:2.5. The K2Cr2O7 oxidation method was used for 
determining SOC content (Kalembasa and Jenkinson, 1973). Soil CEC, 
SSA, and surface charge density (σ0) were measured by the surface 
property determination protocol proposed by Li et al. (2011). In brief, 
soil samples were H-saturated in advance, and followed by exchange 
equilibrium experiments using the mixture solution of NaOH and Ca 
(OH)2; finally the Na+ and Ca2+ concentrations in the supernatant were 
measured and the CEC, SSA, and σ0 were calculated based on the double 
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layer theory. The detailed steps can be found in our recent study (Liu 
et al., 2020). The water stability of soil aggregates characterized by 
mean weight diameter (MWD) was evaluated by a modified wet sieve 
method (Zhang et al., 2019), except that the diameter of soil aggregates 
was 1–5 mm, and we did the experiment manually in the present study. 
All the above mentioned soil properties were measured in triplicate, and 
average values were used for data analysis. 

2.4. Soil aggregate preparation and stability determination 

Due to the complexity of natural soils, quantification of soil internal 
forces is still challenging in practice. Thus, to quantitatively evaluate the 
effect of biochar on soil internal forces, Na+-saturated soil aggregates 
were used in the following study. According to the reported literature 
(Xu et al., 2015; Li et al., 2015), Na+ weakly polarizes at the soil colloid 
interface, and is, therefore, appropriate to evaluate the soil internal force 
effect on aggregate stability. Here, we used the protocol of Xu et al. 
(2015) to prepare Na+-saturated soil samples. In a 5-L beaker, about 
800 g of biochar amended soil sample was dispersed in 4 L of 0.5 M NaCl 
solution by agitation, followed by centrifugation and decantation. The 
process was repeated three times. To remove the excess Na+ from the 
bulk solution, soil samples were washed with 4 L of deionized water 
through centrifugation and decantation three times, followed by oven 
dried at 60 ◦C. They were then crushed manually and passed through 
sieves to obtain re-form aggregates of 1–5 mm diameter. Here, Na+- 
saturated soil aggregates were representative of simplified soil systems 
which can let us directly calculate the internal forces of all soil samples 
under given environmental conditions. 

Soil aggregate breaking strength (w %) was employed to evaluate its 
aggregate stability (Yu et al., 2017). It was defined as the percent of a 
mass release in the form of fine particles with diameters < 20 and < 10 
μm after macroaggregates breakdown. As the percent mass release in
creases, soil aggregate stability decreases. Specifically, in 4 cylinders 
(500 mL), NaCl solution of different concentrations (1, 10− 1, 10− 2, and 
10− 4 M) were prepared, followed by the addition of 10 g of Na+-satu
rated soil aggregates of 1–5 mm in diameter. After 2 min, the cylinders 
were gently inverted four times within the next 2 min. After the onset of 
precipitation, the pipette method based on the Stokes law was utilized to 
investigate the mass percent of the particles released (<20 μm and < 10 
μm) in the total mass of aggregate (w (<d) %). The detailed steps were 
also given in the previous studies (Xu et al., 2015). Here, we tested 
aggregate stability under a given electrolyte solution (1-10− 4 M NaCl 
solution), because varying the environmental conditions can affect soil 
electrostatic forces between soil particles; and it also simulated the 
drying and wetting cycles of soils, which could change the ion concen
tration in soil bulk solution. 

2.5. Quantification of soil internal forces 

Soil internal forces include electrostatic, van der Waals and hydra
tion forces. Changes of soil properties could results in different soil in
ternal forces, especially electrostatic, and van der Waals forces. 
According to the classic double layer theory, the parameters of soil CEC 
and SSA can greatly affect the electrostatic repulsive force between soil 
particles. 

The electrostatic repulsive pressure (Pele) existing between soil par
ticles can be calculated as (Li et al. 2013): 

Pele =
2
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where κ (1/dm) is the Debye–Hückel parameter. For 1:1 electrolytes, 
κ=(8πF2c0/εRT)1/2 and φ0 (V) is the particle surface potential. Here, the 
soil surface potential for a 1:1 type electrolyte is calculated as follows (Li 
et al., 2004): 
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where S (m2 g− 1) is the specific surface area, CT (mol⋅g− 1) is the cation 
exchange capacity, S and CT are the average values for the soil; ε is the 
dielectric constant for water, and a is the intermediate variable. 

