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Abstract: There is limited information regarding the effect of biochar (BioC) on improving the
fertility of degraded soils (fallow and grassland), particularly with respect to changes with time.
The objective of the study was to evaluate, in a three-year field experiment, the influence of BioC on the
physicochemical properties of Haplic Luvisol. BioC, obtained via wood waste pyrolysis at 650 ◦C, was
applied to the soil of subplots under fallow and grassland at rates of 0, 1, 2, and 3 kg·m−2. Soil samples
were collected eight times, from 2013 to 2015. Physicochemical characterization was performed for
soil and BioC by analyzing density, pH, surface charge, as well as ash and organic carbon content.
BioC’s influence on the physicochemical properties of degraded soils was determined by analyzing
the changes in pH, specific surface area, radius, and volume of the micropore. The addition of BioC
affected analyzed soils to varying degrees. In the case of the fallow, a positive effect on changes in
these parameters was observed, particularly at the highest biochar dose and for the last year of the
experiment. However, for the grassland, in most cases we observed the opposite trend—for example,
pH and specific surface area values decreased with increasing biochar dose. We believe that it is
necessary to examine how BioC affects sorption properties of organic matter of fallow and grassland
soils, as well as the BioC’s influence on humic acids of these soils as a function on BioC dose and
function of time.

Keywords: biochar; fallow use; grassland use; physicochemical properties of soil; surface properties
of soil

1. Introduction

During recent decades, allowing for farmland to fallow [1] and the abandonment of semi-natural
grasslands [2] have been considered as effective tools in improving the self-rehabilitation of arable
soils. Cessation of traditional forms of agricultural land use has become a relevant phenomenon,
until it resulted in a strong decline in ecosystems [1,2]. Hence, the current trend is fallow and
grassland reclamation. Agriculture is intensively evolved towards sustainable systems and organic
farming; thus, it is necessary to seek solutions that would not influence soil conditions in a negative
manner (e.g., by chemical and physical degradation). Biochar (BioC), which is a carbon-rich product
obtained from biomass pyrolysis, might be a perspective soil amendment compound, due to its
interesting physicochemical properties [3]. BioC might mitigate environmental problems, such as soil
inorganic/organic contamination, soil acidity, salinization, low fertility, and limited crop production [4,5].
It can also be used as a sorbent for environmental contaminants, including heavy metals and organic
contaminants [6]. However, the most important fact in our study is that BioC might be used to restore
and reclaim infertile and degraded soils, because it improves soil quality through significant changes
in its physicochemical and biological properties.
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BioC is characterized by a highly developed porosity, surface area, and pH, which affect water
adsorption, sorption capacity, and nutrient retention in soil [4]. BioC’s surface can exhibit hydrophilic,
hydrophobic, acidic, and basic properties; hence, BioC can adsorb solutes from soil solutions, affecting
micro- and macroelement retention [7,8]. The oxygen-containing functional groups on the BioC surface
determine the acid/base properties of the material. The molar O/C ratio of a char expresses its surface
hydrophilicity [9]. Several authors have reported that one of the notable effects of BioC addition to the
soil is an increase in organic carbon [10,11]. Moreover, soil application of BioC resulted in a significant
increase in soil pH [12] and cation exchange capacity (CEC) [13].

In agricultural systems, conserving soil organic carbon has been recognized as a strategy to reduce
soil degradation. On the other hand, residue management, artificial addition of organic matter sources
to the soil and clay mineral, and the sesquioxide of soil are the most important factors in both structural
and aggregation improvement of soil [14]. The content of dissolved organic carbon (DOM) in BioCs
play an important role in determining their application potential for environmental use. According to
Smebye et al. [15] and Tang et al. [16], BioC added to degraded soils might have significant potential
for their fertility and productivity improvement by enriching organic carbon as well as protecting
plants against disease.

Soil physicochemical properties describe the relevant phenomena that play an important role,
among others, in the maintenance of appropriate soil structure as well as plant nutrient migration,
bioavailability, and supply. Pore structure and surface area are the most important physical properties
of soil and they are responsible for various processes in soil. Many scientific reports have reviewed
the potential impact of BioC on soil physical, physicomechanical, and hydrological properties [17,18].
Ahmed and Raghavan [19] investigated the influence of wood-derived BioC on the physicomechanical
properties of silt loam soil. They found that BioC amendment caused a decline in bulk density of this
soil, as well as an increase in moisture content, in comparison to non-amendment soil. These changes
in soil mechanical properties can adversely affect soil workability; moreover, the biochar-amended silt
loam soil was more susceptible to compaction.

There are also many studies that demonstrate how BioC addition affects the physicochemical
properties of agriculturally cultivated soils [20,21]. However, these are mainly model studies, whereas
there is almost no information regarding BioC’s potential influence on the physicochemical properties
of fallow and grassland soils and on improving their fertility (plot experiment, several years of BioC
impact on the soil).

The main goal of these studies was to investigate the effect of BioC addition on he physicochemical
properties (such as density, ash content, pH, negative surface charge, specific surface area, as well as
volume and radius of micropores) of soils under fallow and grassland as a function of BioC dose and
the three-year impact time.

