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Abstract: The purpose of the study was to understand the mechanisms of biochar-induced changes
in the available content of aluminum (Al), cadmium (Cd), zinc (Zn), copper (Cu), and manganese
(Mn) in a wide range of soils. Five soils from different regions of the Czech Republic were incubated
for 12 weeks with four rates of biochar (0.5%, 2%, 4%, and 8% w/w). The available concentrations
of Al, Cd, Zn, Cu, and Mn were determined on the 7th and 84th day of incubation. There was a
significant decline in the available content of Al, Zn, Cu, Mn, and Cd except in the available content
of Al in one soil, which is characterized by very low Al content, higher cation exchange capacity
(CEC), and neutral pH = 7.0. The decline in the mobile contents of Al, Zn, Cu, Mn, and Cd was
significant in all cases of 8% biochar rate. The decline in the content of Al, Zn, Cu, Mn, and Cd was
mainly due to the increment in soil pH and increment in CEC, decline in dissolved organic carbon
(DOC), and the release of exchangeable Ca2+ and K+ from biochar. The application of high amounts
of biochar to soil could increase the available content of some metals like Al. On the other hand,
biochar could efficiently reduce the mobility of Al, Zn, Cu, Mn, and Cd in soil, while the decline is
mainly caused by biochar-induced changes in soil pH, CEC, DOC, and exchangeable Ca2+ and K+

content of treated soils.
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1. Introduction

Soil acidification connected with increased mobility of metals like Al, Cu, Zn, Mn. and Cd can
result in higher environmental risk of these elements, especially via potential leaching to surface and/or
groundwater, or via higher bio accessibility of these elements [1]. For instance, acidification of soil
from pH 5.6 to pH 4.5 and pH 3.0 by simulated acid rain substantially increased the mobile proportions
of Cu, Pb (lead), Cd, and Zn [2]. Shifts in the distribution of elements due to the soil acidification
were documented [3]. Effect of soil acidification and the subsequent mobilization of Cd and Zn is well
documented [4]. Besides Cd and Zn, the enhanced mobility of elements such as Cu, Fe, Mn, and Al is
often discussed within the potential detrimental impact of soil acidification on soil parameters [5,6].
Higher uptake of elements such as Cd and Zn by plants growing in the acidified soil can cause toxic
effects to plants [7]. The rise in the mobile content of Al (reaching the phytotoxic levels of this element
in soil solution) was reported by Singh et al. [8] when the soil was acidified to a pH level of less than 5.
According to these authors, the toxicity of Al in acidic soils represents a worldwide problem resulting
in reduced crop yields.

Agronomy 2020, 10, 885; doi:10.3390/agronomy10060885 www.mdpi.com/journal/agronomy

http://www.mdpi.com/journal/agronomy
http://www.mdpi.com
https://orcid.org/0000-0001-7244-5509
https://orcid.org/0000-0002-3390-6365
https://orcid.org/0000-0003-1274-0658
http://dx.doi.org/10.3390/agronomy10060885
http://www.mdpi.com/journal/agronomy
https://www.mdpi.com/2073-4395/10/6/885?type=check_update&version=2


Agronomy 2020, 10, 885 2 of 15

Various materials have been tested to mitigate the long-term acidification of soils, such as
calcium silicate (i.e., wollastonite), clay minerals (zeolite, montmorillonite, illite, and sepiolite), lime,
hydroxyapatite, and biochar [9–13]. The ability of biochar to remediate both organic and inorganic
contaminants is reported [14–19]. For example, the application of both bamboo and rice straw biochar
was effective in decreasing extractability of Cu, Cd, and Zn [20]. In this context, biochar showed better
Cd immobilization efficiency compared to liming, especially in the soils with low buffering capacity [9].
Wang et al. [21] also observed better Cd immobilization of wheat straw biochar compared to other
organic matter sources (vermicompost) due to the higher stability of Cd complexes. In addition to this,
Lu et al. [22] highlighted the effectivity of poultry litter and eucalyptus biochar (3% rate) to reduce the
mobility of Cd in acidic soil. However, Mukwaturi and Lin [23] reported the reductive dissolution
of Fe and Mn from the organic matter content of soil, resulting in the increased mobile proportions
of these elements in soil. According to the findings of Alozie et al. [24] biochar in combination with
low molecular weight organic acids could potentially enhance the reductive dissolution of iron and
manganese oxides in the soil, leading to enhanced release of Fe and Mn originally bound to these
oxides. The main mechanisms for the adsorption of metal by biochar are thought to be complexation,
cation exchange, precipitation, and electrostatic interactions [25]. The functional groups, which are
responsible for the sorption of metals are carboxylic, amino, and hydroxyl groups [25]. Addition of
biochar could increase soil pH and CEC and result in the increase of negative surface charges on both
soil and biochar, which in turn enhances the sorption of As, Cr, Cd, Pb, and Hg [15,25]. Hence, the role
of biochar-induced changes of soil pH, CEC, DOC, and exchangeable Ca2+ and K+ in determining
the available content of Al, Cu, Zn, Mn, and Cd has been poorly studied. The main objectives of
the study were to: i) investigate the interaction of biochar-induced changes in soil pH, CEC, DOC,
and exchangeable Ca2+ and K+ with the immobility of Al, Zn, Cu, Mn, and Cd and ii) assess the
potential of biochar to alter mobility of Al, Zn, Cu, Mn, and Cd in a set of soils varying from acidic to
neutral pH. We hypothesized that the change in soil properties (pH, CEC, exchangeable Ca2+, K+, and
DOC) would be responsible for biochar-induced changes in the available content of Al, Zn, Cu, Mn,
and Cd.

