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Abstract: Soil structure is a crucial constituent influencing soil organic richness, rooting systems,
and soil moisture conservation. Adding biochar to the soil, which directly affects aggregation, can
significantly alter the soil moisture status. The extent of this impact is influenced by the temperature
at which pyrolysis biochar is formed. The impact of biochar derived from wheat straw made at
350, 450, 550, and 650 ◦C (B350, B450, B550, B650) on soil aggregation and moisture retention was
evaluated in this study. Based on the results, B550 had the largest mean weight diameter, most
water-stable aggregates, and highest available water content compared to the control, with increases
of 235%, 39% and 166% compared to the control. On the other hand, B350 was identified as the
weakest treatment, with no significant difference from the control. Using B550 and B650 significantly
reduced the soil bulk density by 13% and 12% compared to the control. Therefore, the formation
of micro-aggregates, the development of soil porosity, and the subsequent increase in soil available
water are unavoidable during the addition of B550. The change in the hydrophilic character of biochar
and the attainment of an optimal oxygen/carbon ratio with pyrolysis degradations is a critical factor
in soil hydrology issues.

Keywords: bulk density; clay particle; organic carbon; porosity; soil moisture

1. Introduction

Soil is a diverse natural ecosystem made up of minerals, organic matter, gases, liquids,
and organisms that interact in a variety of ways [1]. The majority of terrestrial plants
rely on soil for both quality and quantity, and hence healthy soil is crucial [2,3]. Many
concepts deal with soil fertility, quality, and security [4]. For example, the “One Health”
concept links human, animal and environmental health [5]. Lehmann et al. [6] pointed out
that the designation of soil quality and soil health should not be confused. Soil quality
is mainly related to ecosystem services concerning people. A lot of authors have already
investigated ecosystem services, and this issue is relatively well described [1–3,7]. How-
ever, soil health goes beyond human health to broader sustainability goals, including the
planet’s health. Farming management must aim to support biological diversity, water
quality, suitable climate, recreation, and human and planetary health [6]. According to
Nannipieri et al. [8], healthy soils must fulfil many ecosystem services, including maintain-
ing plant and animal productivity and biodiversity, maintaining or improving water and
air quality, and promoting human health.

Severe hydrological extremes, such as long-term drought and extreme precipitation,
have risen as a result of climate change [9]. This might cause an increase in global crop
production instability [10]. Optimizing soil water content could encourage agroecosystems
and soil microbial populations that rely on water to be more flexible [11]. Using ecological
and pragmatic approaches to improve soil fertility is essential [12,13]. Biochar has been
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recognized as a solution to the problematic soils [14]. This carbonaceous material produced
by pyrolysis of biomass waste presents a profitable and effective strategy to increase soil
fertility and simultaneously sequester soil carbon [15,16].

Biochar as a soil amendment can increase soil water availability [17], water holding
capacity [18], soil aeration [19]. Feedstock, pyrolysis circumstance, and soil characteristics
all influence these features. Among these parameters, pyrolysis temperature has the
greatest influence on the final biochar product [20].

The surface area characteristics and mineral proportion of biochar are all affected by
the pyrolysis temperature [21–23]. Regardless of the feedstock used, the formation of mi-
crostructure and an increase in the surface area of biochar has frequently been documented
with increasing pyrolysis temperature [24–26]. An opening of the internal structure of
willow biochar was observed when the pyrolysis temperature was ≥450 ◦C [27]. Some
studies also reported that biochars produced in slow pyrolysis improved available water
content (AWC) in both fine- and course-textured soils [28–30]. In practice, AWC is the most
essential factor in irrigation schemes; for example, with a greater AWC, the interval of
watering and the volume of irrigation water used may be minimized. The use of biochar
has a positive impact on the moisture content of the soil [31,32]. Even when increasing the
pyrolysis temperature to 600 and 800 ◦C, the total pore volume and phosphate absorption
rate of biochar were shown to decrease [33]. The suggested mechanisms for this are the
blockage and collapse of the pore structures by melting of the material during pyrolysis [34].
However, in three agricultural soils, biochars produced from straw and wood at varying
temperatures had no beneficial impact on available water [35].