2. Materials and Methods

2.1. Field Experiment

The studies were conducted on a Haplic Luvisol (according to the IUSS Working Group WRB, 2006).
The experimental plots (four grassland and four fallow sub-plots, each of 20 m2) were located in the
southern–eastern Poland (51◦15′ N; 22◦35′ E). During the experiment, the fallow plots were maintained
without plants, whereas the grassland was managed through cutting. The BioC used in the experiment
was obtained on the way of the wood waste pyrolysis at 650 ◦C (Fluid S.A. company)—pyrolysis time:
15 min., heating rate: about 3 ◦C·s−1 [22,23]. Dry product was uniformly surface applied in subplots
at the amount of 0 (control) 1, 2, 3 kg·m−2 in June 2013. Subsequently, in the case of fallow, the BioC
was mixed to a depth of 0–0.15 m(surface layer) while using a rototiller, and it was left on the surface
in the case of grassland. Cybulak et al. [24] and Usowicz et al. [25] described the plot experiment in
detail. The soil samples were collected from each plot in July, November, and March: two times in 2013
(starting from July), three times in 2014, and three times in 2015 (the last one in November). The above
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terms were marked as numbers from 1 to 8. The collected material was dried at 25 ◦C, sieved through
a 1 mm sieve, and then grounded.

2.2. Soil and BioC Characterization

The physicochemical properties were determined for both soil and BioC samples. Density (d) was
analyzed while using the pycnometric method (Ultrapycnometer 1000, Quantachrome, Graz, Austria).
Organic carbon content (Corg) was assayed by both Tiurin (soil samples) and Alten (BioC samples)
titration methods [26]. The ash content (A) was determined as BioC and soil calcination in the muffle
furnace (FCF 12 SP, Czylok, Jastrzębie – Zdrój, Poland) at 550 ◦C for 5.5 h. Ash content represents the
incombustible component (mineral components) remaining after the sample is completely burned [27].
The pH was measured in H2O and 0.01 mol·dm−3 CaCl2 solution (Multifunction pH–meter CX–505,
Elmetron, Zabrze, Poland). The negative surface charge (Q) was calculated at pH 9 from potentiometric
titration curves recorded for aqueous suspensions of soil or BioC (0.5% w/w) titrated with 0.1 M NaOH
(on the basis of 1M NaCl) in pH range of 3–10 by using a TitroLine 7000 automatic titrator (SI Analytics,
Mainz, Germany) [28]. The specific surface area (S) was obtained in agreement with the Polish standard
method (PN-Z-19010-1, 1999) [29].

The determination of S was based on the application of the Brunauer, Emmet, and Teller (BET)
equation [30]:

x
N(1− x)

=
1

CBETNm
+

CBET − 1
CBETNm

x (1)

where: N is the amount of adsorbed water vapor and CBET is a constant that is related to the energy
of surface interactions. When applied to the adsorption data in the range of relative pressures 0<p ·
p0
−1>0.35, x = p· p0

−1 enables the monolayer capacity (Nm) to be obtained.
Multiplying the amount of gas adsorbed in a monolayer by the area occupied by its single

molecule, the overall amount of the soil surface can be estimated from the equation:

S = NmM−1Lσ (2)

where L is the Avogadro number (6.023 · 10−23 molecules per mole), M is the molecular weight of gas
or vapor (gram per mole), and σ is the molecule cross-sectional area for gas or vapor (10.508 · 10−20 m2

for a water molecule).
Volume (V) and radius (R) of the micropore were estimated from the water vapor sorption

isotherms, according to the BET theory [31].
The R and the V volume of the micropore were related to the desorption pressure by the Kelvin

equation for the hemispherical meniscus with zero water-solid contact angle [32].

RTln
(

p
p0

)
=

2Vw·σw·cosα
r

(3)

where Vw is molar volume of adsorbate (m3
·mol−1), σw is water surface tension (J·m2), α is water-solid

contact angle (assumed α = 0), r is the curvature of the meniscus, R is the universal gas constant, and T
is the measurement temperature.

V
( p

p0

)
Vc

=
n∑

i=1

Vi(ri)

Vc
=

n∑
i=1

f (ri) (4)

where Vc is total volume of the micropores, V is the volume of the micropores at given p·p0
−1, Vi is the

volume of the micropores with radius ri, and f(ri) is the pore fraction in a given range of pore sizes.
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The average radius of the micropores (R) was calculated as:

R = 1/(2Vc)
n∑

i=1

(ri + ri+1)(Vi+1 −Vi) (5)

Casagrande measured particle size distribution with a Prószyński modification
sieve-sedimentation method [33].

2.3. Analysis of BioC Influence on Soil Physicochemical Properties

BioC influence on soil physicochemical properties were determined by analyzing pH, Q, S, R, and
V values (explained in more detail in Section 2.2).

Statistical analysis was performed while using Statistica 12.0 (StatSoft Inc., Tulsa, OK, USA):
one-way analysis of variance (ANOVA), and post hoc analysis (HSD Tuckey test, α = 0.05).

