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Abstract: Sandy areas occupy a huge amount of land worldwide, but due to their characteristics, they
are mostly low in fertility and low in organic matter. Sandy soils have coarse texture, high saturated
hydraulic conductivity, low soil organic carbon, and poor aggregate stability and water retention
capacity; therefore, it is necessary to add organic additives to them. The objective of this study was
to assess the effect of particle size and application rate of biochar (BC) produced under different
pyrolysis temperatures on the porosity P, available water content for plants AWC, saturated hydraulic
conductivity Ks, and contact angle CA of sandy soil. The results show that an application of BC to
sandy soil significantly increased AWC by 76–168%, CA by 252–489%, P by 6–11%, and significantly
reduced Ks by 37–90%. Statistical analysis of the effect of three examined factors (BC application
rate, particle size, and pyrolysis temperature) revealed that P, AWC, and Ks were affected by all
three factors, while CA was affected only by BC application rate and particle size. The statistically
significant interaction between the two factors was found for P (temperature × rate and size × rate),
AWC (temperature × size), and Ks (size × rate). Statistically significant interaction among the three
factors was not found for any hydrophysical parameter. The application of BC to amend sandy soils
can be seen as a strategy to mitigate drought conditions and to reduce the amount of irrigation, saving
water. Further investigations are needed with regard to the BC application under climate conditions
with long hot and dry periods, which may promote soil water repellency.

Keywords: biochar; sandy soil; water repellency; soil water retention; saturated hydraulic
conductivity

1. Introduction

Sandy soils are considered marginal for agriculture due to coarse texture, high sat-
urated hydraulic conductivity, low soil organic carbon, and poor aggregate stability and
water retention capacity. Farming in sandy soils of drylands relies on the use of external
inputs such as organic and inorganic fertilizers. However, organic amendments in sandy
soils face the challenge of constant turnover, as their decomposition rate is high and the
added organics are usually mineralized within only small cropping seasons. Thus, organic
amendments must be applied frequently to sustain productivity. A suitable option is the
use of more stable organic materials. In this respect, biochar could be a suitable choice to
replace easily decomposable organic manures [1].

Biochar (BC) is produced by pyrolysis of organic residues under limited oxygen
conditions. It is resistant to soil microorganisms’ decomposition and acts as a sink of
carbon, leading to a decrease in the emissions of greenhouse gases into the environment
and an increase in crop production [2]. BC is being increasingly discussed as a means
to sequestrate carbon in the soil, and in this way reduce the CO2 emissions into the
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environment or atmosphere and mitigate climate change [3]. In their meta-analysis, Edeh
et al. [4] presented that BC addition increased the porosity, connectivity of pore space,
number of pores, available water content, field capacity, and permanent wilting point of
soils, and reduced the bulk density and saturated hydraulic conductivity of sandy soils.
The effect of BC was dependent on its application rate, particle size, specific surface area,
porosity, and pyrolysis temperature. In addition to the above-mentioned improvement
of hydrophysical properties of sandy soil, the conversion of biomass into biochar with
subsequent soil storage is assumed as a prospective strategy for reducing atmospheric
CO2 concentrations and mitigating climate change by enhancing the short-term carbon
sequestration [5].

Biochar can increase sandy soil porosity directly by reducing bulk density and through
its inherent high porosity. This has a direct effect on soil water storage and mobility. The
increased number of pores (especially mesopores) and total soil porosity lead to an increase
in soil moisture retention. Quin et al. [6] presented a small decrease in bulk density (from
1.60 to 1.56 g cm−3) and a corresponding small increase in porosity (from 4.5 to 4.7%) after
the addition of 1% of hardwood (Eucalyptus polybractea) BC (pyrolyzed at 550 ◦C and sieved
to 0.25–2 mm) to sandy soil. Alotaibi et al. [7] used the BC from date palm tree residues
pyrolyzed at 300, 400, 500, and 600 ◦C, and found that the porosity of sandy desert soil
increased significantly (from 38 to 46%) after the addition of BC pyrolyzed at 600 ◦C at the
rate of 8 Mg ha−1. Ajayi and Horn [8] found that amending the pre-graded (0.13–0.36 mm)
fine sand with 20 g kg−1 of woodchip and forest residue BC did not significantly increase
the total porosity. However, the total porosity of fine sand was significantly increased when
the amendment rate was increased to 50 and 100 g kg−1.