2. Material and Methods

2.1. Soil Sampling and Biochar Production

Five soils have been selected with a wide range of properties (pH, CEC, nutrient content and textural
classes) were collected from five different agricultural sites in the Czech Republic. The selection of soils
with a wide range of properties was manly intended to enable the investigation of biochar-induced
change in soil properties on the immobilization and/or mobilization of Al, Zn, Cu, Mn, and Cd. Each
soil was collected from the top layer (0–20 cm), air-dried, and passed through a 2 mm sieve prior to
use. Biochar was produced from willow tree chips at 700 ◦C by fast pyrolysis in a fluidized bed reactor
then milled to pass through a 2 mm sieve. The above-mentioned temperature of biochar production
was selected to obtain stable biochar after exploitation of the highest possible energy. The localization
and specific properties of soils and biochar are shown in Table 1. More detailed characterization of
soils and biochar used in this study is presented in Hailegnaw et al. [26,27].

2.2. Experimental Design

Incubation experiment was set up using 500 mL plastic pots for 12 weeks in controlled
environmental conditions at room temperature (25 ± 2 ◦C). The experiment was designed with
5 treatments: Control (soil + no biochar), soil + 0.5% biochar, soil + 2% biochar, soil + 4% biochar,
and soil + 8% biochar (w/w ratio). Four rates of biochar (0.5%, 2%, 4%, and 8% were selected to
simulate field application rates of biochar of 0.5% and 2% and the slightly higher rates of 4% and 8% to
determine the biochar effect. Individual pots of soil–biochar mixture were weighed and thoroughly
mixed separately, then each pot was filled at the beginning of incubation to ensure homogeneity and
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pots were regularly irrigated every third day to reach 60% of maximum water holding capacity. Soil
maximum water holding capacity was determined by filling Mitscherlich columns with air-dried soil
of known weight and moisture content. Subsequently, the columns were soaked in water for two
hours to ensure saturation of soil in the column, then the water in the soil was drained for 12 h. The
maximum water holding capacity was calculated gravimetrically as the amount of water retained by
the known amount of soil (dry weight) in the Mitscherlich columns. Samples of incubated soil and/or
soil-biochar mixture were sampled on the 7th day (week 1) and 84th day (week 12) of incubation.

Table 1. Selected physiochemical properties of incubated soils and biochar.

Properties Kbely Lhota Humpolec Žamberk Lukavec Biochar

Localization
50◦08′01.9” N 49◦42′00.0” N 49◦33′00.0” N 50◦08′39.6” N 49◦33′00.0” N -
14◦33′56.3” E 13◦59′00.0” E 15◦21′00.0” E 16◦30′50.0” E 14◦58′00.0” E -

Soil type Chernozem Fluvisol Cambisol Cambisol Cambisol -
pH 7.01 5.91 4.50 4.80 5.30 9.50

CEC (mmol kg−1) 217 ± 0.30 130 ± 4.70 90.3 ± 2.00 74.9 ± 3.70 48.5 ± 6.00 102 ± 5.20
Total C (%) 4.28 ± 0.09 2.67 ± 0.04 1.60 ± 0.09 1.98 ± 0.09 1.48 ± 0.13 87.5 ± 0.20

DOC (mg kg−1) 120 ± 1.70 76.3 ± 2.40 11.7 ± 0.60 63.6 ± 2.00 63.4 ± 2.10 281 ± 8.67
CO3

2− (%) 2.17 ± 0.01 0.21 ± 0.00 0.20 ± 0.00 0.18 ± 0.00 0.20 ± 0.01 0.19 ± 0.01
Al (mg kg−1) † 27,205 ± 1470 25,008 ± 1327 29,275 ± 83.0 20,178 ± 863 35,811 ± 607 988 ± 10.0
Cu (mg kg−1) † 46.0 ± 3.90 24.0 ± 4.32 49.0 ± 2.05 102 ± 0.61 18.0 ± 0.40 7.00 ± 1.60
Zn (mg kg−1) † 138 ± 0.45 240 ± 43.0 156 ± 12.0 61.0 ± 12.9 80.0 ± 0.60 15.0 ± 2.40
Mn (mg kg−1) † 417 ± 0.0 1077 ± 600 427 ± 13.1 792 ± 53.0 735 ± 9.30 893 ± 15.0
Cd (mg kg−1) † 0.12 ± 1.65 0.26 ± 0.89 1.34 ± 0.58 0.18 ± 0.03 0.15 ± 0.001 0.12 ± 0.01
Al (mg kg−1) § 0.81 ± 0.33 1.19 ± 0.04 5.97 ± 0.28 3.04 ± 0.31 5.04 ± 0.98 38.9 ± 0.85
Cu (mg kg−1) § 0.25 ± 0.14 0.11 ± 0.00 0.16 ± 0.01 0.07 ± 0.00 0.09 ± 0.01 0.04 ± 0.00
Zn (mg kg−1) § n.d 1.83 ± 0.03 0.85 ± 0.21 0.24 ± 0.00 0.21 ± 0.04 0.26 ± 0.02
Mn (mg kg−1) § 1.84 ± 0.27 14.7 ± 0.38 67.4 ± 0.59 67.6 ± 0.78 29.3 ± 2.12 0.12 ± 0.017
Cd (mg kg−1) § 0.07 ± 0.04 0.14 ± 0.01 0.04 ± 0.00 0.03 ± 0.00 0.03 ± 0.00 n.d