On the other hand, there are some factors that are directly affected by biochar amend-
ment, and which play important roles in altering the water capacity in the soil, such as a
decrease in the soil bulk density [36], an increase the total soil pore volume and alteration of
the pore-size distribution [37], the expansion of the soil surface area, particularly in sandy
clay soil [38], and the expansion of soil aggregation [39]. However, many of these proposed
mechanisms have not been validated on the basis of direct evidence. Nevertheless, the role
of soil aggregates in water retention cannot be ignored they affect the soil water retention
through the pore structure. The capacity of a soil to store and fix organic carbon (OC) is
strongly affected by aggregate stability [40]. Soil aggregate distribution is an important
characteristic of soil structure that regulates soil moisture. Aggregates of different sizes
have different effects on diffusion of gases, water, nutrients, and dissolved OC [41], and
also on germination of seeds and plant growth. For instance, a fine seedbed with aggregates
of less than 5 mm is good for crop establishment [42], while a soil with aggregates of 5 mm
size is advantageous for plant growth [43]. A rougher aggregate structure could promote
evaporation [44], decrease ion exchange activities [45], and reduce oxygen level in the inner
portion of the aggregates owing to bioactivities [46]. Sustained aggregates demand a higher
volume of linked pores in topsoil [31], which have the ability to speed up water ingress [32].

Various studies have looked into changes in soil structure and the effect of aggregation
in water retention capacity. On the other hand, it appears that the use of biochar in the
soil has a direct impact on the aggregation process due to its surface qualities. As a
consequence, biochar-treated soils are considered to have a greater moisture potential than
soils without biochar. It has been demonstrated that the feedstock and pyrolysis conditions
have a significant impact on how effective biochar is in soil. To the best of our knowledge,
the literature has not sufficiently investigated how the temperature of pyrolysis affects
soil aggregation and moisture. Therefore, the focus of this research was on observing
how changing pyrolysis temperature affected the moisture qualities of soil in terms of
soil aggregation indices with a closer look into produced biochar structure. Furthermore,
determining the proper pyrolysis conditions with which to achieve the best efficiency of
wheat biochar with respect to water retention characteristics was an alternative objective.
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2. Materials and Methods
2.1. Experimental Design

This study’s soil came from a research location at the Faculty of Agriculture, University
of Guilan in Rasht, Iran (37◦11′59.3′′ N 49◦38′54.6′′ E). The soil has a clay texture (clay: 53%,
silt: 29%, sand: 18%) and it is classified as Typic Hapludalfs. Biochars (B) derived from
wheat straw were carbonized during 2 h at four pyrolysis temperatures (350, 450, 550, and
650 ◦C) in an electrical laboratory furnace equipped with a temperature controller with
limited air access and the speed of the furnace heating was 10 ◦C min−1. After spending
1 day cooling down, the biochars were ground to a size smaller than 1 mm, following
which they were ready to be added to the soil. Therefore, following treatments were used:
C (control without biochar), B350, B450, B550, and B650. Three replications were performed.
All treatments were applied at 3% by weight of biochar to soil and mixed well in plastic
pots (21 cm width, 30 cm depth, and 3 kg soil capacity). The application rate of biochar was
selected based on frequently used in conducted pot experiments [39,47,48]. The pots were
then watered (field capacity plus 20%) and dried (permanent wilting point) in a controlled
environment. The pots were placed in a greenhouse at 25 ◦C for 7 days to check the moisture
level. The incubation time was 5 months. After that, two undisturbed and disturbed soil
samples collected from each pot for analysis of soil physical and chemical characteristics.