3. Results and Discussion

3.1. Physicochemical Properties of Soils and BioC

Table 1 presents the physicochemical properties of investigated soils and BioC.

Table 1. Physicochemical characteristics of soils and biochar (BioC).

Material d Corg A pH (H2O) pH (CaCl2) Q S V R

(g·cm−3) (%) (%) (cmol·kg−1) (m2
·g−1) (µl·g−1) (nm)

Fallow 2.61 0.98 97.3 6.21 5.52 5.90 14.0 13.0 9.20
Grassland 2.60 1.02 96.7 6.72 6.13 7.10 17.0 18.0 9.50

Biochar 1.46 15.4 43.2 8.25 7.21 107 69.9 45.8 5.16

d–density; A–ash content; Corg –organic carbon; Q–surface charge; S–specific surface area; V–volume of the
micropore, R–radius of the micropore.

Soils collected from fallow, as well from grassland, were characterized by a density (d) value of
approximately 2.60 g·cm−3, which was typical for mineral soils. The standard value of d for all mineral
soils is 2.65 g·cm−3 and it is identical to quartz density. According to Rühlmann [34], the typical d
values for mineral soils range from 2.4 to 2.9 g·cm−3. Slight differences in soil particle density were
connected with various amounts of soil mineral and organic components.

Both analyzed soils contained a relatively low content of organic matter, expressed as low values
of Corg and high content of A. Grassland revealed a slightly higher Corg concentration due to the
presence of green biomass and, consequently, the higher activity of microorganisms. The pH of the
soils was weakly acidic—slightly higher for the grassland. The examined soils were characterized by
low Q values (slightly higher in the case of the grassland in reference to fallow), a result that indicated
the low content of organic structures (mainly carboxylic and phenolic groups), dissociating to the
negative surface charge [28].

Soil samples that were taken from fallow and grassland were characterized by S, V, and R values
typical for mineral soils (Table 1). Scientific reports have shown that these parameters are changed in
the ranges of 14–60m2

·g−1, 11–20 µl·g−1, and < 10 nm, for S, V, and R, respectively [30].
The properties of wood-derived BioC that were used in the experiment were significantly different

from those values found in soils. The BioC was characterized by a low d value (1.46 g·cm−3), typical
for organic materials. Brewer at al. found a similar value of BioC skeletal d [35]—miscanthus and
wood-derived BioC density ranged from 1.34 to 1.96 g·cm−3 and increased with higher pyrolysis
temperatures. The relatively low A content of ~43% and high Corg content of ~15% indicated a high
concentration of organic matter in BioC mass, in reference to the studied soils. On the other hand,
the relatively high ash content suggests that BioC can be effective in providing nutrients to the soil.
Moreover, BioC was characterized by alkaline pH (values: 8.25 and 7.21, measured in H2O and CaCl2,



Agronomy 2019, 9, 531 5 of 16

respectively), which most likely resulted from the presence of alkaline cations [36]. The much higher
Q value in relation to the soils indicated the presence of various functional groups in the organic
compounds of BioC [37]; these functional groups indicate that BioC has favorable sorption properties.

The BioC that was used in the experiment was characterized by a relatively high S value
(69.9 m2

·g−1)—significantly higher in comparison to the values of investigated soils (Table 1). However,
numerous studies have shown that BioC S values substantially vary. For example, BET surface area for
different wood BioCs covers the range from >1 to 317 m2

·g−1, for grass BioC from >1 to 387 m2
·g−1 [35],

for BioC from applewood from ~10 m2
·g−1 to 79.4 m2

·g−1 [35], and for BioC from flax fibre: 5.9 to
45.6 m2

·g−1 [38]. Ahmad et al. [39] summarized the important parameters that were collected from
recently published studies on BioC production; the BioCs that were produced from animal litter and
solid waste feedstock exhibited lower surface areas in comparison to BioCs that were produced from
crop residue and wood biomass, even at higher pyrolysis temperatures. According to Sokołowska [29],
the S of organic materials is higher than the one describing mineral soils. This result was due to
the adsorption and absorption of water vapor, the presence of polar functional groups that are the
adsorption centers for water molecules, as well as due to the strong polar affinity of polar adsorbates
for organic materials [7,40]. A relatively low R-value being determined for BioC indicated a significant
content of small particles with a high degree of dispersion.

The wood-derived BioC was also characterized by scanning electron microscopy (SEM) (Figure 1).
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Figure 1. Micrographs of BioC obtained from electron microscope scanning electron microscopy (SEM)
TESCAN model, VEGA 3 LMV.

According to these micrographs (Figure 1), the BioC’s surface was highly heterogeneous, as
confirmed by a relatively high S value (Table 1). Furthermore, BioC (as a carbon-rich material) contained
several cracks and holes, which were formed due to the evolution of volatile matter during pyrolysis.