Sand (%) 14.9 39.6 30.2 26.1 27.9 -
Silt (%) 60.2 45.5 48.4 59.9 61.2 -

Clay (%) 24.9 14.9 21.4 14.1 11.6 -
Textural Class Silt Loam Loam Loam Silt Loam Silt Loam -

†: Pseudo total content, §: 0.01 M CaCl2 extractable content, n.d: not detectable (detection limit of inductively-coupled
plasma–optical emission spectrometer (ICP-OES) = 0.01 mg kg−1 Cd, 0.02 mg kg−1 Al), CEC: cation exchange
capacity, DOC: dissolved organic carbon.

2.3. Chemical Analysis

The pH of soil and biochar was determined after extraction with 0.01 M CaCl2 (w/v = 1/5) ISO
10390 [28] by Argus pH meter (Sentron) with transistor CupFET probe. The concentration of available
Al, Zn, Cu, Mn, and Cd in soil samples was determined by inductively-coupled plasma–optical
emission spectrometer (ICP–OES, Agilent 720, Agilent Technologies Inc., Santa Clara, CA, USA) after
extraction for 2 h with 0.01 M CaCl2 (w/v = 1/10). Determination of CEC was done according to [29].
Soil samples of 2.5 g were added in a 50 mL Nalgene tube and agitated with 30 mL of 0.1 M BaCl2
for 1 h and the supernatant was collected after centrifugation. The saturation was done three times,
with the supernatant added to a 100 mL flask for the determination of exchangeable cations (Ca2+, K+,
and Mg2+) by ICP–OES. After the three-step saturation of soil sample with 0.1 M BaCl2 solution,
the exchanged Ba2+ was released by agitating the centrifuged pellet with 30 mL of 0.02 M MgSO4

solution for 2 h. After the 2-h agitation, the solution was centrifuged and the remaining Mg2+ in the
supernatant was determined for the estimation of CEC. The total proportion of carbon was determined
by a CHNS Vario MACRO cube (Elemental Analyzer system GmbH, Hanau, Germany) analyzer. DOC
was measured after extraction of soils for 2 h with 0.01 M CaCl2 (w/v = 1:10), and measured using
the Skalar San Plus System continuous flow segmented analyzer (Skalar, Netherlands) according to
the method used by Jászberényi and Sarkadi [30]. The pseudo total content of elements (Al, Zn, Cu,
Mn, and Cd) in soils was determined by ICP–OES after microwave-assisted aqua regia extraction [31].
Aliquots (~0.5 g) of air-dried soil samples were placed in a digestion vessel with 10 mL of qua regia
(i.e., nitric and hydrochloric acid mixture in the ratio ϕr = 1:3) and heated in an Ethos 1 (MLS, Germany)
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microwave-assisted wet digestion system for 45 min at 210 ◦C. After cooling, the digest was transferred
into a 50 mL Teflon vessel and evaporated to dryness at 160 ◦C. Then the remaining digest was
transferred to a 25 mL glass tube, filled with deionized water, and concentration of elements was
determined by inductively-coupled plasma–optical emission spectrometer (ICP-OES).

2.4. Data Processing

One-way analysis of variance (ANOVA) was used to determine the effect of biochar application on
soil-available Al, Zn, Cu, Mn, and Cd under Tukey’s significance difference test at p < 0.05. Multivariate
analysis of variance (MANOVA) was done to determine the effect of factors (soil type, biochar, and their
interaction effect).

Decline or increase in percentage of soil-available Al, Zn, Cu, Mn, and Cd in biochar-amended
soils was calculated according to Equation (1).

X (%) =

(
C0 − Cn

C0

)
× 100 (1)

where X denotes change in percentage of available Al, Cu, Zn, Mn, and Cd; C0 is the concentration in
the control (mmol kg−1); and Cn is the concentration in the biochar-amended treatments (mmol kg−1).
Correlation analysis was used for the assessment of relationships between variables, where Pearson’s
correlation of p < 0.05 was used as the criterion for significance. All the statistical analyses were
performed using SPSS 17.0 software.