Basso et al. [9], Vitková et al. [10], and Ndede et al. [11] showed that BC application
increases soil water retention, especially in sandy soils, which has generally been attributed
to an increase in soil micro-porosity and the high porous structure of BC. Abel et al. [3]
found that the maize BC addition resulted in a 16.3% increase in available water content
(AWC) in the lab, but only an AWC increase of 4.3% in the field. Quin et al. [6] presented
a small increase in AWC (from 5 to 6%) after the addition of 1% of hardwood (Eucalyptus
polybractea) BC (pyrolyzed at 550 ◦C and sieved to 0.25–2 mm) to sandy soil. Ajayi and
Horn [12] presented that amending pre-graded (0.13–0.36 mm) fine sand with 100 g kg−1 of
woodchip and forest residue BC resulted in an AWC increase from 15.7% to 24.8%. Villagra-
Mendoza and Horn [13] showed that an addition of 5% of BC (with particles < 63 µm)
produced from an old mango tree and pyrolyzed at 600 ◦C to sandy soil increased the AWC
from 8.8 to 21%. Alghamdi et al. [2] found that the AWC increased from 4.5% to 11.4%
when the olive waste-derived BC was added to the top 10 cm layer of sandy soil at a rate
of 5%. Fu et al. [14] presented that the increase in AWC was highest in treatments using
the corn straw biochar rate of 4%; in these instances, for biochar particle sizes of 0–0.25,
0.25–1, and 1–2 mm significant increases of 65.3%, 51.4%, and 38.3%, respectively, were
recorded. Xu et al. [15] found that the increase in AWC was highest in treatments using the
corn straw biochar rate of 4%; in these instances, for biochar particle sizes of 0–0.25, 0.25–1,
and 1–2 mm significant increases of 65.3%, 51.4%, and 38.3%, respectively, were recorded.

The saturated hydraulic conductivity KS of sand–BC mixtures varied based on biochar
particle size and application rate. Ajayi and Horn [12] found that amending the pre-graded
(0.13–0.36 mm) fine sand with 100 g kg−1 of woodchip and forest residue BC resulted in a
decrease in KS from 846 to 191 cm d−1. Trifunovic et al. [16] used the BC produced by slow
pyrolysis of pine wood at 300 ◦C and presented that the addition of fine BC (<2 mm) at
different concentrations to pure silica sand with the median particle diameter of 0.90 mm
reduced KS from 25,900 cm d−1 (control) to 18,100, 13,000, and 4300 cm d−1 for 5%, 10%, and
20% concentrations of fine BC, respectively. However, the addition of coarse BC (>2 mm)
at concentrations of 5%, 10%, or 20% to sand did not influence KS. Villagra-Mendoza and
Horn [13] showed that an addition of 5% of BC (with particles < 63 µm) produced from an
old mango tree and pyrolyzed at 600 ◦C to sandy soil reduced KS from 1577 to 114 cm d−1.
Alghamdi et al. [2] presented that KS acquired using a constant head test decreased from
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389 to 52 cm d−1 when the olive waste-derived BC was added to the top 10 cm layer
of sandy soil at the rate of 5%. On the other hand, Alessandrino et al. [17] did not find
statistically significant changes in KS after an addition of wood BC at the equivalent field
rate of 75 Mg ha−1 to a calcareous sandy soil.

The addition of water-repellent BC should increase the water repellency of sandy soil.
Liu et al. [18] added wheat, corn, and rice straw BC produced at a pyrolysis temperature
of 350–450 ◦C with a contact angle CA = 107◦ to sandy soil and found that the CA of the
BC–soil mixture was 55◦, 69◦, and 77◦ for the biochar application rate of 2%, 5%, and 10%,
respectively. Ajayi and Horn [12] observed that the addition of 20, 50, and 100 g woodchip
biochar to fine sand altered soil water repellency.

The objective of this study was to assess the effects of particle size and application rate
of biochar produced under different pyrolysis temperatures on the soil porosity, available
water content for plants, saturated hydraulic conductivity, and contact angle of sandy soil.
We hypothesized that biochar addition would increase available water content, porosity,
and contact angle and reduce the saturated hydraulic conductivity of sandy soil. The effect
of biochar would depend on its application rate, particle size, and pyrolysis temperature.

2. Materials and Methods
2.1. Soil Description

Sandy soil with a very low content of organic carbon (cf. Table 1) was used for
our laboratory experiment. Disturbed samples were collected from the top 20 cm of the
soil profile in Plavecký Štvrtok, western Slovakia (N 48◦21′58.33′′; E 16◦59′49.23′′), at
an altitude of 157 m a.s.l. The mean annual temperature is 9 ◦C, and the mean annual
precipitation is 600 mm at the studied site. The soil is classified as Aeolic Arenosol and
has a sandy texture [19]. The basic parameters of the used soil are shown in Table 1. The
grain size analysis of the soil was performed by using the hydrometer method, pH (H2O)
was determined based on ISO 10390 [20], the determination of soil organic carbon content
was measured based on the Walkley and Black method [21], and the carbonate content was
estimated with Janko’s lime meter according to the methodology described by Hraško [22].

Table 1. Parameters of sandy soil (COX—soil organic carbon content).