2.2. Biochar Characteristics

The analyses of biochar properties are shown in Table 1. The pH was determined
using a 1:20 (w/v) biochar to water ratio [49]. An elemental analyzer was used to detect total
carbon, hydrogen, and nitrogen (Perkin Elmer 2400 II). The ammonium acetate technique
was used to determine CEC and exchangeable cations [50]. The Brunner, Emmett, and Teller
(BET) approach was used to calculate the specific surface area [51]. To look into the effects
of varying the pyrolysis temperature on the microstructure of biochar more thoroughly,
scanning electron microscope (SEM) was used (Hitachi-TM3030, Japan). Figure 1 shows the
results of SEM with high magnificent. The functional groups in the produced biochars used
in this study were analyzed using a Fourier transform infrared (FTIR) spectrophotometer
in the mid-infrared region, from 4000 cm−1 to 400 cm−1. The resulting FTIR spectra are
shown in Figure 2.

Table 1. Characteristics of biochar (B) made from wheat straw at four different pyrolysis temperatures
(350, 450, 550 and 650 ◦C).

Property B350 B450 B550 B650

* SSA (m2 g−1) 40.1 ± 2.53 51.3 ± 2.16 85.8 ± 3.18 70.4 ± 2.13
pH 7.7 ± 0.02 8.5 ± 0.03 8.9 ± 0.02 11.7 ± 0.02

CEC (cmolc kg−1) 15.3 ± 1.21 19.5 ± 1.56 43.4 ± 2.15 37.2 ± 2.82
C (%) 30.1 ± 1.09 42.1 ± 1.68 52.4 ± 2.24 57.6 ± 1.97
H (%) 3.56 ± 0.03 3.22 ± 0.02 2.51 ± 0.02 1.94 ± 0.01
O (%) 14.8 ± 0.92 13.6 ± 0.67 12.9 ± 0.38 12.4 ± 0.49
N (%) 1.39 ± 0.01 1.25 ± 0.01 1.64 ± 0.02 1.53 ± 0.02

O/C ratio 0.49 ± 0.01 0.32 ± 0.01 0.24 ± 0.01 0.21 ± 0.01
Biochar yield (%) 26.2 ± 1.54 37.4 ± 2.81 45.3 ± 2.93 16.8 ± 0.97

* SSA: Specific surface area; CEC: cation exchange capacity, C: carbon, H: hydrogen, O: oxygen, N: nitrogen.
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Figure 1. Scanning electron microscopy (SEM) images of biochar produced at (a) 350 °C, (b) 450 °C, 

(c) 550 °C, and (d) 650 °C. 

 

Figure 2. Fourier transform infrared (FTIR) spectra of four different biochar. 

  

Figure 1. Scanning electron microscopy (SEM) images of biochar produced at (a) 350 ◦C, (b) 450 ◦C,
(c) 550 ◦C, and (d) 650 ◦C.
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2.3. Soil Characteristics

The wet-sieving process was used to examine the wet aggregate size distribution.
After open sun-drying, the soils were moistened with tap water for roughly 24 h. The soil
was then soaked in a bucket of tap water and sieved at 35 oscillations per min (with a
35 mm amplitude) for 10 min on a set of sieves with apertures 2, 1, 0.5, 0.25, and 0.053 mm
in diameter. After wet-shaking, the remaining material in every sieve removed carefully
and dried at 105 ◦C. The weight ratio of aggregates from each sieve on the total weight
of aggregates was computed to determine the aggregate size distribution. Using wet
sieving results, the mean weight diameter (MWD) of the soil aggregates was calculated
as follows [52]:

MWD = ∑n
i=1XiWi, (1)

where X denotes the average diameter of the aggregates left on each sieve, Wi denotes the
weight ratio of aggregates per sieve to the total weight of the soil, n denotes the number of
sieves used.

To evaluate water-stable aggregates, 4 g of 1–2 mm air-dried aggregates were loaded
into a 0.26 mm sieve, pre-wetted with water for 24 h, and then shacked 35 times min−1

vertically approximately 1.5 cm for 3 min using a single-sieve wet-sieving technique [52].
After drying, the weight of unstable and stable aggregates was calculated. The water-stable
aggregates (WSA) index is computed as follows:

WSA =
Wa −Wc

Wo −Wc
× 100, (2)

where Wa denotes the weight of material on the sieve after wet sieving, Wc denotes the
weight of sand material, Wo denotes the weight of aggregates placed on the sieve prior
wet sieving.