The van der Waals force is closely related to the effective Hamaker 
constant (Aeff) which is the inherent property and depends on the ma
terial composition of soil. This means that different biochar addition in 
our study could lead to different Aeff values and thus the van der Waals 
force between soil particles. The van der Waals attractive pressure (Pvdw) 
can be calculated from the following equation (Yu et al., 2017): 

Pvdw = −
Aeff

0.6π(10d)− 3 (6)  

where Aeff (J) is the effective Hamaker constant, and here Aeff is the 
average value for the soil. Aeff (J) was estimated by analyzing the dry 
end of the soil water characteristic curves with a dew point potenti
ometer (WP4-T; Decagon Devices, Pullman, WA, USA). The determina
tion was based on the protocol of Tuller and Or (2005). Thus, Aeff could 
be estimated as follows: 

θm = − ρw × S × (

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Aeff

6πρwgψ
3

√

) × 1000 (7) 

where θm (kg kg− 1) is the gravimetric water content while g (m s− 2) 
is the gravitational acceleration, ρw (kg m− 3) is the density of water, and 
ψ (m H2O) is the matrix potential head. Detailed determinations for Aeff 
resembled with those reported by Yu et al. (2017). Here, according to 
the Equation (7), we fitted the relationship between matric potential and 
gravimetric water content for various biochar containing soils (Fig. S1). 
Therefore, we can obtain that Aeff for soils with application rates of 
biochar in 0.0%, 2.5%, 5.5%, and 7.0% were 6.44 × 10-20, 7.75 × 10-20, 
9.43 × 10-20, and 1.09 × 10-19 J, respectively. 

The hydration repulsive pressure can be estimated from the 
following equation (Li et al., 2013): 

Ph = 3.33 × 104e− 5.76×109d (8)  

where Ph (atm) is the surface hydration pressure, d (dm) is the distance 
between two adjacent soil particles. 

3. Results 

3.1. Effects of biochar on natural soil properties 

Table 1 lists soil properties under various biochar application rates 
after two years of the field experiment. As can be seen from this table, 
soil pH became reduced with increasing biochar addition. SOC contents 
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increased from 1.71 to 37.04 g− 1 kg− 1 as the rate of biochar application 
increased from 0 to 7.0%. Similar to SOC contents, the soil surface 
electrochemical properties, the CEC, SSA, and σ0, increased by 53.4%, 
37.1%, and 12.0%, respectively, as the biochar application rate 
increased from 0 to 7.0%. The MWD significantly increased (from 0.466 
to 1.277 mm) with the increasing biochar application rate (from 0 to 
7.0%; p < 0.05). 

3.2. Effects of biochar on soil internal forces in Na+-saturated aggregates 

3.2.1. Electrostatic pressure between soil particles 
To obtain the electrostatic pressure between soil particles, we chose a 

simplified system of Na+-saturated aggregates of biochar-amended soils 
to directly calculate the electrostatic pressure between soil particles 
while varying the electrolyte concentration in bulk solution. Here, the 
positive values represent the repulsive pressure that could cause soil 
aggregates break down. From Equations (1) to (5) and the values of CEC 
and SSA in different biochar-added soils (Table 1), and the electrolyte 
concentrations in bulk solution (c0), which varied from 1 to 10− 4 M, the 
electrostatic repulsive pressure between soil particles can be estimated 
(Fig. 1). The electrostatic repulsive pressure differed among the various 
biochar amendments (Fig. 1), which increased with the increasing bio
char application rates (from 0 to 7%). To clearly analyze their effects, 

Table 1 
The properties of natural soils under different biochar application rates.  