3. Results

3.1. Availability of Al

The application of 8% biochar significantly (p = 0.05) increased the available content of Al in Kbely
soil (Figure 1). In the remaining four soils 8% biochar significantly (p = 0.05) decreased the available
content of Al. In the three acidic soils, namely, Humpolec (pH = 4.5), Žamberk (pH = 4.8), and Lukavec
(pH = 5.3), the significant decline started from the application of 2% biochar rate, while only 8% caused
a significant decline in Lhota soil (pH = 5.91). The amount of available Al content decline was in the
range of 6% and 86% at 0.5% and 8% biochar application rate, respectively. The available content of Al
was negatively correlated (r > −0.67) with soil pH, CEC, and exchangeable Ca2+ and K+ except for a
positive correlation (r > 0.9) with pH and exchangeable K+ in Kbely soil (Table 2). Moreover, based on
the result reported in Table 3, the available content of Al was positively correlated with the percentage
of change in the DOC in all soils. As is indicated by the multivariate analysis of variance (Table 4),
the soil was the source of the highest variation (F = 117, p = 0.00), followed by the biochar (F = 14.3,
p = 0.00), and finally, the interaction between soil and biochar (F = 9.21, p = 0.00).

Table 2. Pearson correlation coefficient of available Al content with soil pH, CEC, and exchangeable Ca2+

and K+ after addition of four levels of biochar (0.5%, 2%, 4%, and 8%) at the 12th week of incubation.

Al (n = 5)

Kbely Lhota Humpolec Žamberk Lukavec

pH 0.98 ** −0.97 ** −0.96 ** −0.95 ** −0.94 **
CEC −0.094 ** −0.94 ** −0.89 * −0.96 ** −0.93 *

Exchangeable Ca2+ −0.93 * −0.82 * −0.86 * −0.93 * −0.95 **
Exchangeable K+ 0.91 * −0.98 ** −0.67 −0.75 −0.85 *

** Correlation is significant at p = 0.01, * correlation is significant at p = 0.05.
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Figure 1. Effect of biochar addition on soil-available content of Al (mg kg−1). On the horizontal axis,
1 and 12 stand for 1st and 12th week of incubation period or sample collection time, respectively.
Different capital case letters represent significance difference (p < 0.05) of treatments within same
sample collection time of same soil.

Table 3. Pearson correlation coefficient of percentage change in the available content of Al, Cu, Zn,
Cd, and Mn (content in the control subtracted from biochar treatments) in individual soils with the
percentage of change in DOC.

Kbely Lhota Humpolec Žamberk Lukavec

Al (n = 4) 0.96 ** 0.82 ** 0.97 ** 0.98 ** 0.94 **
Zn (n = 4) - 0.98 ** 0.96 ** 0.94 ** 0.99 **
Cu (n = 4) 0.95 ** 0.97 ** 0.97 ** 0.93 ** 0.98 **
Mn (n = 4) −0.30 0.94 ** 0.98 ** 0.98 ** 0.92 **
Cd (n = 4) 0.85 ** 0.96 ** 0.82 ** 0.94 ** 0.99 **

** Significant at p = 0.01; correlation was not done in the case of Kbely due to the available content of Zn being
below the detection limit of ICP used for the measurement (below 0.02 mg kg −1).

Table 4. Multivariate analysis of variance in the change of soil Al, Cu, Zn, Cd, and Mn content (content
in the control subtracted from biochar treatments) with interaction and single effect of factors.

Soil Biochar Soil * Biochar

Al F 117 14.3 9.21
df 4 3 12
p 0.00 0.00 0.00

Cu F 8.41 18.0 0.36
df 4 3 12
p 0.00 0.00 0.96

Zn F 3.39 604 2.77
df 3 3 9
p 0.041 0.00 0.036

Cd F 46.6 135 2.75
df 4 3 12
p 0.00 0.00 0.02

Mn F 56.9 134 4.95
df 4 3 12
p 0.00 0.00 0.00

The italicized values indicate the significance level at n = 20. DF: degree of freedom, F: F test, and p: p value, *;
interaction effect.
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3.2. Availability of Cu

The addition of biochar decreased the available content of Cu in all soils up to 58%, irrespective of
soil types (Figure 2). The application of biochar at low rates (0.5% and 2%) showed a significant decline
only in some cases, whereas 4% and 8% biochar rates significantly decreased the available content of Cu
in all five soils. Available Cu content after biochar addition had a significant negative correlation with
soil pH, CEC, and exchangeable Ca2+ and K+ in most cases except in Lhota soil insignificant correlation
and Kbely soil, which had a strong positive correlation (p = 0.05) with CEC and exchangeable Ca2+

(Table 5). Additionally, there was a positive correlation between the available content of Cu and the
percentage of change in the DOC (Table 3). Based on the multivariate analysis of variance (Table 4),
biochar was the highest source of variation (F = 18.0, p = 0.00), followed by soil (F = 8.41, p = 0.00).
The available content of Cu was negatively correlated (r > −0.62) with soil pH, CEC, and exchangeable
Ca2+ and K+ except for a positive correlation (r > 0.99) with CEC and exchangeable Ca2+ in Kbely soil
(Table 5).
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Figure 2. Effect of biochar addition on soil-available content of Cu (mg kg−1). On the horizontal axis,
1 and 12 stand for 1st and 12th week of incubation period or sample collection time, respectively.
Different capital case letters represent significance difference (p < 0.05) of treatments within same
sample collection time of same soil.