The soil bulk density (BD) was measured by the clod method, and then the soil porosity
was calculated using BD values [53]. Spectrophotometry (PerkinElmer Optima 7300 V)
was used to estimate the quantity of soluble base cations (Ca2+ and Mg2+), and the flame
photometer was used to calculate Na+ (M410 Sherwood). The sodium absorption ratio
(SAR) was then computed using the following formula:

SAR =
Na+√

Ca2++Mg2+

2

× 100, (3)

2.4. Water Retention Capacity

Using porous plate funnels and pressure plate equipment, the soil water content
curves were calculated [54]. The imposed tensions were 0, −10, −33, −100, −300, −500,
and −1500 kPa which are equals to 0, 2, 2.5, 3, 3.5, 3.7, and 4.2 pF (log matric potential).
The field capacity (FC) and the permanent wilting point (PWP) were determined to be −33
and −1500 kPa, respectively. Three replications were performed. The difference between
FC and PWP was used to compute the available water content (AWC).

2.5. Data Analysis

One-way analysis of variance (ANOVA) was performed to examine the significance
of differences in soil parameters among treatments. Lowercase letters in the figures indi-
cate statistically significant differences after the least significant difference (LSD) test at
p < 0.05. To analyzing existing correlation between pyrolysis temperature and soil proper-
ties, linear regression was performed as follows: (a) mean of predicted values and residuals,
(b) normality of unstandardized residues values (p > 0.05) by Shapiro–Wilk test, (c) the
existence of potential outliers by Cook–Weisberg test, (d) the presence of autocorrelation
between regression variables by Durbin–Watson test and (e) the significant of regression
model by Fisher–Snedecor test significance. SPSS 26.0 was used to analyze the data, and
Excel 2020 was used to create all of the figures.
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3. Results
3.1. Changes in Soil Characteristics

Applying B450, B550, and B650 treatments significantly affected MWD and WSA
(p < 0.05) (Figure 3). The highest MWD and WSA were attained with B550, with an increase
of 235% and 39% compared to the control. The second highest values for both MWD and
WSA were obtained with B650 with an increase of 157% and 28% compared to the control.
MWD and WSA of B650 did not significantly differ from B450, and the control and B350.
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Figure 3. Effect of biochar (B) treatments on (a) mean weight diameter (MWD) and water-stable
aggregates (WSA). Different lowercase letters indicate differences (p < 0.05). Bars represent standard
errors (n = 3).

The quantity of micro-aggregates in the soil was affected by the biochar treatments
(p < 0.05) (Figure 4). B550 significantly increased the percentage of micro-aggregates in the
soil from 43% (control) to 55%. Additionally, B350 and B450 were jointly in second place,
without a significant difference between them but they were significantly lower than B550.
Using B650, on the other hand, did not result in a significant change from the control. On the
other hand, the value of SAR showed a significant increase compared to the control, except
for B550, which did not significantly differ from the control. The highest SAR resulted from
the application of B650, with an increase of 129% compared to the control.

Biochar treatments had a significant impact on soil BD and porosity (p < 0.05) (Figure 5).
Applying B550 and B650 significantly increased the porosity by 15% and 14% compared to
the control, respectively, but decreased the BD by 13% and 12% compared to the control,
respectively. The B350 treatment had the worst results, since neither the porosity nor the BD
differed from the control. B450 showed values intermediate between the control and B550
and B650 for both parameters.
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3.2. Water Retention

The use of biochar had a considerable impact on FC, PWP, and AWC (Figure 6). The
FC significantly increased with B450 and B550 by 14% and 17% compared to the control,
respectively. Meanwhile, the FC with B350 and B650 as lower compared to B450 and B550 and
did not differ compared to the control (p < 0.05). The three treatments B450, B550 and B650
significantly decreased the PWP by 20%, 23% and 21% compared to the control, respectively.
There was no noticeable difference between B350 and the control. The highest AWC was
attained when applying B450 and B550 with an increase in 146% and 166% compared to the
control, respectively. Additionally, B650 increased the AWC by 89% compared to the control.
The control and B350, on the other hand, showed no significant difference.
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Figure 6. Effect of biochar treatments on field capacity (FC), permanent wilting point (PWP) and
available water content (AWC). Different lowercase letters indicate differences between the treatments
(p < 0.05). Bars represent standard errors (n = 3).