Biochar 
(%) 

pH SOC 
(g− 1 

kg− 1) 

CEC 
(cmol 
kg− 1) 

SSA (m2 

g− 1) 
σ0 (C 
m− 2) 

MWD 
(mm)  

0.0 8.25 ±
0.06d 

1.74 ±
0.35a 

5.78 ±
0.00a 

20.26 ±
0.40a 

0.275 ±
0.004a 

0.434 ±
0.040a  

2.5 8.18 ±
0.03c 

8.80 ±
1.14b 

6.95 ±
0.03b 

23.92 ±
0.21b 

0.280 ±
0.002a 

0.650 ±
0.059b  

5.5 8.11 ±
0.04b 

19.07 ±
1.04c 

7.93 ±
0.08c 

25.90 ±
1.93bc 

0.296 ±
0.019ab 

0.774 ±
0.040c  

7.0 7.99 ±
0.01a 

23.19 ±
0.81d 

8.86 ±
0.09d 

27.76 ±
1.15c 

0.308 ±
0.014b 

1.248 ±
0.026d 

Notes: SOC, soil organic carbon; CEC, cation exchange capacity; SSA, specific 
surface area; σ0, surface charge density; MWD, mean weight diameter. Values 
are means ± standard deviation. Different lowercase letters indicate significant 
differences between different biochar application rates at p < 0.05 (n = 3). 

Fig. 1. Distribution of electrostatic repulsive pressure between two adjacent soil particles at various bulk solution electrolyte concentrations; biochar addition rates: 
0%, 2.5%, 5.5%, 7.0%. 

Table 2 
Electrostatic repulsive pressure (Pele, atm) at 2 nm between soil particles and 
under various bulk solution electrolyte concentrations and biochar application 
rates.  

Electrolyte concentration(mol L− 1) Biochar application rate (%) 

0.0 2.5 5.5 7.0 

1  0.72  0.73  0.76  0.79 
0.1  13.74  13.81  13.99  14.13 
0.01  17.42  17.49  17.70  17.85 
0.001  17.76  17.84  18.05  18.21 
0.0001  17.78  17.85  18.07  18.23  
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Table 2 lists the electrostatic repulsion pressures for biochar-amended 
soils at the distances of 2 nm between soil particles under various 
electrolyte concentrations. The results indicate that the pressure of 
electrostatic repulsion increases with the biochar application rate. For 
the given treatments, electrostatic repulsion rapidly increased with 
decreasing the bulk solution electrolyte concentration from 1 to 10-2 M 
and then increased slowly and finally leveled off for the two lowest 
concentrations. Therefore, the critical electrolytic concentration is 10− 2 

M that is capable of changing the electrostatic repulsion. In addition, 
electrostatic repulsion decreased with increasing distance between soil 
particles and the concentration of electrolytes. 

3.2.2. The van der Waals and surface hydration pressures between soil 
particles 

Here, the negative values represent the attractive pressures that 
stabilize soil aggregates. According to the Equations 6–7, and 8, the van 
der Waals and surface hydration pressure can be derived. Fig. 2 shows 
the distribution of van der Waals and surface hydration pressures. The 
biochar application enhanced the attraction of van der Waals in soil 
particles. For two adjacent particles at 1.4 nm apart, the van der Waals 
attractive pressure were − 12.5, − 15.0, − 18.2, and − 21.2 atm in soils 
with the application rates of 0.0%, 2.5%, 5.5%, and 7.0%, respectively. 
As the distance between soil particles increased, the force of surface 
hydration repulsion decreased. The force of repulsion would be domi
nant over an attractive force for the soil particle separation of <1.4 nm. 
The difference between the forces of van der Waals and the surface 
hydration sharply increased with decreasing space between soil parti
cles. Hence, whenever dried soil aggregates are wetted the repulsive 
pressure generally overcomes van der Waals attractive pressure. 

3.2.3. Net pressure between soil particles 
To understand the overall changes of soil internal forces, we further 

evaluated the soil net pressure which is the sum of electrostatic, van der 
Waals and surface hydration pressures between soil particles. Fig. 3 
shows the net pressure distribution between two adjacent particles of 
biochar-amended soils at various electrolyte concentrations. The parti
cles separated by 2 nm exhibited a net attractive pressure at a 1 M 
electrolyte concentration. Strong repulsive pressures occurred at all 
electrolyte concentrations when the particles were < ~1.5 nm distance. 
With the decrease in bulk electrolyte concentration, the net pressure 
would increase and overlap at electrolyte concentrations ≤ 10− 2 M. 
Thus, 10− 2 M was the critical bulk solution electrolyte concentration. 