3.2. The Effect of BioC Addition on Physicochemical Properties of the Soil under Fallow and Grassland

3.2.1. The Effect of BioC Addition on Soil Density

The effect of wood-derived BioC on the density of the loess soil was ambiguous and it exhibited
differences. The d values of amended soil under fallow were in the range of 2.61–2.63 g·cm−3 (for
1 kg·m−2 BioC), 2.60–2.63 g·cm−3 (for 2 kg·m−2 BioC), and 2.59–2.64 g·cm−3 (for 3 kg·m−2 BioC), whereas
the d values of soil under grassland were 2.59–2.62 g·cm−3 (for 1 kg·m−2 BioC), 2.58–2.61 g·cm−3 (for 2
kg·m−2 BioC), and 2.20–2.63 g·cm−3 (for 3 kg·m−2 BioC). When considering the low density of biochar
in relation to soil density, a decrease in d value could be expected during the experiment, which has
not been confirmed by the results of our research. Pranagal et al. [41] investigated the effect of BioC
addition on the basic physical properties of Haplic Podzol in a six-year field experiment. Their results
also showed that the values of particle d are in the range of 2.62–2.63 g·cm−3 and they are characterized
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by small differences in relation to the control samples. Moreover, this experiment demonstrated a
decrease of particle d after BioC application to the soil. In particular, the effect of BioC addition was
observed in the surface layer (0–0.10 m), but this effect did not persist for a long time.

The lack of a clear effect of biochar on soil density was probably due to the relatively small volume
of BioC per volume of soil tested.

3.2.2. Effect of BioC Addition on Soil pH

PH is one of the main factors influencing other physicochemical properties, as well as soil fertility.
This parameter is conditioned by natural and anthropogenic factors [42]. The main mechanism
explaining the capacity of biochar to buffer soil pH is considered to be the association and dissociation
reaction of the oxygen-containing groups on the surface of BioCs. In Figure 2A,B, the relative changes
in pH values of samples that were collected from fallow and from grassland soil amended with BioC
are shown.
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Figure 2. Relative changes in pH values of soil samples collected from fallow (A) and grassland
(B) amended with BioC (1, 2, 3 kg·m−2 BioC) as a function of time (terms: 1st-8th). Average values from
three replicates in each term, ± standard deviation, C – control soil.

BioC application in the initial period after its addition to the fallow soil (1st term) caused an increase
in the pH values (Figure 2A). These results are consistent with the findings of Amoakwah et al. [43],
who showed that BioC added to a tropical sandy loam significantly increased the soil pH. Liao
and Thomas [44] in their research on the influence of BioC particle size on soil pH, found that
small-particle-sieved BioC had the largest liming effect, increasing the substrate pH values by an
additional ~0.3 pH units in comparison to other BioCs. Similarly, Shah et al. [45] showed that BioC
addition to the soil caused a considerable increase in soil pH immediately after its application (at day
0 of incubation period); the soil pH increased with increasing BioC dosage, and these effects were
maintained during all of the incubation periods (50 days). In the case of those studies, the maximum
increase of 8.0% in soil pH was observed with a BioC dose of 20 t·ha−1 as compared to a 7.3% increase
while using 10 t·ha−1 and 4% with 5 t·ha−1. Moreover, during five days of incubation, a general increase
in soil pH was observed—the highest increase was 3.31% at a biochar dose of 20 t·ha−1. However, the
results also showed that this increase was not sustained to the same extent during later incubation
periods. The periodic decreases and increases in the soil pH values that were observed for subsequent
periods of our experiment were most likely associated with mineralization processes of organic matter
derived from BioC or by the instability of the weather conditions during sampling [46]. In the last
year of the experiment (eighth term), a significant increase of pH values was observed in fallow soil
amended with BioC, in relation to control soil. Nelissen et al. [47], studying the impact of a woody
BioC on properties of a sandy loam soil and spring barley, have shown that BioC has a long-term



Agronomy 2019, 9, 531 7 of 16

effect, only observed a few years after its application to the soil. The increase in soil pH values may be
explained by the presence of ashes in the BioC. Ashes are rich in oxides and hydroxides of alkali metals,
which are easily dissolved and react rapidly with the soil, thereby increasing its pH [48]. These results
are consistent with Mierzwa–Hersztek et al. [49], whose research showed that alkaline substances
are easily released from BioC. Their results also showed a positive correlation between pH of the
soil and soil’s enzymatic activity—BioC might contain labile substrates that enhance the activity of
soil microorganisms.

When considering the BioC effect on pH, it should be noticed that the liming effect could also
depend on pyrolysis process conditions (temperature). In the case of our studies, the BioC was
produced by wood waste pyrolysis at 650 ◦C, so most carboxyl or hydroxyl functional groups were
destroyed and final product exhibited higher pH than any biochar obtained at lower temperature. As a
consequence, the liming capacity of the BioC that was used in the experiment is significant. In the
case of the grassland, the BioC addition resulted in a decrease in pH values (Figure 2B). This result
was probably related to an intensified nitrification process that was associated with the activities
of Nitrosomonas and Nitrobacter bacteria [50]. The higher amount of these bacteria in grassland soil
(in comparison to fallow soil) leads to a more rapid conversion of ammonium ions to nitrates with
simultaneous hydrogen ion release. A higher liming effect of the BioC on the fallow can also result from
lower initial pH of the fallow (pH of control plot - 6.21) as compared to grassland (6.72). These findings
may lead to the conclusion that biochar improves the pH on more acidic soils.