The statistical characteristics of the regressions between pyrolysis temperature and soil
properties are presented in Table 2. The residuals of all models passed heteroscedasticity for
the existence of potential outliers using the Cook–Weisberg test. The results of the Shapiro–
Wilk test significantly showed that residuals had a normal distribution due to their having
a sig. value of greater than 0.05. The Durbin–Watson statistic ranged from 0 to 4, with a
value of 2.0 indicating no autocorrelation. Values close to 0 mean that there is a positive
autocorrelation and values close to 4.0 indicate negative autocorrelation. In this study,
autocorrelation between residuals was not observed on the basis of the Durbin–Watson test.
The regression model was significant according to the Fisher–Snedecor model significance
test. Because the mean of the residuals was close to zero, the residual distribution was close
to a normal distribution, and therefore the model was better fitted. As can be observed from
Figure 7, the results show that there is positive relationship between soil characteristics
and pyrolysis temperature, such that coefficients of determined were obtained for them as
follows: R2 = 0.61 for MWD, R2 = 0.53 for WSA, R2 = 0.46 for micro-aggregates, R2 = 0.51
for SAR, R2 = 0.53 for porosity, and R2 = 0.65 for BD.

Table 2. The statistical characteristics of the dependence variables.

Constant
Variable

Dependent
Variable n R R2 F Test

(Sig.)
S-W Test

(Sig.) D-W Test
Mean of

Predicted
Values

Mean of
Residual

* Pyrolysis temp. MWD 12 0.78 0.61 191.9
(0.000) 0.71 1.814 10.87 0.000

Pyrolysis temp. WSA 12 0.73 0.53 459.6
(0.000) 0.62 1.731 56.43 0.000

Pyrolysis temp. Micro-agg 12 0.69 0.46 419.2
(0.000) 0.36 1.839 50.21 0.000

Pyrolysis temp. SAR 12 0.71 0.51 205.8
(0.000) 0.55 1.667 6.121 0.000

Pyrolysis temp. Porosity 12 0.73 0.53 457.4
(0.000) 0.48 1.968 54.73 0.000

Pyrolysis temp. BD 12 0.81 0.65 116.3
(0.000) 0.79 2.109 4.986 0.000

* temp.: temperature, MWD: mean weight diameter, WSA: water stable aggregate; Micro-agg: micro-aggregate,
SAR: sodium absorption ratio, BD: bulk density, n: observations, R: coefficient of correlation, R2: coefficient of
determination, F: Fisher–Snedecor test, S-W: Shapiro–Wilk test, and D-W: Durbin–Watson test.
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Figure 7. Regression relationships between the pyrolysis temperature of wheat biochar for
(a) mean weight diameter (MWD), (b) water-stable aggregate (WSA), (c) micro-aggregates, (d) sodium
absorption ratio, (e) porosity, and (f) soil bulk density (BD). The values on each graph represent the
total number of treatments and replicates.
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4. Discussion