Biochar application altered the net pressure of soil particles (Fig. 3). 
For the determination of the impact of biochar amendment on the net 
pressure exhibiting by two adjacent particles, the relationships between 
the net pressure at 2 nm soil particle distance and the electrolyte con
centration were plotted (Fig. 4). For each electrolyte concentration and 
distance between soil particles, the net pressure declined with increasing 
rate of biochar application. For all the treatments, decreasing electrolyte 
concentration from 1 to 10− 2 M results in increasing the net pressure and 
the pressure reached a plateau with a further decrease in the concen
trations of electrolyte from 10− 2 to 10− 4 M. Therefore, the critical 
electrolyte concentration was 10− 2 M. Each treatment exhibited net 
attractive pressure at 1 M concentration of electrolyte. 

3.3. Effects of biochar on Na+-saturated aggregates stability 

To investigate the effects of soil internal forces on aggregate stability, 
the aggregate breaking strength of biochar-amended soils under given 
electrolyte concentration was measured and the results are shown in 
Fig. 5. Breaking strength decreased with increasing biochar application 
rate for each electrolyte concentration. Hence, soil aggregate stability 
increased with the biochar amendment level. Similarly, the breaking 
strength became enhanced when the concentration of electrolyte in the 
bulk solution decreased. i.e. by decreasing the concentration from 1 to 
10− 2 M, the breaking strength of soil aggregates logarithmically 
increased. In contrast, the soil aggregate breaking strength reached 
steady-state at electrolyte concentrations < 10− 2 M. Hence, it was the 
critical point for the breakdown of soil aggregates. 

3.4. Relationship between soil internal forces and Na+-saturated 
aggregate stability 

To further quantitatively analyze the effects of soil internal forces on 
aggregate stability, we directly established the relationship between the 
net pressure at 2 nm soil particle distance and aggregates breaking 
strength of biochar-amended soils (Fig. 6). The distance of 2 nm was 
chosen, because the hydration repulsive pressure can be ignored, and 
the electrostatic pressure has been shown to be the main force inducing 
aggregates explosion in aqueous system (Li et al., 2013). The soil 
aggregate breaking strength had positive correlations with the net 
pressure at 2 nm between soil particles. There were significant expo
nential relationships between aggregates breaking strength (<10 and 20 
μm) of the whole biochar-amended soils and the net pressure of soil 
particles, indicating that soil aggregate stability decreased exponentially 
as the net pressure of soil particles increased, and increased as the bio
char application rates increased. 

4. Discussion 

4.1. Responses of soil properties to biochar application 

Biochar application remarkably affects the soil physicochemical 
properties. It can enhance the quality and fertility of the soil (El-Naggar 
et al., 2019; Zhang et al., 2020b). Our results showed that biochar 
slightly but consistently lowered soil pH (Table 1). Previous studies also 
reported a similar minor decrease in soil pH after incorporation biochar 
into the soils having alkaline pH (Liu and Zhang, 2012; Lentz and 
Ippolito, 2012; Abrishamkesh et al., 2015; Laghari et al., 2015; Zhang 
et al., 2020b). Nevertheless, the outcome of the present work did not 
agree with some other studies that reported the liming impacts of bio
char after its amendment in soils of acidic nature. After biochar incor
poration, the possible change in pH varies with soil and biochar type, 
biochar quantity, and environmental conditions (El-Naggar et al., 2019). 
The decline noted in soil pH upon the incorporation of biochar in our 
study could be explained as follows: (1) biochar oxidation (aging) in 
soils can promote the production of phenolic and carboxylic acids that 
reduce soil alkalinity (Cheng et al., 2006; Zhang et al., 2020b) and (2) 

Fig. 2. Distributions of van der Waals attractive pressure and surface hydration 
repulsive pressure. 
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biochar addition could improve the buffering capability of soil pH (Xu 
et al., 2012). 