Table 5. Pearson correlation coefficient of available Cu content with soil pH, CEC, and exchangeable
Ca2+ and K+ after addition of four levels of biochar (0.5%, 2%, 4% and 8%) at the 12th week of incubation.

Cu (n = 5)

Kbely Lhota Humpolec Žamberk Lukavec

pH −0.95 ** −0.66 −0.99 ** −0.87 * −0.97 **
CEC 0.99 ** −0.68 −0.97 ** −0.978 ** −0.94 **

Exchangeable Ca2+ 0.99 ** −0.23 −0.95 ** −0.87 * −0.96 **
Exchangeable K+

−0.99 ** −0.66 −0.83* −0.62 −0.94 **

** Correlation is significant at p = 0.01, * correlation is significant at p = 0.05.

3.3. Availability of Zn

Available content of Zn declined in four soils with biochar addition except Kbely soil (Figure 3).
In the four soils, the decline ranged between 18% and 97% at 0.5% and 8% of biochar application
rate, respectively. The addition of 0.5% biochar was enough to induce a significant decline in Lhota,
Humpolec, Žamberk, and Lukavec soils. The fifth soil, Kbely, had an available content of Zn below
the detection limit of ICP-OES used in this study (below 0.02 mg kg −1). Based on the multivariate
analysis of variance (Table 4), biochar was the source of the highest variation (F = 604, p = 0.00) then
soil (F = 3.39, p = 0.041) and the interaction between soil and biochar (F = 2.77, p = 0.036). The available
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content of Zn was negatively correlated (r > −0.62) with soil pH, CEC, and exchangeable Ca2+ and K+

in all soils except Kbely (Table 6). There was also a positive correlation between the available content
of Zn and the percentage of change in the DOC in all soils except Kbely (Table 3).
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Table 6. Pearson correlation coefficient of available Zn content with soil pH, CEC, and exchangeable Ca2+

and K+ after addition of four levels of biochar (0.5%, 2%, 4%, and 8%) at the 12th week of incubation.

Zn (n = 5)

Kbely Lhota Humpolec Žamberk Lukavec

pH - −0.95 ** −0.97 ** −0.92 * −0.86 *
CEC - −0.91 * −0.89 * −0.96 ** −0.79

Exchangeable Ca2+ - −0.7 −0.87 * −0.92 * −0.87 *
Exchangeable K+ - −0.94 ** −0.68 −0.71 −0.68

** Correlation is significant at p = 0.01, * correlation is significant at p = 0.05; correlation was not done in the
case of Kbely due to the available content of Zn is below detection limit of ICP used for the measurement
(below 0.02 mg kg −1).

3.4. Availability of Mn

Effect of biochar on soil-available Mn was similar to that of available Cu. However, the decline
in Kbely was significant (p = 0.05) only during the first week of incubation at the 8% biochar rate
(Figure 4). In the remaining four soils, the content of available Mn was significantly decreased starting
at 2% of biochar application rate with the decline up to 79% relative to the control. The trend in
soil-available Mn content after biochar addition of these four soils was negatively correlated with
soil pH, CEC, and exchangeable Ca2+ and K+ content except for Kbely soil (Table 7). Based on the
multivariate analysis (Table 4), the biochar was the source of the highest variation (F = 135, p = 0.00),
followed by soil (F = 46.6, p = 0.00), and the interaction between soil and biochar (F = 2.75, p = 0.02).
The available content of Mn was negatively correlated (r > −0.8) with soil pH, CEC, and exchangeable
Ca2+ and K+ except a positive correlation with CEC and exchangeable Ca2+ in Kbely soil (Table 7).
Additionally, there was a positive correlation between the available content of Mn and the percentage
of change in the DOC of all soils except Kbely (Table 3).
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Table 7. Pearson correlation coefficient of available Mn content with soil pH, CEC, and exchangeable
Ca2+ and K+ after addition of four levels of biochar (0.5%, 2%, 4%, and 8%) at the 12th week of incubation.