In this study, adjusting the biochars’ pyrolysis temperature resulted in appreciable
changes in the soil’s porosity and bulk density, and, consequently, its hydrological char-
acteristics (Figure 5). These changes can be interpreted on the basis of the occurrence of
several mechanisms that are interrelated. Firstly, the change in the hydrophilic nature
of biochar with pyrolysis degradations is a key factor in this regard. The O/C ratio is a
practical indicator for the determination of the level of the conversion of biomass to biochar,
and also the rate of carbonization [55]. When the pyrolysis temperature increases, the O
content falls during the decarboxylation reaction, lowering the O/C ratio [56,57]. Higher
loss of O indicates higher carbonization of the feedstock, formation of more fused aromatic
rings, and stronger C structure of the biochar [58]. The polarity of biochars is determined by
the O/C molar ratio [22]. Nevertheless, the values of 0.2 and 0.4 as lower and upper limits
of the O/C ratio, respectively, are accepted for the characterization and differentiation of
biochar from soot and biomass [55]. A higher O/C ratio means less change in the feedstock
and better biomass features in the carbonized product [58]. Overall, a O/C ratio between
0.2 and 0.4 means more carbon skeletons and oxygenated functional groups. As shown in
Table 1, the lowest and highest O/C ratio obtained from B650 and B350, respectively, which
would be a reasonable justification for that assertion. Therefore, B350 having the worst
performance can be explaining by there being less alteration during the pyrolysis process,
and the fact that it retains its feedstock characteristics at the end of production, as B650,
which has a much higher loss of O, possesses characteristics outside the range of biochar
and has become a soot. Raising the pyrolysis temperature to above 550 ◦C appears to
lessen biochar polarization, making the biochar surface less hydrophilic. Moreover, it was
observed that when the pyrolysis temperature rose to above 500 ◦C, the yield of biochar
synthesis decreased by 10% for every 100 ◦C increase [59]. For this reason, B450 and B550
exhibit more benefits compares to the two other treatments. This means that B450 and B550
had a sufficiently porous C structure and oxygenated functional groups in their structure
to provide room to contain more moisture [26]. The development of an arranged carbon
skeleton with an increase in pyrolysis temperature is clearly visible from the microscopic
images of the produced biochars (Figure 1). Therefore, this stable C structure can be consid-
ered an effective factor for improving soil AWC. A notable distance between FC and PWP
moisture points in the water retention curve after the application biochar produced at high
temperature can therefore be inferred (Figure 6). Low temperatures (<550 ◦C) have been
shown to produce biochars with more oxygen-containing functional groups, resulting in
an amorphous C matrix that increases nutritional availability [38]. According to the FTIR
test in the current study, the sharp peaks present in B350 and B450 at wavenumbers of
3430 and 1620 cm−1, which can be attributed to functional hydroxyl and carboxyl groups,
can support that claim (Figure 2). However, the hydrophobicity is increased as a negative
property [60]. Maize stalk biochar generated at 650 ◦C was shown to have no effect on
aggregate stability due to the lack of oxygen-containing functional groups [26]. Throughout,
the best pyrolysis temperature range to generate optimal biochar with low hydrophobicity
was found to be between 400 and 600 ◦C [21]. Additionally, because of the prevalence of
non-polar aliphatic and aromatic groups in organic compounds, the relatively low pyrol-
ysis temperature (450 ◦C) induces increased water repellent activity. This hydrophobic
situation provides negative capillary pressure, keeping water from entering the pores [61].
Furthermore, higher temperatures resulted in a loss of hydrogen (H) owing to the increased
carbonization and a loss of nitrogen (N) due to the evaporation of N-containing compounds.
It has been demonstrated that at temperatures above 400 ◦C, a significant proportion of
N is lost as N2O, NO, and NO2 [62]. When we increased the temperature from 350 to
650 ◦C in our experiment, biochar yield decreased progressively. This is most likely due
to the loss of volatile organic molecules at high temperature, resulting in the formation of
tiny pores, while primary organizational structures such as cellulose are preserved [59].
These tiny pores are clearly visible in the SEM image of B650 (Figure 1). This process
created a well-developed microporous structure in the biochar and resulted in low weight,
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low density, and multiple micro-pores [36–38]. Gradual increase in soil porosity, as well
as the decrease in bulk density with increasing pyrolysis temperature, demonstrate the
effectiveness of changes in weight and volume of biochars. This is confirmed by the fact
that porosity has a positive connection with pyrolysis temperature and BD has a negative
relation with pyrolysis temperature.