Biochar application is capable of enhancing SOC sequestration 
(Mukherjee and Lal, 2013; Wang et al., 2016; El-Naggar et al., 2019). 
Many previous studies have shown that an increase in SOC is a direct 

consequence of the biochar amendment (Sohi et al., 2010; Alwabel et al., 
2018), which is confirmed in this study (Table 1). This can be explained 
by the fact that biochar has a high C content; and its microbial degra
dation furnishes recalcitrant aromatic C. For these reasons, prolonged 
biochar amendment can thus increase SOC and improve aggregate sta
bility (Purakayastha et al., 2015; El-Naggar et al., 2015, 2019; Wang 
et al., 2016). In addition, many studies have found that the biochar 
amendment ameliorates soil structure, increases soil aggregate stability, 
and physically protects SOM against rapid decomposition (Zhang et al., 
2015, 2020a, 2020b; Wang et al., 2017; Luo et al., 2020). 

Many studies suggested that the incorporation of biochar was 
capable of increasing CEC, SSA, and σ0 of soil (Mukherjee and Lal, 2013; 
Alwabel et al., 2018; Palansooriya et al., 2019; El-Naggar et al., 2019). 
Yuan and Xu (2011) reported that biochar incorporation increases the 
CEC of acid soils of subtropical and tropical China having relatively low 
initial CEC. Laird et al. (2010) reported the increase in SSA of biochar- 
amended soils with application rate from 0.0% to 2.0%. Liang et al. 
(2006) reported that the Anthrosols from the Brazilian Amazon had 
comparatively higher CEC, SSA, and σ0 than adjacent forest soils as the 
former had higher black carbon content. Liu et al. (2020) indicated that 
organic matter enrichment during the restoration of vegetation signifi
cantly improved the CEC, SSA, and σ0 of loessial soil. Hence, organic 
material inputs have dramatic effects on soil surface properties. Our 
results also showed that biochar application improved soil CEC, SSA, 
and σ0 and their values increased with biochar application rates 
(Table 1). Biochar amendment can enhance soil surface properties as the 
material has a wider pore size distribution and high surface area (Chan 
and Xu, 2009; Mukherjee et al., 2011). Besides, it is quite important that 
biochar undergoes various physical and biochemical reactions in the soil 

Fig. 3. Net pressure distribution of two adjacent soil particles at various bulk solution electrolyte concentrations.  

Fig. 4. Net pressure at 2 nm between soil particles and in various bulk solution 
electrolyte concentrations. 
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(Zhao and Zhou, 2019). Natural biochar oxidation can generate carboxyl 
groups that improve soil surface properties (Liang et al., 2006; Suddick 
and Six, 2013). Cheng et al. (2008) stated that the oxygen-bearing 
functional moieties on the biochar-mineral complexes formed during 
biochar aging have surface negative charges that increase with biochar 
oxidation. 

4.2. Responses of soil internal forces to biochar application 

The interactive forces between soil particles are largely affected by 
soil intrinsic and extrinsic factors including CEC, SSA, σ0, solution 
composition and concentration, pH, and others (Huang, 2004; Li and Xu, 
2008; Rengasamy et al., 2016). Here, negative pressure indicates 
attraction between soil particles while positive pressure represents 
repulsion. Our study reveals the electrostatic repulsive pressures be
tween soil particles increased with biochar application at each electro
lyte concentration (Table 2). This finding agrees with that reported by 
Yu et al. (2017). The results can be explained by increased soil surface 
charge density after biochar incorporation (Table 1) (Li and Xu, 2008; 
Xu et al., 2020). Meanwhile, the soil electrostatic repulsive force 
increased with decreasing bulk solution electrolyte concentration 
(Fig. 1; Table 2). This result was also described by the previous literature 

(Gong et al., 2018; Ding et al., 2019). According to the classic double 
layer theory, elevated bulk solution electrolyte concentration com
presses the double soil colloid layer, thereby reducing the electrostatic 
repulsive force of soil particles or vice versa (Liang et al., 2007). 
Therefore, this result indicates that biochar addition and the decreasing 
electrolyte concentration could both increase soil electrostatic force 
between soil particles. The result also suggests that when rain penetrates 
the soil, the bulk solution electrolyte concentration is lowered by dilu
tion leading to an increase in the electrostatic repulsion between soil 
particles. 