Mn (n = 5)

Kbely Lhota Humpolec Žamberk Lukavec

pH −0.56 −0.99 ** −0.99 ** −0.99 ** −0.99 **
CEC 0.31 −0.96 ** −0.96 ** −0.87 * −0.99 **

Exchangeable Ca2+ 0.34 −0.80 −0.93 * −0.98 ** −0.99 **
Exchangeable K+

−0.28 −0.98 ** −0.80 −0.89 * −0.96 **

** Correlation is significant at p = 0.01, * correlation is significant at p = 0.05.

3.5. Availability of Cd

The Cd content of all soil decreased due to biochar addition (Figure 5). The amount of Cd decline
was in the range between 0.1% and 81% at the 0.5% and 8% biochar application rate, respectively.
The application of 0.5% biochar did not induce a significant decline in many cases but the 2% biochar
rate induced a significant (p = 0.05) available Cd content decline in the four acidic soils (Lhota,
Humpolec, Žamberk and Lukavec), whereas 4% and 8% biochar rate induced a significant decline
of Cd in all soils at both incubation periods. Based on the multivariate analysis (Table 4), biochar
was the source of the highest variation (F = 134, p = 0.00), soil (F = 56.9, p = 0.00) and the interaction
between soil and biochar (F = 4.95, p = 0.02). The available content of Cd was correlated in negative
way (r > −0.5) with soil pH, CEC, and exchangeable Ca2+ and K+ except for a positive correlation
(r > 0.8) with CEC and exchangeable Ca2+ in Kbely soil (Table 8). Additionally, there was a positive
correlation between the available content of Cd and the percentage of change in the DOC in all soils
except Kbely (Table 3).
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1 and 12 stand for 1st and 12th week of incubation period or sample collection time, respectively.
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Table 8. Pearson correlation coefficient of available Cd content with soil pH, CEC, and exchangeable
Ca2+ and K+ after addition of four levels of biochar (0.5%, 2%, 4%, and 8%) at the 12th week of incubation.

Cd (n = 5)

Kbely Lhota Humpolec Žamberk Lukavec

pH −0.96 ** −0.98 ** −0.88 * −0.96 ** −0.95 **
CEC 0.89 * −0.95 ** −0.75 −0.93 * −0.89 *

Exchangeable Ca2+ 0.92 * −0.80 −0.74 −0.96 ** −0.96 **
Exchangeable K+

−0.89 * −0.97 ** −0.51 −0.80 −0.82 *

** Correlation is significant at p = 0.01, * correlation is significant at p = 0.05.

4. Discussion

4.1. Availability of Al

The addition of biochar significantly decreased the available content of Al in four soils. The result
is consistent with the finding of Yuan and Xu [32], who reported decline in the exchangeable content of
Al by 33.4% and 55% after the application of canola and peanut straw biochar produced at 350 ◦C,
respectively. An increment of soil pH up to 1.2 was also evident in the four soils with a significant
Al content decline [26]. The increment in the pH of soils could play two vital roles. Firstly, as the
pH increases, the freely-available Al could decrease by the precipitation of Al3+ to the insoluble
Al oxides/hydroxides [33]. Thus the increment in pH of soil converts the aluminum species to the
monomer of Al(OH)2+ and Al(OH)2

+, which are easily adsorbed by biochar through ion exchange
with –COOH or phenolic –OH groups [34]. The complexation of Al with the organic hydroxyl and
carboxyl functional groups of biochar through ion exchange was confirmed by Qian and Chen [35].
The complexation of Al with the organic functional groups of biochar is attributed to the hydrolysis
of Al and the esterification reaction of carboxylate groups [36]. Similarly, Jansen et al. [37] reported
the formation of insoluble Al–DOC precipitate complexes at a higher pH by the formation of stable
ring structures on the functional groups of DOC and decline in the available content of both Al and
DOC. This is evident from Table 3, which shows that the percentage of declined available Al content of
biochar treatments relative to control was significantly correlated with the percentage of decline in DOC
(r > 0.8, p = 0.01). Secondly, the increment in the pH of soils could result in the dissociation of organic
matter, which add more deprotonated acidic functional groups (increased CEC), and this further
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contributes to the binding of metals like Al on the surface of organic matter. The complexation of
humic substance-originated carboxylic and phenolic groups with Al3+ is also an important mechanism
for the retention of Al by soils [38]. Other possible reasons explaining the decline could be the exchange
of exchangeable Al with exchangeable Ca2+ and K+ content of biochar. The full report of biochar effect
on the pH, exchangeable Ca2+, K+, and CEC of these soils is contained in our previously-published
paper [26]. The release of base cations (Ca2+, Mg2+, and K+) and their replacement by exchangeable
Al3+ at the surface of biochar has been widely studied [32]. On the contrary, the content of available Al
increased in Kbely soil up to 0.54 mg kg−1 at 8% of biochar addition rate. The increment was significant
(p = 0.05) at 8% of biochar addition and it ranged from 10% up to 94% at the 0.5% and 8% of biochar
rate, respectively. However, the increment of available Al content in Kbely soil was by far lower than
the toxic level of Al as the base cations (Ca, K, Mg)/Al molar ratio at 8% of biochar addition was 105.
The possible toxicity of Al could be reached when sum of cations (Ca, K, Mg) to Al ratio is lower
than 1 [39]. The exceptional case of Kbely is due to soil-specific properties. This is supported by our
multivariate analysis of variance (Table 4), which revealed the higher main effect attributed from soil
(F = 117, p < 0.001) rather than biochar (F = 14.3, p < 0.001) and the interaction effect soil with biochar
(F = 9.21, p < 0.001). Kbely soil is characterized by neutral pH, higher exchangeable Ca2+, higher CEC,
and higher DOC as compared to other soils (Table 1). The neutral pH (7.01) of Kbely soil, which is
much higher than other soils and the further increment by biochar resulted in mobility of Al. This is
indicated by a positive significant (r = 0.98, p = 0.01) correlation between pH and available content
of Al in Kbely soil after the addition of biochar (Table 2). The stability of Al up to the pH value near
6.5 and the increment in the mobility of Al above this pH point is reported by the study of Driscoll and
Schecher [40]. The addition of biochar in Kbely soil decreased soil CEC and content of exchangeable
Ca2+ [26]. Therefore, the increment in the available content of Al in Kbely soil could be also due to the
release of Al to soil solution from biochar and the replacement by exchangeable Ca2+. Our biochar
was characterized by much higher content of available Al content than all used soils in this incubation
(Table 1).