3.2.3. Effect of BioC Addition on Soil Surface Negative Charge

Data that were obtained from potentiometric titration allowed for estimating the surface negative
charge values (Q) in fallow and grassland amended with BioC (Table 2).

Table 2. Values of the surface negative charge (Q, cmol·kg−1) in soil samples collected from fallow and
grassland amended with BioC (0, 1, 2, 3 kg·m−2) for first and eighth term. Average values from three
replicates in each term. Other numbers designations (1, 2, 3) indicate significant differences (between
values at p < 0.05) among treatments for the same sampling date.

Fallow

Term 0 kg ·m−2 1 kg ·m−2 2 kg ·m−2 3 kg ·m−2 Min Max p

1 25.86 ± 0.02 16.34 ± 0.03 16.58 ± 0.02 33.94 ± 0.02 3.94 6.58 <0.05
8 43.52 ± 0.02 34.42 ± 0.03 18.06 ± 0.03 25.80 ± 0.01 3.52 8.06 <0.05

Grassland

Term 0 kg ·m−2 1 kg ·m−2 2 kg ·m−2 3 kg ·m−2 Min Max p
1 17.20 ± 0.03 33.16 ± 0.02 26.82 ± 0.01 26.38 ± 0.01 3.16 7.20 <0.05
8 35.96 ± 0.02 27.08 ± 0.03 36.42 ± 0.02 18.82 ± 0.02 5.96 8.82 <0.05

The variable surface charge occurs on the surface of many soil components, such as on the surface
of organic matter. Its values depend on the relative content of acidic surface groups [28]. BioC, which
is characterized by a high surface negative charge value (Table 1), added to the fallow and grassland
did not have an obvious effect on the Q values (Table 2) and, consequently, on the content of strongly
acidic functional groups of the soil.

BioC addition to the fallow soil, at the rate of 2 and 3 kg ·m−2, caused a significant increase of
Q values in the eighth term (as compared to the first term), confirming the conclusion regarding its
long-term effect [47], whereas the addition of the highest BioC dose to this soil caused a decrease
in the Q value (Table 2). Such interesting observations might be a consequence of blocking the soil
pores containing the functional groups by a smaller fraction of BioC, which was introduced in a higher
amount. In the last year of the experiment (eighth term), a significant increase of Q values was also
observed for the grassland at every BioC dose. This increase was likely related to the fact that BioC
introduced organic matter with a variable surface charge.
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3.2.4. Effect of BioC Addition on Soil Surface Properties

BioCs are considered to develop a negative charge from oxidation with aging, a process that
may create additional interaction mechanisms for adsorption properties. Figure 3 shows an example
of experimental adsorption isotherms that were obtained for soil samples collected from fallow and
grassland in the first term of the field experimental (July 2013). According to the BET classification [32],
all of the curves belong to the same class, namely to the type II (S-shaped isotherms), typical for the
physical adsorption process. These are monolayer-multilayer isotherms that are normally obtained
for non-porous or macroporous materials. The curves are characterized by the sharpness of the knee
of the isotherm. The rounded knee suggests a low net heat of adsorption and low adsorbent/water
vapor interaction.
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The isotherms were characterized by the occurrence of a small inflection at low values of relative
water vapor pressure p · p0

−1
≈ 0.1, more or less steep in the central part (p·p0

−1 from ~ 0.1 to ~ 0.8),
and a rapid increase in the quantity of adsorbed water vapor from p·p0

−1
≈ 0.8 (Figure 3).

Figure 4A,B show the maximum values of the water vapor adsorption at p·p0
−1
≈ 1.
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For the fallow, at the highest BioC dose (3 kg·m−2), a significant increase of the analyzed parameters
took place (Figure 4A). In the case of the grassland, a negative correlation was observed—water vapor
adsorption decreased with increasing BioC dose (Figure 4B). According to Brantley et al. [51], low doses
of BioC that were obtained from wood waste do not improve soil water retention and, consequently,
soil sorption properties are also not improved. Cybulak et al. [24], studying BioC’s influence on the
hygroscopic moisture content of podzolic soil, also showed a similar trend—decreasing values of the
discussed parameter with increasing BioC dose. The sorption of gases depends on the nature of the
soil solids and soil organic matter. The literature shows that BioC, when added to the soil, modified its
sorption properties in different ways. Aller et al. [52] have evaluated the degree of hydrophobicity of
fresh and aged BioCs. A water drop penetration test indicated that aged BioCs are more hydrophilic
than fresh ones and BioCs become less hydrophobic after additional wetting-drying treatments. Arthur
et al. [40] observed an increase in water vapor sorption in a sandy loam soil with birch wood BioC in
two subsequent years, a result that is attributed to the S value of BioC aging for 19 months. Mukherejee
et al. [53] compared the physicochemical characteristics of newly made and 15-month field-aged BioCs
and biochar-soil mixtures in terms of the effect on pyrogenic organic matter addition evolving in the
environment over time. The authors found that, after aging, the BioC exhibited a significant increase in