Size Fraction
(%)

pH (H2O)
(-)

COX
(%)

Carbonates
(%)

Sand Silt Clay

91.0 7.5 1.5 6.84 0.04 <0.05

2.2. Biochar Description

Biochars (BCs) used in this study were produced in the UNYPIR reactor, which is
part of the AgroBioTech center (Slovak University of Agriculture, Nitra, Slovakia). The
feedstock material was willow (Tordis variety) and two pyrolysis temperatures were used,
300 ◦C and 520 ◦C. Basic BC properties are shown in Table 2. The pH (H2O) was determined
according to ISO 10523 [23], and elemental analysis of biochar carbon (C), hydrogen (H),
and nitrogen (N) was performed using a CHNSO elemental analyzer (Perkin Elmer, Inc.,
Waltham, MA, USA). The water drop penetration time test (WDPT) was measured based
on the methodology described by Doerr [24] and Tinebra et al. [25] and the contact angle
(CA) was determined by reviewing the image recordings taken with the optical goniometer
OCA 11 (DataPhysics Instruments GmbH, Filderstadt, Germany).
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Table 2. Parameters of used biochars (C—carbon content, H—hydrogen content, N—nitrogen content,
WDPT—water drop penetration time, CA—contact angle).

Pyrolysis
Temperature

(◦C)

pH (H2O)
(-)

C
(%)

H
(%)

N
(%)

WDPT
(s)

CA
(◦)

300 9.14 82.2 2.74 0.86 12,609 115.56

520 7.93 83.1 2.21 1.19 12,613 128.30

2.3. Experimental Design

Sandy soil was sieved to a fraction with a particle size ≤ 2 mm. Both BCs were
grounded with a hammer mill and sieved to a fraction with 125 µm and 2 mm particle
sizes, so two different BC sizes were studied: <125 µm and 125 µm–2 mm. Also, two
different application rates were examined in our research: 20 Mg ha−1 and 40 Mg ha−1.
Eight soil–BC mixture treatments and one control without BC were prepared in steel
cylinders with a volume of 100 cm3 and 5 replicates for each treatment were prepared in
laboratory conditions. Hydrophysical measurements were provided one week after soil–BC
mixture preparation.

The porosity P of the soil and soil–BC mixtures was calculated based on the
Equation (1) [26]:

P =
ρs − ρd

ρs
× 100 (1)

where P is soil/soil–BC mixture porosity (%), ρs is soil/soil–BC mixtures particle density
(g cm−3) measured by the pycnometric method [27], and ρd is the bulk density of the
soil/soil–BC mixtures (g cm−3) determined based on Equation (2) [28]:

ρd =
ms
V

(2)

where ms is the weight of the soil/soil–BC mixture samples dried at 105 ◦C (g) and V is the
steel cylinder volume (cm3). Five values were analyzed for each treatment.

The available water content for plants (AWC) is defined as the difference between the
field capacity (FC) determined at pF = 2 (10 kPa) and the wilting point (WP) determined
at pF = 4.18 (1500 kPa). The above-mentioned hydrolimits were determined from the soil
water retention curves, estimated on five samples for each treatment.

The soil water retention curves were measured with the pressure plate apparatus (Soil
Moisture Equipment Corp., Santa Barbara, CA, USA) according to ISO 11274 [29]. A total
of 9 measurement points were used at pressure potentials of 0, 6, 10, 30, 56, 100, 300, 480,
and 1500 kPa. Based on measured data, the soil water retention curve values were fitted
using the unimodal van Genuchten [30] model as follows:

θ = θr + (θS − θr)
[
1 + (α|h|)n]−m (3)

where θ, θr, and θS (cm3 cm−3) are the actual, residual, and saturated volumetric water
content, respectively, h (cm) is matric potential, m and n (−) are water retention shape
parameters, and α (cm−1) is the parameter describing the matric potential of air entry.

The saturated hydraulic conductivity KS (cm h−1) was measured based on the modified
falling-head method [31]. For the calculation, Equation (4) was used:

Ks =
L
t

.ln
h2

h1
(4)

where L is the soil/soil–BC mixture core height (cm), h2 is the initial water level (cm), h1 is
the water level at the end of the measurement (cm), and t is the time for the water level to
decrease from h2 to h1 (h). Twelve measurements were made for each treatment.
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The sessile drop method, used for contact angle (CA) estimation, involved placing
a water drop on the soil sample’s surface and analyzing the CA by reviewing the image
recordings taken with the optical goniometer OCA 11 (DataPhysics Instruments GmbH,
Filderstadt, Germany). The procedure was described by Bachmann et al. [32]. The slide
was shaken carefully to remove any unglued soil particles, and then a 5 µL drop of deion-
ized water was placed on the sample surface using a 0.91 mm syringe needle. After 1 s,
when mechanical disruption of the surface was complete after drop placement, the CA
was evaluated by analyzing the shape of the drop (ellipsoid approximation) and fitting
tangents on both sides of the drop using dpiMAX version 1.51.90.75 software (DataPhysics
Instruments GmbH, Filderstadt, Germany) according to Goebel et al. [33]. The CA of
each drop was determined as an arithmetic mean of the CA values on the left and right
sides. The following classes of the severity of soil water repellency (SWR) can be dis-
tinguished: non-water-repellent (wettable) soil (CA < 40◦), slightly (40◦ ≤ CA < 90◦),
moderately (90◦ ≤ CA < 110◦), strongly and very strongly (110◦ ≤ CA < 130◦), and ex-
tremely (CA ≥ 130◦) water repellent soil [34]. The CA for each sample was estimated with
five replicates.