4.2. Availability of Cu

The addition of biochar significantly decreased the available content of Cu in all soils. The first
reason for the biochar caused decline in the available content of Cu was the increment of soil pH.
The biochar-induced decline in the available content of Cu was significantly and negatively correlated
with the change in soil pH (Table 5). Meaning that, the biochar-induced increment in the pH of soil
resulted in the decline of available Cu content. The increment of pH could facilitate the adsorption
of hydrolyzed CuOH+ species by biochar [41]. Additionally, the increment of CEC because of the
oxygen-containing organic functional groups of soil and biochar (–COOH and –OH) could contribute to
the decline in the available content of Cu through ionic exchange. The carboxyl groups originated from
the organic fraction of biochar have the potential to immobilize Cu in soil [42]. In our study, the relative
percentage of declined DOC as a result of biochar addition is significantly and positively correlated
(r > 0.9, p = 0.05) with percentage of declined Cu content (Table 3), meaning that the greater amount of
decline in DOC induced by biochar addition matched with the greater decline in the available content
of Cu. This could clearly indicate the direct link between the decline in the available Cu content and
the decline in soil DOC content. The mechanism behind this could be the complexation of Cu with
DOC through the ion exchange on oxygen-containing functional groups of DOC on both soil and
biochar. Similar trends of available Cu and DOC content have been reported [43]. The adsorption
of Cu could be also facilitated by biochar-induced decline in DOC [44] and facilitated the binding of
organic matter with Cu [20]. An increment in the adsorption of Cu up to 28.2% due to the organic
matter loading of biochar has been reported [45]. Based on their findings, the loading of humic acid
(HA) up to <100 mg of carbon per L on the surface of biochar increased the negative surface functional
groups of biochar and resulted in higher Cu adsorption [45]. From Table 5, it can be also concluded
that there is an involvement of biochar-induced CEC increment in the decline of available Cu content
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in all soils except Kbely (characterized by the highest CEC level among the set of soils). The increment
in the CEC of soils could increase the negatively-charged surface functional groups of both soil and
biochar, thus facilitating the adsorption of Cu. Our biochar also had higher aromatic character as the
production temperature was high (700 ◦C) with and H/C atomic ratio of 0.11. The increment in the
production temperature of biochar could result in the decline of H/C ratio, leading to an increase in
the aromaticity of biochar and thus causing the immobilization of Cu [46]. The multivariate analysis
of variance (Table 4) revealed the highest effect was from biochar (F = 18, p < 0.01) rather than soil
(F = 8.4, p < 0.01) or their interaction effect (F = 0.3, p = 0.96). This could indicate the efficiency of
biochar in decreasing the availability of Cu irrespective of soils, with the effect size varying with soil
properties discussed above.

4.3. Availability of Zn

The addition of biochar decreased the available content of Zn in all soils except Kbely. Similarly,
the findings of Yang et al. [19] presented a decrease in the available Zn from 62.2% to 52.9% at 5% of
fine and coarse textured straw biochar, respectively. Removal of Zn in pore water up to 66% by 5%
rice straw biochar was reported by [20]. In another study, application of sugarcane-derived biochar
(700 ◦C) at the rate of 5% reduced the available content of Zn by 54% [17]. In our study, the availability
of Zn after the addition of biochar negatively correlated with soil pH, CEC, and exchangeable Ca2+

and K+, and was significant (p = 0.05) in most cases for all soils except Kbely (Table 6). The highest
effect of biochar (F = 604, p < 0.01), followed by soil (F = 3.39, p = 0.041) and their interaction effect
(F = 3.39, p = 0.036) on the induced changes, has been confirmed by the multivariate analysis of variance
(Table 4). This is evidence of the clear contribution of biochar-induced pH and CEC increment in the
decline in the available content of Zn. The high linkage of mobile Zn with soil pH and the enhanced
immobilization of Zn with the increment in pH have been widely discussed by He et al. [47]. This is
due to the increment in the pH-dependent negative charges of soil, the dominance of hydrolyzed
Zn forms and the co-precipitation with Fe oxides [48]. Additionally, the formation of hemimorphite
(Zn4(H2O)(Si2O7)(OH)2) and hydrozincite (Zn5(CO3)2(OH)6) was reported as a possible mechanism
for the immobilization of Zn2+ by biochar [49]. However, due to the very low content of CO3

2− in
the biochar used in this study (Table 1), we did not expect the formation of hydrozincite. However,
the alkalinity of soil after the addition of biochar could favor the formation of colloid Zn(OH)2,
then dissolved silicates could be adsorbed on the colloids of Zn(OH)2 and this could result in the
co-precipitates structure forming amorphous hemimorphite. When we come to the exceptional Kbely
soil, the low content of Zn could be highly linked to the high content of carbonate in Kbely soil as
compared to other soils (Table 1). The mobility of Zn in soils with high carbonate content is low due
the formation of ZnCO3 [50].