Agronomy 2019, 9, 531 10 of 16

cation exchange capacity (CEC), average appearance of anion capacity, significant decreases in pH,
ash content, and nanopore surface area, and a relative increase in O-containing functional groups.
According to Singh and Cowie [54], BioC can influence native soil organic carbon mineralization
through primary effects. They observed that BioC stimulates native organic carbon mineralization in
soils with low organic carbon content. The mineralization effect decreases in time, which is possibly
due to the depletion of labile soil organic carbon from initial positive priming as well as potentially its
stabilization induced by BioC organo-mineral interactions. Paetsch et al. [55] investigated the effect of
BioC on water availability and microbial properties of grassland soil during three months’ incubation
under optimum and drought conditions—BioC amendments caused considerable increases in soil
organic carbon mineralization, despite water stress. Yang et al. [56] observed the influence of pH, ionic
strength, and particle size on transport and retention of BioC particles in porous media. Kumari et al.
analyzed the effect of BioC on the dispersibility of water-dispersible colloids [21]. They found that the
content of water-dispersible colloids increased with the rate of BioC application. In conclusion, it is
difficult to predict how BioC will modify soil sorption properties. The level of modification depends
on the type of BioC biomass, BioC age, type of soil, content of organic matter in the soil, etc.

Data that were obtained from water vapor sorption isotherms enabled the estimation of S values,
as presented in Figure 5A,B.
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The S values of amended soil under fallow were in range 13.05–14.60 m2
·g−1 (for 1 kg·m−2 BioC),

13.02–15.00 m2
·g−1 (for 2 kg·m−2 BioC), and 17.26–18.97 m2

·g−1 (for 3 kg·m−2 BioC), whereas the S
values of soil under grassland were 16.29–17.53 m2

·g−1 (for 1 kg·m−2 BioC), 14.98–17.19 m2
·g−1 (for

2 kg·m−2 BioC), and 13.16–13.75 m2
·g−1 (for 3 kg·m−2 BioC). S is one of the most important parameters

highly correlated with the physical and chemical properties of soil [57]. The S values are not only
determined by soil particle size, soil porosity, and number of polar functional groups on the soil surface,
but also by the quantity and quality of mineral (mainly clay minerals) and organic (mainly humic
substances) colloidal particles [58]. Therefore, S measurements can be used to indicate changes that are
caused by the addition of organic material, such as BioC.

The results of the three-year experiment showed that BioC addition had various influences on the
S values of differently cultivated soils—fallow and grassland. In the case of fallow, only the highest
BioC dose (Figure 5A) caused a significant increase in values of the discussed parameter. This result
is consistent with the studies of Jatav et al. [12] and Zhang et al. [59], which showed an increase of
soil S after BioC addition. According to the literature, the increase of S results from the creation of
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nanometer-range pyrogenetic pores due to the growth of high-density turbostratic crystallites [60].
The S value could also increase due to progressive degradation of the residues of hemicelluloses,
cellulose, and lignin, and the formation of new bundles or channels. Moreover, BioC is characterized
by numerous functional groups of polar nature that occur mainly on the outer surfaces of pores.
These polar groups constitute adsorption center for water vapor molecules and might strongly influence
the values of S [61]. According to Liu et al. [62] increase in the S values in soils could be the process
of ash dissolving– especially SiO2 transformation to the soluble anions. In the case of the grassland,
increased BioC dose caused a decrease in the S values (Figure 5B). It is likely that there were almost no
polar groups on the grassland soil surface or that its porosity was so low, where BioC addition could
not elevate the S in this case. Moreover, the surface polar groups could have been blocked by calcium
cations that were derived from BioC carbonate decomposition.

Table 3; Table 4 show changes in the values of volume (V) and radius (R) of the micropore in soil
samples that were collected from fallow and grassland amended with BioC.

Table 3. Changes in values of total volume of micropore (V, µl·g−1) in soil samples collected from fallow
and grassland amended with BioC (0, 1, 2, 3 kg·m−2) in terms: 1st–8th. Average values from 3 replicates
in each term. Other letter designations (a, b, c, d, e f, g, h) indicate significant differences (between
values at p < 0.05) in terms. Other numbers designations (1, 2, 3) indicate significant differences
(between values at p < 0.05) among treatments for the same sampling date.