In this study, the van der Waals attractive force was found stronger 
upon biochar incorporation after two years field study. Specifically, the 
van der Waals force increases with the biochar application rate (Fig. 2), 
indicating that biochar application could increase the attractive force 
between soil particles offsetting the increased electrostatic repulsion 
force. Earlier studies reported similar findings (Yu et al., 2017, 2020). Yu 
et al. (2020) found that in Vertisols and Ultisols, the van der Waals force 
decreased in response to SOM removal but increased after straw incu
bation (SOM addition) as compared to control. The main reason can be 
attributed to the increase of the soil Hamaker constant (Aeff) as the 
biochar amended into soils (Eq. (6)). Aeff represents the average in
teractions between macroscopic bodies and liquids caused by short- 
range van der Waals forces. This constant depends on the properties of 
the materials showing interaction with each other and the intervening 
media (Ackler et al., 1996; Bergstrom, 1997). Here, we found that the 
soil Aeff at the 0.0%, 2.5%, 5.5%, and 7.0% biochar application rates 
were 6.44 × 10-20, 7.75 × 10-20, 9.43 × 10-20, and 1.09 × 10-19 J, 
respectively. Thus, biochar addition increases soil Aeff which reflects in 
the increasing van der Waals attractive force between soil particles. In 
an earlier study, theoretical calculation revealed that the Aeff of Lou soil, 
classified as Calcic Cambisols according to FAO soil classification and 
developed from the same parent materials as the soils studied here, 
decreased from 6.86 × 10-20 to 3.14 × 10-20 J with the SOM removal 
(Wang et al., 2020). Determination of exact soil Hamaker constant is 
quite difficult because the surface geometry is complex and the solid 
phase is heterogeneous. Typical soil Hamaker constants are in the range 
of − 10-19 to 10-20 J (Watanabe and Mizoguchi, 2002; Tuller and Or, 
2005), which agreed with our present study. Moreover, biochar 
amendment increases soil Aeff mainly because clay form complexes with 
organic matter (Resurreccion et al., 2011). Therefore, our results suggest 
that biochar addition can increase van der Waals attraction between soil 
particles as indicated by increasing soil Aeff. 

Our study showed that the net pressure exhibited by SIFs decreased 
by increasing the biochar application rate (Fig. 4). Hence, biochar 
addition reduces net repulsive forces between soil particles. This result 
resembles those reported by Yu et al. (2017). They stated that the 

Fig. 5. Relationship of soil aggregate breaking strength with bulk solution electrolyte concentration. Error bars represent the standard error of the mean (n = 3).  

Fig. 6. Relationship between the net pressure at 2 nm soil particle distance and 
aggregates breaking strength of biochar-amended soils. 
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increase in SOM caused by straw incubation reduces the net pressure of 
soil comprising the sum of SIFs. Biochar addition increased both elec
trostatic repulsion and van der Waals attraction forces; but the increased 
attraction forces offset the increased electrostatic repulsive force 
(Table 2; Fig. 2) and thus improving soil aggregate stability. 