2.4. Statistical Analyses

Our experiment was factorial 2 × 2 × 2 in 5 replicates. The proposed data analysis
had three factors: one factor was the different pyrolysis temperature, the second factor was
different particle size, and the third was the application rate. Tukey’s Honest Significant
Difference (HSD) post hoc test was performed after three-way ANOVA for BC treatments
only (three-way ANOVA HSD post hoc test). The statistical significance of this study was
defined at p < 0.05. Consequently, comparisons between the eight BC treatments and the
control were performed using a t-test. A t-test is a statistical test used to compare the means
of two groups. It was used in hypothesis testing to determine whether any BC treatment
affects the population of control. The null hypothesis (H0) is that the true difference
between the control and BC treatment group means is zero. The alternate hypothesis (Ha)
is that the true difference differs from zero.

3. Results

The effects of pyrolysis temperature, biochar particle size, and biochar application rate
on hydrophysical parameters of sandy soil are presented in Table 3. Differences between
control means and soil–BC treatment means were evaluated by t-test.

The three-factor ANOVA testing results of the effects of pyrolysis temperature, biochar
particle size, and biochar application rate and their interactions on soil hydrophysical
parameters are presented in Table 4. The bold p-value indicates a statistically significant
difference between means on a significance level of p < 0.05.

Measured values of the hydrophysical parameters for all experiment treatments are
presented in Figures 1–4. The box plots denoted with different letters significantly differ
(HSD test) on a significance level of p < 0.05.

3.1. Porosity

Results of the t-test have shown a statistically significant increase in porosity (P) for
the treatments with a large-sized (125 µm–2 mm) BC, produced at both temperatures and
applied at both rates. Differences between sandy soil and the small biochar particle-sized
(<125 µm) treatments were insignificant (Table 3).

The three-way ANOVA test confirmed a significant difference between the groups of
the independent variables, namely pyrolysis temperature, particle size, and application rate,
in relation to the dependent variable P. All three examined factors (pyrolysis temperature,
particle size, and application rate) significantly affected the P in BC treatments. The test
results reveal that the pyrolysis temperature and application rate groups differ significantly,
with p-values of 0.003 and 0.002, respectively (Table 4). Likewise, the particle size groups
show a significant difference with a p-value of less than 0.001.
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Table 3. Effects of pyrolysis temperature (PT), biochar particle size, and biochar application rate
(rate) on hydrophysical parameters (porosity, P; available water content for plants, AWC; saturated
hydraulic conductivity, KS; contact angle, CA) of sandy soil. Values are averages over the replicates
of the treatments (r), and standard deviations are given between parentheses. Differences between
control means and treatment means were evaluated by t-test. Asterisks indicate significant differences
between treated and control samples on a significance level of p < 0.05.

Rate Particle Size PT P (%)
r = 5

AWC (cm3 cm−3)
r = 5

KS (cm h−1)
r = 12

CA (◦)
r = 5

20 Mg ha−1 <125 µm 300 ◦C 36.64 (0.78) 0.075 (2 × 10−3) * 11.19 (1.58) * 64.82 (8.87) *

20 Mg ha−1 <125 µm 520 ◦C 36.90 (0.54) 0.083 (2 × 10−3) * 9.29 (1.44) * 73.21 (9.81) *

20 Mg ha−1 125 µm–2 mm 300 ◦C 41.05 (0.44) * 0.074 (6 × 10−3) * 40.01 (6.97) * 54.43 (6.81) *

20 Mg ha−1 125 µm–2 mm 520 ◦C 39.81 (0.16) * 0.072 (8 × 10−3) 37.17 (3.76) * 56.83 (12.19) *

40 Mg ha−1 <125 µm 300 ◦C 32.62 (2.38) 0.098 (6 × 10−3) * 12.82 (1.35) * 84.45 (6.91) *

40 Mg ha−1 <125 µm 520 ◦C 36.18 (1.13) 0.112 (5 × 10−3) * 11.77 (1.28) * 91.04 (12.10) *

40 Mg ha−1 125 µm–2 mm 300 ◦C 39.66 (0.64) * 0.103 (1 × 10−3) * 59.95 (3.48) * 72.82 (20.35) *

40 Mg ha−1 125 µm–2 mm 520 ◦C 41.34 (0.29) * 0.105 (2 × 10−3) * 57.82 (5.15) * 77.94 (20.87) *

Control/sandy soil 37.09 (0.28) 0.042 (5 × 10−3) 95.39 (12.01) 15.44 (8.74)