Fallow

Term 0 kg ·m−2 1 kg ·m−2 2 kg ·m−2 3 kg ·m−2 Min Max p

1 213.55 ± 0.04d 310.52 ± 0.02h 310.89 ± 0.01h 116.63 ± 0.02g 10.52 16.63 <0.05
2 213.48 ± 0.02d 212.63 ± 0.02f 213.44 ± 0.02e 118.25 ± 0.02e 12.63 18.25 <0.05
3 313.05 ± 0.05e 116.47 ± 0.06a 312.12 ± 0.02g 214.51 ± 0.01h 12.12 16.47 <0.05
4 213.95 ± 0.03c 213.04 ± 0.03d 213.38 ± 0.03f 117.62 ± 0.02f 13.04 17.62 <0.05
5 312.74 ± 0.01f 312.11 ± 0.01g 214.07 ± 0.02d 120.20 ± 0.02a 12.11 20.20 <0.05
6 214.31 ± 0.01b 312.93 ± 0.02e 214.34 ± 0.01c 118.89 ± 0.01d 12.93 18.89 <0.05
7 313.05 ± 0.05e 313.60 ± 0.01c 215.39 ± 0.01a 119.34 ± 0.01b 13.05 19.34 <0.05
8 215.11 ± 0.01a 214.65 ± 0.01b 215.08 ± 0.03b 119.28 ± 0.01c 14.65 19.28 <0.05

Min 12.73 10.52 10.89 14.51
Max 15.11 16.47 15.39 20.20

p <0.05 <0.05 <0.05 <0.05

Grassland

Term 0 kg ·m−2 1 kg ·m−2 2 kg ·m−2 3 kg ·m−2 Min Max p
1 118.12 ± 0.04g 216.14 ± 0.02f 216.26 ± 0.04f 313.97 ± 0.02g 13.97 18.12 <0.05
2 119.93 ± 0.03e 217.47 ± 0.04e 316.32 ± 0.03f 415.14 ± 0.04e 15.14 19.93 <0.05
3 119.73 ± 0.03f 215.01 ± 0.02g 215.55 ± 0.03g 214.27 ± 0.03f 14.27 19.73 <0.05
4 119.91 ± 0.01e 218.15 ± 0.04d 316.81 ± 0.01e 415.14 ± 0.01e 15.14 19.91 <0.05
5 123.92 ± 0.03c 218.66 ± 0.04c 219.54 ± 0.04c 315.85 ± 0.05d 15.85 23.92 <0.05
6 123.51 ± 0.01d 220.17 ± 0.02b 220.72 ± 0.03b 319.54 ± 0.04b 19.54 23.51 <0.05
7 125.35 ± 0.05b 218.13 ± 0.03d 218.21 ± 0.02d 218.35 ± 0.03c 18.13 25.35 <0.05
8 126.28 ± 0.10a 222.98 ± 0.02a 223.22 ± 0.03a 222.93 ± 0.02a 22.93 26.28 <0.05

Min 18.12 15.01 15.55 13.97
Max 26.28 22.98 23.22 22.93

p <0.05 <0.05 <0.05 <0.05
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Table 4. Changes in values of total radius of micropore (R, nm) in soil samples collected from fallow and
grassland amended with BioC (0, 1, 2, 3 kg·m−2) in terms: 1st–8th. Average values from 3 replicates in
each term. Other letter designations (a, b, c, d, e, f, g, h) indicate significant differences (between values
at p < 0.05) in terms. Other numbers (1, 2, 3) designations indicate significant differences (between
values at p < 0.05) among treatments for the same sampling date.

Fallow

Term 0 kg ·m−2 1 kg ·m−2 2 kg ·m−2 3 kg ·m2 Min Max p

1 29.16 ± 0.04f 111.14 ± 0.05c 110.46 ± 0.05d 28.62 ± 0.04g 8.62 11.14 <0.05
2 29.61 ± 0.02d 110.23 ± 0.05d 110.35 ± 0.06d 29.70 ± 0.03d 9.70 10.35 <0.05
3 27.54 ± 0.05g 27.55 ± 0.05f 27.24 ± 0.03f 19.18 ± 0.03e 7.24 9.18 <0.05
4 19.35 ± 0.05e 19.89 ± 0.03e 19.45 ± 0.06e 28.92 ± 0.03f 8.92 9.89 <0.05
5 29.63 ± 0.04d 45.46 ± 0.06h 110.35 ± 0.05d 37.06 ± 0.06h 5.46 10.35 <0.05
6 210.87 ± 0.06c 111.49 ± 0.04b 111.46 ± 0.04c 210.65 ± 0.05c 10.65 11.49 <0.05
7 121.04 ± 0.05a 36.02 ± 0.03g 213.27 ± 0.04b 214.05 ± 0.05b 6.02 21.04 <0.05
8 312.92 ± 0.12b 213.69 ± 0.03a 213.45 ± 0.05a 114.31 ± 0.04a 12.92 14.31 <0.05