4.3. Responses of soil aggregate stability to biochar application 

The present study showed that soil aggregate breaking strength 
decreased with increasing biochar application rate (Fig. 5), indicating 
that soil aggregate stability improved with biochar addition. This result 
based on the Na+-saturated aggregates were in line with that of natural 
soil aggregates (Table1, MWD). Several studies showed the positive 
impact of biochar on soil aggregate stability both in the field and lab
oratory studies (Liu et al., 2014; Hartley et al., 2016; Fungo et al., 2017; 
Wang et al., 2017; Zhang et al., 2020a, 2020b). The increase in SOC after 
biochar incorporation could improve aggregate stability (Six et al., 
2004; Ojeda et al., 2015; Wang et al., 2016; Alwabel et al., 2018). SOM is 
an important soil binding agent. Its increase after the biochar amend
ment facilitates the formation as well as stability of soil aggregate 
(Haynes and Naidu, 1998; Soinne et al., 2014; Omondi et al., 2016; El- 
Naggar et al., 2019). However, the mechanism underlying this process is 
complex and poorly understood (Wang et al., 2017). Natural biochar 
oxidization produces hydroxyl and carboxylic functional groups that 
promote soil particle and biochar flocculation and leads to biochar- 
mineral complexes formation (Cheng et al., 2006; Lin et al., 2012; 
Jien and Wang, 2013; Fan et al., 2018). Six et al. (2004) stated that the 
addition of organic matter electrostatically joins the soil particles. Pre
vious studies showed that SIFs may reach 100–1,000 atm and they 
determined soil aggregate swelling, dispersion, and breakdown in 
aqueous systems (Hu et al., 2015). Our results indicated that soil net 
internal force decreased with increasing biochar addition (Fig. 4). This 
calculation fits the experimental data (Fig. 5), demonstrating that bio
char addition lowers net soil internal force and increases soil aggregate 
stability. Yu et al. (2017) performed an 8-month straw incubation study 
and found that an increase in SOM stabilizes soil aggregates by lowering 
the net pressure of SIFs. Annabi et al. (2007) reported that organic 
material stabilizes the aggregates by increasing interparticle aggregate 
cohesion, but they did not quantified the cohesion force. In addition, soil 
hydrophobicity also stabilizes aggregates and could reduce the slaking 
effect (Le Bissonnais, 1996; Derjaguin et al., 1987; Sullivan, 1990; Doerr 
and Thomas, 2000; Joseph et al., 2010). However, Dal Ferro et al. 
(2012) described the relatively little effect of hydrophobicity of organic 
content input for the stability of soil aggregate, especially for the case of 
large carbon input soils. Furthermore, previous studies showed that the 
air pressure produced by the slaking effect was <1 atm (Vachaud et al., 
1973; Zaher et al., 2005), which is far lower than the SIFs (100–1000 
atm). Therefore, the SIFs show to play a critical role in the stability of 
soil aggregates. 

The relationship of soil aggregate stability with electrolyte concen
tration mirrors the relationship of SIFs from theoretic calculation by 
using soil surface properties with electrolyte concentration (Figs. 4 and 
5), pointing to the fact that the net pressure of SIFs markedly affects 
aggregate stability in biochar-amended soils. The classic double layer 
theory states that the decrease in electrolyte concentration of bulk so
lution leads to an increase in the electric field of soil colloids. At the 
same time, the electrostatic repulsive forces increase and the soil ag
gregates disperse (Quirk, 1994; McBride, 1997; Hu et al., 2015; Yu et al., 
2020). Laegdsmand et al. (1999) have shown that colloidal particles 
flocculate in response to increasing ionic strength. In contrast, colloid 
dispersion increases with decreasing ionic strength. Hence, as the rain 
enters the soil, the bulk solution electrolyte concentration is reduced by 
dilution, and the soil electrostatic repulsive force and soil aggregate 
breakdown increase. 

5. Conclusions 

In this study, we employed the simplified Na+-saturated aggregates 
to quantitatively study the effects of biochar amendments on SIFs and 
aggregate stability. We found that SOM, CEC, SSA, σ0 and aggregate 
stability increased with biochar addition rates after two years. However, 
the biochar amendment caused soil pH to decrease slightly. Calculations 
disclosed that repulsive and attractive forces of soil increased in 
response to biochar addition. The biochar amendment caused the net 
pressure of SIFs to decrease. These theoretical results agreed well with 
our experimental data for Na+-saturated aggregate stability and thus soil 
aggregate stability. Overall, we conclude that biochar application im
proves soil surface properties, decreases the repulsive net pressure be
tween soil particles, and finally stabilizes soil aggregates. However, the 
simplification in our experiments, including pretreatments, measure
ments under electrolyte solution, substantially differed from in situ 
conditions, which must be kept in mind. Nevertheless, even after 
simplification and laboratory control, the approach adopted here did 
generate important quantitative information. This initial result provides 
a stepping stone for evaluating the effect of biochar on aggregate sta
bility by providing information about interaction forces between soil 
particles in a quantitative manner. 
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