Means for biochar rates

20 Mg ha−1 38.60 (2.00) 0.076 (7 × 10−3) 24.41 (14.91) 62.32 (11.62)

40 Mg ha−1 37.45 (3.66) 0.104 (6 × 10−3) 35.59 (23.76) 81.57 (16.40)

Means for biochar particle sizes

<125 µm 35.59 (2.19) 0.092 (1.5 × 10−2) 11.27 (1.88) 78.38 (13.60)

125 µm–2 mm 40.47 (0.87) 0.088 (1.6 × 10−2) 48.74 (11.42) 65.50 (18.08)

Means for biochar pyrolysis temperatures

300 ◦C 37.49 (3.53) 0.087 (1.3 × 10−2) 30.99 (20.84) 69.13 (15.83)

520 ◦C 38.56 (2.24) 0.093 (1.6 × 10−2) 29.01 (20.35) 74.75 (18.21)

Table 4. Results (F-statistics and p-values) from a three-factor ANOVA testing for the effects of
pyrolysis temperature, biochar particle size, and biochar application rate and their interactions on
hydrophysical parameters (porosity, P; available water content for plants, AWC; saturated hydraulic
conductivity, KS; contact angle, CA) of sandy soil. The bold p-value indicates a statistically significant
difference between means on a significance level of p < 0.05. (df = degree of freedom).

Soil Parameter

P (%) AWC (cm3 cm−3) KS (cm h−1) CA (◦)

Factor df F p F p F p F p

Pyrolysis temperature 1 10.37 0.003 13.95 0.001 6.84 0.01 1.78 0.191

Particle size 1 217.42 <0.001 5.84 0.021 2458.54 <0.001 9.38 0.004

Application rate 1 12.01 0.002 364.48 <0.001 218.66 <0.001 20.96 <0.001

Temperature × size 1 2.55 0.130 15.57 <0.001 0.43 0.509 0.20 0.66

Temperature × rate 1 22.06 <0.001 2.34 0.135 0.26 0.61 0.003 0.956

Size × rate 1 13.60 0.001 2.26 0.142 145.84 <0.001 0.014 0.904

Temperature × size × rate 1 0.09 0.765 0.009 0.927 0.002 0.963 0.072 0.79
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Figure 1. Measured values of the porosity P for all experiment treatments. The whiskers extend to 
a distance of 1.5 times the interquartile range from the edges of the box and points represent indi-
vidual measurements. Box plots denoted with different leĴers significantly differ (HSD test) on a 
significance level p < 0.05. 

Figure 2. Measured values of the available water content for plants (AWC) for all experiment treat-
ments. The whiskers extend to a distance of 1.5 times the interquartile range from the edges of the 
box, and points represent individual measurements. Box plots denoted with different leĴers signif-
icantly differ (HSD test) on a significance level of p < 0.05. 

Figure 1. Measured values of the porosity P for all experiment treatments. The whiskers extend
to a distance of 1.5 times the interquartile range from the edges of the box and points represent
individual measurements. Box plots denoted with different letters significantly differ (HSD test) on a
significance level p < 0.05.

Appl. Sci. 2024, 14, 3472 7 of 14 
 

 
Figure 1. Measured values of the porosity P for all experiment treatments. The whiskers extend to 
a distance of 1.5 times the interquartile range from the edges of the box and points represent indi-
vidual measurements. Box plots denoted with different leĴers significantly differ (HSD test) on a 
significance level p < 0.05. 

 
Figure 2. Measured values of the available water content for plants (AWC) for all experiment treat-
ments. The whiskers extend to a distance of 1.5 times the interquartile range from the edges of the 
box, and points represent individual measurements. Box plots denoted with different leĴers signif-
icantly differ (HSD test) on a significance level of p < 0.05. 

Figure 2. Measured values of the available water content for plants (AWC) for all experiment
treatments. The whiskers extend to a distance of 1.5 times the interquartile range from the edges
of the box, and points represent individual measurements. Box plots denoted with different letters
significantly differ (HSD test) on a significance level of p < 0.05.



Appl. Sci. 2024, 14, 3472 8 of 14
Appl. Sci. 2024, 14, 3472 8 of 14 
 

 
Figure 3. Measured values of the saturated hydraulic conductivity (Ks) for all treatments of the ex-
periment. The whiskers extend to a distance of 1.5 times the interquartile range from the edges of 
the box and points represent individual measurements. Box plots denoted with different leĴers sig-
nificantly differ (HSD test) on a significance level of p < 0.05. 

 
Figure 4. Measured values of contact angle (CA) for all experiment treatments. The whiskers extend 
to a distance of 1.5 times the interquartile range from the edges of the box and points represent 
individual measurements. Box plots denoted with different leĴers significantly differ (HSD test) on 
a significance level of p < 0.05. 