Min 7.54 5.46 7.24 7.06
Max 21.04 13.69 13.45 14.31

p <0.05 <0.05 <0.05 <0.05

Grassland

Term 0 kg ·m−2 1 kg ·m−2 2 kg ·m−2 3 kg ·m−2 Min Max p
1 19.50 ± 0.03f 19.74 ± 0.05f 19.94 ± 0.05f 19.54 ± 0.04g 9.50 9.94 0.05
2 19.75 ± 0.05e 19.92 ± 0.06e 110.16 ± 0.06e 110.15 ± 0.05e 9.75 10.16 0.05
3 19.41 ± 0.04f 28.65 ± 0.05h 28.74 ± 0.04h 19.59 ± 0.03fg 8.65 9.59 <0.05
4 28.91 ± 0.06g 29.04 ± 0.04g 19.73 ± 0.04g 19.67 ± 0.04f 8.91 9.73 <0.05
5 210.55 ± 0.05d 210.92 ± 0.03d 210.85 ± 0.05d 111.30 ± 0.03d 10.55 11.30 <0.05
6 210.83 ± 0.04c 111.60 ± 0.03c 111.34 ± 0.05c 111.84 ± 0.04c 10.83 11.84 <0.05
7 114.84 ± 0.05a 114.62 ± 0.04a 114.21 ± 0.07a 114.75 ± 0.05a 14.21 14.84 0.05
8 114.20 ± 0.03b 213.55 ± 0.05b 213.63 ± 0.05b 213.77 ± 0.03b 13.55 14.20 <0.05

Min 8.91 8.65 8.74 9.54
Max 14.84 14.62 14.21 14.75

p <0.05 <0.05 <0.05 <0.05

Analyses of the microporosity in samples that were collected from fallow soil amended with
BioC showed significant changes both in V (Table 3) and R (Table 4) values during the three years of
the experiment. The addition of increasing BioC doses did not proportionally affect the R-values in
relation to control values at a specific term. An unambiguous effect of BioC was also not observed as a
function of time (terms: 1st–8th). A significant increase in V values was only observed for the highest
BioC dose. The volume and size of soil pores determine many important phenomena occurring in
the soil [63]. A significant part of the S is related to the small pore surface, because they have a role
of dominant adsorption sites [64]. Verheijen et al. [65] showed that the soil pore network could be
affected by BioC’s inherent porosity (as well as its other characteristics) in several ways. BioC particle
size, pore size distribution and connectivity, the mechanical strength of the bioC particles, and the
translocation and interaction of bioC particles in the soil are all determining factors that will lead to
different outcomes in different soils. In the case of the grassland, the addition of BioC, despite its large
S and high microporosity (Table 1), did not significantly affect the values of V and R of the soil most
likely, because, as Głąb and Kulig [66] have shown, soil porosity depends on many factors, such as
mineral and granulometric composition, tillage system, and soil structure. Głąb et al. [67] determined
the effect of different rates of BioCs on the physical properties of sandy soil. In a pot experiment with a
mixture of sandy soil (texture as loamy sand) and BioCs (from miscanthus and winter wheat), bulk
density and total porosity of the sandy soil were found to depend on the rate and size of biochar. BioC
particle size significantly affected all the pore fractions, and the addition of BioC to soil caused an
increase in small pore (<50 µm) volume, a decrease in the volume of pores with a diameter between
50–500 µm, and they did not impact on pores that were larger than 500 µm. In contrast, small particles
of BioC reduced the volume of pores of diameters below 0.5 µm and increased the volume of larger
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pores with diameter 0.5–500 µm. Higher doses of BioC added to soil increased the volume of all pores
with diameter <500 µm. On the other hand, Das and Ghosh [68] investigated the effect of different
BioCs on porosity and bulk density on amended sandy soil. The results showed that the soil porosity
increased with increasing application rate in the case of all BioC types. The initial porosity of the sandy
loam soil was 54.38% in control (without BioC), increasing to 65.67% with the application of maize
BioC, 64.42% with Lantana camara BioC, and 63.42% with pine needle BioC. Ouyang and Zhang [69]
found similar results in coarse sandy soil, and it is therefore possible that the BioC doses used in our
experiment were insufficient in terms of improving microporosity of the grassland soil.

Generally, according to the literature, BioC as a soil amendment has been wide ranging and
the results have been mixed due to the complexity of interactions between BioC, soils, and crops.
A meta-analysis of the effects of BioC on soil suggests that this material is most effective for acidic,
degraded, and coarse-textured soils [70]. Insight into the reactions of BioC in soil showed that the
benefits of using it as a soil amendment are probably based on the liming effect, increases in cation
exchange capacity, sorption of organic matter, and changes in th soil structure.

4. Conclusions

Our study has demonstrated that the addition of wood-derived BioC to degraded soils influenced
the dynamics of changes in the examined physicochemical parameters, including surface properties.
These alterations might lead to fertility and productivity improvements of soil. However, BioC addition
affected cultivated soils to varying degrees.

Significant changes in physicochemical parameters were primarily observed in the final year of
the experiment and with the highest BioC dose, with BioC added to the fallow soil causing a significant
increase in pH, S, and V values. The changes in R-values were ambiguous, regardless of BioC dose and
as a function of time.

On the other hand, the results that were obtained for the grassland soil illustrated that BioC
addition caused a significant decrease in pH and S values. Moreover, no clear changes were observed
in the microporosity of this soil under BioC supplementation.

BioC that was added to the fallow and grassland soil did not have a clear effect on the Q values or
on strongly acid functional group content of the soil.
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