4.4. Availability of Mn

The decline in the available content of Mn was significantly correlated with the increment in soil
pH. This association indicates one of the reasons for the decline in the available content of Mn is due to
the low mobility of Mn at the higher pH induced by biochar [51]. Additionally, the increment of soil
pH could contribute to the decline in the available content of Mn by enhancing the binding Mn with
DOC-originated oxygen containing functional groups from both biochar and soil. Biochar-induced pH
increment and binding of Mn with OH group are responsible for the decline in the mobility of Mn [51].
The potential for Mn2+ complexation with organic solid increases at a higher pH [52]. Furthermore,
the exchange of Mn from soil exchange sites with exchangeable Ca2+ and K+ originated from biochar
could contribute to the decline. The multivariate analysis of variance (Table 4) has shown high variation
in biochar treatments (F = 134, p < 0.01) rather than soil (F = 56.9, p < 0.01) and their interaction effect
(F = 4.95, p < 0.00). This could again confirm the ability of biochar to reduce the availability of Mn
irrespective of soils.
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4.5. Availability of Cd

The application of biochar was able to induce a significant decline in the available content of Cd.
Yang et al. [19] reported a significant decline of Cd in naturally-contaminated soil at 5% rice straw
biochar application. Similarly, the application of 10% biochar produced at 500 ◦C from residues of
orchards was able to reduce the available content of Cd by the factor of 10 compared to control without
biochar [53]. From the multivariate analysis of variance (Table 4), we observed a higher effect of biochar
(F =135, p < 0.01) rather than soil type (F =135, p < 0.01) and their interaction effect (F =135, p < 0.01),
thus confirming that the key factor in the decline of Cd content is biochar rather than soil type, with soil
properties determining the amount of decline. The decline in the available content of Cd in all tested
soils was negatively correlated with the trend in soil pH, CEC, and exchangeable Ca2+, K+ content
of all soils except Kbely, whereas CEC and exchangeable Ca2+ were positively correlated (Table 8).
An increment in the pH of soils could generally reduce the mobility of Cd. This is in agreement with
the finding of Beesley and Marmiroli [54], where the increment of soil pH was the main reason for
the decline in the available content of Cd in biochar-applied soil. The increment in soil pH after
biochar application to soil was again reported to reduce mobility of Cd in soils [20]. The increment
of exchangeable Ca2+ and K+ could indicate the exchange of cations for the decline in the available
content of Cd. The increment in CEC of soils after biochar addition is always related to the abundance
of more surface negative charges, thus facilitating the adsorption of Cd. This is supported by other
studies [55,56]. For example, based on the finding of Zhang et al. [56], the release of the sum of K,
Ca, Na, and Mg was equal to the amount of adsorbed Cd by biochar. Furthermore, the decline in the
available content of Cd could be linked to the decline in DOC induced by biochar due to the complex
formation with oxygenated functional groups of DOC from both soil and biochar. The complexation of
Cd with –COOH and –OH functional groups through ion exchange is thought to be the main reason
for metal removal by the biochar [57]. This is also supported by the positive correlation of DOC decline
with the decline in the available content of Cd in biochar treatments (Table 3).

5. Conclusions

In this study, we incubated five soils with a wide range of physicochemical properties from
different regions of the Czech Republic for 12 weeks. The available content of Al increased in one soil
having low original available content of Al, high pH, and high cation exchange capacity compared to
other soils and the increment was significant only at 8% of biochar application rate, while a decline in
the remaining four soils was prevalent. The increment in the available content of Al is mainly attributed
to the increment in the pH of soil above 6.5, the exchange of Al with exchangeable Ca2+ portion of
biochar, and decline in the CEC of Kbely soil. The available content of Cu and Cd was decreased by
biochar in all soils. Application of 0.5% biochar was not able to induce significant decline as well as 2%
biochar in some cases but 4% and 8% of biochar significantly reduced the available content of Cu and
Cd in all five soils at both incubation periods. Biochar decreased the available content of Zn and Mn
in all soils except Kbely. This is due to the low available content of Zn and Mn in Kbely soil, which
could be linked to the high content of carbonate in this soil. In the remaining four soils, 4% and 8%
biochar rates induced a significant decline of available Zn and Mn content at both incubation periods.
The immobilization of all studied elements was potentially related to the increment in the pH and
cation exchange capacity of soils by biochar, the exchange with exchangeable Ca2+ and K+, and the
decline in the dissolved organic carbon content of soils.
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