  

Figure 3. Measured values of the saturated hydraulic conductivity (Ks) for all treatments of the
experiment. The whiskers extend to a distance of 1.5 times the interquartile range from the edges
of the box and points represent individual measurements. Box plots denoted with different letters
significantly differ (HSD test) on a significance level of p < 0.05.

Appl. Sci. 2024, 14, 3472 8 of 14 
 

 
Figure 3. Measured values of the saturated hydraulic conductivity (Ks) for all treatments of the ex-
periment. The whiskers extend to a distance of 1.5 times the interquartile range from the edges of 
the box and points represent individual measurements. Box plots denoted with different leĴers sig-
nificantly differ (HSD test) on a significance level of p < 0.05. 

 
Figure 4. Measured values of contact angle (CA) for all experiment treatments. The whiskers extend 
to a distance of 1.5 times the interquartile range from the edges of the box and points represent 
individual measurements. Box plots denoted with different leĴers significantly differ (HSD test) on 
a significance level of p < 0.05. 
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individual measurements. Box plots denoted with different letters significantly differ (HSD test) on a
significance level of p < 0.05.
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The test results did not indicate interactions between the variables of pyrolysis tem-
perature and particle size, with a p-value of 0.130 (Table 4). However, there is an interaction
between pyrolysis temperature and application rate with a p-value of <0.001. Additionally,
an interaction between the particle size and application rate was observed with a p-value
of 0.001. No interaction was observed between the pyrolysis temperature, particle size, and
application rate variables, with a p-value of 0.765 (Table 4).

An HSD post hoc test confirmed significant differences in P between the treatment
with the small-sized BC, pyrolyzed at 300 ◦C and applied at a rate of 40 Mg ha−1, and all
large-sized BCs (produced at both temperatures, applied at both rates). Also, there was
a significant difference between the large-sized BC, pyrolyzed at 520 ◦C and applied at a
rate of 40 Mg ha−1, and all small-sized BCs produced at both temperatures and applied at
both rates.

All significant differences in P between experimental treatments are shown in Figure 1.
Compared to the control, the increase in P was measured only in treatments with the
large-sized BC (the highest increase was observed in treatment with the BC pyrolyzed at
520 ◦C and applied at a rate of 40 Mg ha−1).

3.2. Available Water Content for Plants

Results of the t-test have shown a statistically significant increase in the available
water content (AWC) for plants in all but one of the BC treatments (except for the treatment
with the large-sized BC pyrolyzed at 520 ◦C and applied at a rate of 20 Mg ha−1) compared
to sandy soil (Table 4). The AWC increase was generally higher in treatments with a higher
application rate (40 Mg ha−1) regardless of the pyrolysis temperature and particle size. The
largest increase was observed in the treatment with the small-sized BC pyrolyzed at 520 ◦C.

The results indicate that the AWC was significantly affected by pyrolysis temperature
(p = 0.001), particle size (p = 0.021), and application rate (p < 0.001). Additionally, an
interaction was observed between pyrolysis temperature and particle size (p < 0.001), while
no interactions were found between pyrolysis temperature and rate (p = 0.135), particle size
and rate (p = 0.142), or all three variables (p = 0.927) (Table 4).

In our comparison of individual BC treatments, the HSD test showed a significant
difference between the treatments with a BC application rate of 20 Mg ha−1 (excluding
the treatment with small-sized BC pyrolyzed at 520 ◦C) and the treatments with a BC
application rate of 40 Mg ha−1 (Figure 2).

3.3. Saturated Hydraulic Conductivity

We found that the KS in treatments with BC was significantly affected by all examined
factors: pyrolysis temperature (p = 0.01), particle size (p < 0.001), and application rate
(p < 0.001). Results of the t-test have shown a statistically significant decrease in KS for all
BC treatments, with the greatest decrease observed in treatments with the small-sized BC
(Table 3).

The statistical analysis showed no significant interaction between pyrolysis tempera-
ture and particle size, with a p-value of 0.509. Similarly, there was no significant interaction
between pyrolysis temperature and rate, with a p-value of 0.61. However, there was a
significant interaction between particle size and rate, with a p-value of less than 0.001.
Lastly, there was no significant interaction between pyrolysis temperature, particle size,
and rate, with a p-value of 0.963 (Table 4).

After conducting an HSD post hoc test, we discovered significant differences between
the treatment that used large-sized BCs, created at 300 ◦C and applied at 40 Mg ha−1, and
all other treatments (excluding the treatment with the same size and rate of BC but with a
higher pyrolysis temperature). Moreover, we observed significant differences between all
treatments that used small-sized BCs and those that used large-sized BCs (Figure 3).
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3.4. Contact Angle

Results of the t-test have shown a statistically significant increase in contact angle (CA)
for all BC treatments, with the greatest decrease observed in treatments with small-sized
BCs and BCs produced at 520 ◦C (Table 3).