The second important factor that plays a key role in improving the water content in
soil is the interface between biochar particles and soil aggregation [25], as the positive
correlation of MWD and WSA versus pyrolysis temperature confirms (Figure 7). The
distribution of micro-aggregates (<250 µm) in soil is a key feature of soil structure, and
it is considered to influence soil water retention [63]. These micro-aggregates are made
up of a variety of mineral, organic, and biotic components that are linked together with
biochemical functions throughout soil formation. Stable micro-aggregates have the ca-
pability of increasing flux and impacting unsaturated water conductivity by providing a
higher number of linked pores [11,26]. MWD and WSA significantly changed with different
pyrolysis conditions, with B550 showing the highest values for both parameters (Figure 3).
This can be attributed to the proper pyrolysis conditions exhibited by B550, and thus the
higher organo-mineral component in the soil. The most critical parameters for improving
AWC were features such as specific surface area and adequate soil OC [29]. It has been
proven that increasing pyrolysis temperature to values higher than 550 ◦C, regardless of
the type and rate of feedstock, significantly decreases the OC, basal soil respiration, and,
consequently, aggregate stability indices [63]. Therefore, the biggest increase in micro-
aggregates being recorded for B550 could be related to the greater OC value in the B550. This
is important, because biochar providing OC and linking to the soil particles results in the
formation of stable organo-minerals that are less vulnerable to degradation. According
to certain studies, a considerable proportion of OC in biochar generated above 650 ◦C
is recalcitrant OC, but the proportion of recalcitrant and labile OC in biochar produced
at temperatures below 550 ◦C is about equal [30,63]. Therefore, the presence of more
labile OC using biochar in the soil indicates the improvement of aggregation due to the
creation of organo-mineral bridges between soil particles. This is supported by the positive
correlation between micro-aggregates and pyrolysis temperature. Additionally, the lower
percentage of micro-aggregates in B650 than B550 is related to their alkaline characteristics.
B650 has much higher pH compared to the other treatments (Table 1), which indicates an
increase in the percentages of alkaline cations (e.g., Na+, K+, Ca2+, and Mg2+) [26,64,65].
In addition, the increased sodium adsorption ratio (SAR) in B650 indicates that significant
Na+ has been added to the soil (Figure 4). As a consequence, when Na+ is available in
exchangeable form in the soil, it substitutes Ca2+ and Mg2+ adsorbed on the soil clays,
causing soil particle distribution. Since the flocculation of clay particles is one of the basic
conditions for the formation of micro-aggregates, this dispersion results in breakdown
of soil micro-aggregates. For this reason, a decrease in micro-aggregates occurred with
increasing SAR could be observed in B650. This argument is backed up by the fact that
SAR and pyrolysis temperature have a positive relationship. Figure 8 summarizes the
percentage of changes in soil characteristics affected by different pyrolysis temperatures in
this study.
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5. Conclusions

To investigate the impact of biochar on aggregate function in terms of boosting soil
moisture capacity, an experiment was performed in which four wheat biochar samples
that had been pyrolyzed at various temperatures were compared. The results showed that
increasing pyrolysis temperature to more than 550 ◦C notably boosted the hydrophobicity in
biochar structure due to the much higher loss of O content. Additionally, biochar produced
at a temperature of 450 to 550 ◦C boosted organo–mineral complexes and improved the
soil structure due to its possessing a robust carbon skeleton, increased specific surface
area, and more cations ready to bind to soil particles. Overall, B550 was recognized as
being the most efficient treatment, which has an obvious impact on soil mean weight
diameter, water stable aggregate, porosity, and soil available water content, which exhibited
235%, 39%, 15% and 166% increases, respectively, compared to the control. Therefore,
changes in the chemical and surface characteristics of biochar are seen as a function of
temperature, and therefore understanding the ideal temperature will have a big influence
on the structure of soil modified with biochar. The importance of this issue becomes
clearer when the physiological differences between different feedstocks are considered,
such as resistance and degradability at pyrolysis temperatures. Therefore, in order to
improve biochar efficiency with respect to soil hydrological concerns, the appropriate
temperature for various feedstocks must be determined based on the region’s agricultural
waste management strategy.
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