The results of the three-way ANOVA indicate that the CA was not significantly affected
by the factor pyrolysis temperature (p = 0.191). However, the test confirmed an effect of
particle size (p = 0.004) and application rate (p < 0.001) on the CA in BC treatments (Table 4).

No significant interactions were observed between the pyrolysis temperature and
particle size (p = 0.66), between the pyrolysis temperature and application rate (p = 0.956),
between the particle size and application rate (p = 0.904), or between all three factors of
pyrolysis temperature, particle size, and application rate (p = 0.79).

The results of the HSD post hoc test revealed significant differences between the
treatments with the large-sized BC, which was produced at both temperatures and applied
at 20 Mg ha−1, and the treatments that used the small-sized BC, which was created at both
temperatures and applied at 40 Mg ha−1. Figure 4 illustrates all differences in the contact
angle between experimental treatments.

4. Discussion

A statistically significant increase in porosity was registered for 4 of 8 treatments
(namely for those with a large-sized (125 µm–2 mm) BC, produced at both temperatures
and applied at both rates). It means that the hypothesis that biochar addition will increase
porosity was only partially fulfilled. Our findings are consistent with those of Quin et al. [6],
who presented a small increase in porosity (from 4.5 to 4.7%) after the addition of 1% of
hardwood (Eucalyptus polybractea) BC (pyrolyzed at 550 ◦C and sieved to 250 µm–2 mm)
to sandy soil. Gamage et al. [35] observed a higher increase in porosity (18%) after the
addition of 1% of biochar to sandy soil. In our study, porosity in the soil after BC addition
was significantly affected by pyrolysis temperature, particle size, and application rate.
Similar results were observed by Głąb et al. [36], who found that porosity in sandy soil was
affected by biochar rates and particle size but not by BC feedstock type. The changes in the
physical properties of soil, such as porosity, are attributed to the mixing of soil with less
dense material. This phenomenon is evident immediately after application in compacted,
coarse-textured soils, as observed by Głąb [37]. Our results confirmed the effects of the
pyrolysis temperature and application rate interaction and particle size and application rate
interaction on p values. This fact is consistent with Verheijen et al. [38], who stated that the
BC’s effects on P depend on the BC’s internal porosity, which is influenced by production
conditions such as the gasification, pyrolysis temperature, and particle size of the applied
BC. On the contrary, Głąb et al. [36] did not confirm the significant effect of particle size
and application rate interaction or the BC feedstock and application interaction on P in
sandy soil.

The BC has been found to enhance soil porosity through various mechanisms. These
include the creation of new pores directly [39], a decrease in bulk density, and an increase
in soil aggregation [38]. Moreover, the formation of accommodating pores between BC
particles and soil aggregates [40], as well as the reduction in soil packing and restructuring
of pore distribution, contribute to the increase in soil porosity.

A statistically significant increase in the available water content for plants (AWC)
was registered in all but one BC treatment (an increase in AWC for the treatment with
large-sized BC pyrolyzed at 520 ◦C and applied at a rate of 20 Mg ha−1 was not significant)
compared to sandy soil. It means that the hypothesis that biochar addition will increase
the AWC was fulfilled. Our findings are consistent with those of Gluba et al. [41], who
registered an increase in the AWC for all the biochar size fractions (<50, 50–100, 100–250,
<2000 µm) after the addition of 0.95% of biochar to sandy soil. Also, the study by Obia
et al. [42] observed the highest increase of AWC after the addition of BC with a particle
size of 0.5–1 mm in comparison to sandy soil without BC. Changes in the AWC after BC
application in our study depended on all three examined factors (pyrolysis temperature,
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particle size, and application rate), similar to the study by Głąb et al. [36], who found
that the AWC was affected by BC rates, particle size, and BC feedstock type. Kinney
et al. [43], Peake et al. [44], and Uzoma et al. [45] found that higher pyrolysis temperatures
and BC rates resulted in a greater increase in AWC after BC addition, which is consistent
with our findings. Our study confirmed the effect of the interaction between pyrolysis
temperature and particle size on AWC. The particle size of the BC can significantly affect
AWC, influencing surface area and exposure of internal pore space [46]. Porosity and
surface area remain pivotal controlling factors in determining soil AWC, but additional
factors, such as the diverse surface functional groups of BCs (influenced by the feedstock
used and pyrolysis temperature), also contribute to enhancing the soil AWC [43]. The study
conducted by Głąb et al. [36] revealed that the application rate and particle size interaction
had a significant impact on the AWC in sandy soil. However, our study showed inconsistent
results as we could not confirm the effect of the interaction of these factors on AWC.

BC application could increase the AWC by reducing bulk density [47], increasing
porosity [3,42], increasing surface area [48], and promoting soil aggregation, especially in
coarse-textured soils.

All BC treatments resulted in a significant decrease in saturated hydraulic conductivity
(KS) compared to sandy soil, with the greatest Ks decrease observed in treatments with a
small-sized BC. It means that the hypothesis that biochar addition will decrease Ks was
fulfilled. Our results correspond with the study by Brockhoff et al. [49], who found that
switch grass BC application at a 5% v/v rate decreased Ks by about 52% in sandy soil. Also,
Uzoma et al. [45] measured a 54% decrease in Ks after the application of cow manure BC in
sandy soil. In our study, Ks in the sandy soil after BC addition was significantly affected
by all three factors, which is consistent with Brockhoff et al. [49], who found that Ks was
dependent on BC concentration in soil, and with Chen et al. [50], who observed the effect of
the BC particle size on Ks in sandy soil with BC. Lim et al. [51] discovered that BCs having
larger particle sizes, exceeding 1 mm, caused a more significant reduction in Ks compared
to BCs having smaller particles when added to sandy soils. Our results confirmed the
significant effect of the interaction between the application rate and particle size on Ks,
which is not consistent with the results of the study by Głąb et al. [36], which did not
confirm the effect of the interaction of the given factors.

In coarse-textured sandy soils, decreased Ks is likely to occur when (particularly
small particle-sized) BCs fill macropore spaces between soil particles, leading to increased
tortuosity and decreased pore diameter [51]. Reduced Ks can also be attributed to the
induced water repellency in soils amended with hydrophobic BC [18]. In some cases,
the values of Ks in coarse-textured soils may decrease initially due to the disruption of
particle structure and clogging of macropores in the early stages. However, after several
wetting–drying cycles, Ks may show an increase [13].

All BC treatments resulted in a significant increase in contact angle (CA) compared
to sandy soil, with the greater CA increase for the higher BC application rate. It means
that the hypothesis that BC addition will increase the CA was fulfilled. Our findings are
consistent with those of Liu et al. [18], who observed the greatest CA increase for the highest
application rate (10%) of BCs with a contact angle CA = 107◦ to sandy soil. According to
the results obtained by Kinney et al. [43], the SWR depends on BC application rates (the
higher the application rates, the higher the SWR), which is consistent with our results. We
also observed the effect of BC particle size on the severity of the SWR (measured as the
CA), which is not mentioned in previous studies. Our study did not confirm the effect of
pyrolysis temperature on the CA in soil with BCs. Contrary to our findings, the study by
Kinney et al. [43] confirmed the effect of pyrolysis temperature on the SWR of BC-amended
soil, and the SWR decreased as the temperature increased. Hallin et al. [52] suggested
an explanation for this phenomenon. They observed that BCs produced below 500 ◦C
retained organic functional groups from the feedstock, typically water repellent. However,
pyrolysis at temperatures above 500 ◦C caused the organic groups linked to hydrophobicity
to volatilize, resulting in more hydrophilic biochar. The pyrolysis temperatures at which
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the BCs used in our study were produced were 300 and 520 ◦C. Accordingly, a second BC
was produced at the upper limit of the pyrolysis temperature, at which point the loss of
the SWR was not yet reached, but there was still an increase in the SWR compared to the
first BC. Both BCs were water repellent and there is no significant difference between them;
therefore, the effect of the pyrolysis temperature is not apparent.

5. Conclusions

Our results showed that the application of BCs altered the hydrophysical properties
of control sandy soil, as shown by the increased porosity P, available water content AWC,
and reduced saturated hydraulic conductivity Ks. Statistical analysis revealed that P, AWC,
and Ks were affected by all three examined factors, while CA was only affected by the BC
application rate and particle size. The addition of a higher application rate of 40 Mg/ha
(compared to 20 Mg/ha) of water-repellent BCs to sandy soil caused a decrease in porosity
(P) and an increase in plant available water (AWC), saturated hydraulic conductivity (Ks),
and contact angle (CA). Treatments with applied smaller (<125 µm) size fraction (compared
to 125 µm–2 mm fraction) of water-repellent BCs to sandy soil showed, on average, a
decrease in P and Ks but an increase in AWC and CA. The addition of water-repellent
BCs produced at a higher (520 ◦C) pyrolysis temperature caused an increase in P and
AWC and a decrease in Ks. The change in the CA parameter was not significant for this
factor. Therefore, the effectiveness of biochar as a sandy soil amendment depends on its
application rate, particle size, and pyrolysis temperature.

By amending sandy soils with BCs, the amount of water required for irrigation can
be reduced, which can help mitigate drought conditions and save water. Nevertheless,
further investigations are needed to understand the effect of BC application under climate
conditions with long hot and dry periods, which may promote soil water repellency.

In addition to improving the hydrophysical properties of sandy soil, converting
biomass into biochar and subsequently storing it in the soil is seen as a promising strategy
for reducing atmospheric CO2 concentrations and mitigating climate change by enhancing
short-term carbon sequestration.
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