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INTRODUCTION

The important indicator of soil fertility is the 
value pH which has a direct impact on all pro-
cesses and reactions in the soil. It affects the ad-
sorption and desorption of cations, the solubil-
ity of compounds of biogenic and trace elements, 
compounds and ions having the toxic impact on 
plants, the intensity and composition of microor-
ganisms, mineralization of organic substances, 
decomposition of minerals, coagulation and pepti-
zation of colloids, soil structure and other factors. 

Therefore, the value soil pH belongs to the most 
general and frequent determined parameters of soil 
fertility (Šimanský et al., 2018). On the other hand, 
the parameters of charge characteristics represent 
a specific part of the soil chemistry which studies 
the chemical and physico-chemical processes and 
reactions in soil, in close relation with the natural 
and anthropogenic factors (Hanes, 1999).

Recently, the scientific community has fo-
cused its special attention on the biochar, the 
effects of which on the changes of soil pH have 
been documented under the different soil-climatic 
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ABSTRACT
In 2017 the field experiments were established at two localities of the South-west Slovakia (1 Dolná Streda: sandy 
Arenosol and 2 Veľké Úľany: loamy Chernozem). The experiments involved biochar substrates (1 BS1 mix bio-
char, sheep manure and 2 BS2 mix biochar, sheep manure and digestate) in two application doses (10 and 20 t ha-1), 
which were applied independently compared with the unfertilized control (Co-NF) and combined with additional 
fertilization versus the fertilized control (Co-F), in order to verify their impacts on the changes of soil properties. In 
the spring and autumn of 2018–2020, within these experiments the soil samples were taken to determine the range 
of effect of the tested biochar substrates (BS) and also their combination with fertilization (F) on the changes of soil 
pH and surface charge of soil particles in the soils different in texture. The results pointed out the fact that a more 
significant effect of tested BS on soil pH was detected in sandy soil than loamy soil. In sandy soil, only the appli-
cation of BS2 in doses 10 and 20 t ha-1 statistically significantly increased the soil pH in H2O in comparison with 
Co-NF. The application BS1 + F in dose 10 t ha-1 and BS2+F in dose 20 t ha-1 statistically significantly increased 
pH in KCl compared with Co-F. The fertilization to BS eliminated the considerable decrease of the soil pH in H2O 
both soils. In sandy soil, pH was substantially regulated by the content of alkali cations themselves in BS; however, 
in loamy soil, it occurred as a result of the increase of the content of soil organic carbon after the application of 
BS (R2 = 0.339), but also BS + F (R2 = 0.468). In sandy soil, the application of BS itself, owing to the change of 
the surface charge, influenced predominantly the sorption of anions. Conversely, the additional fertilization to BS 
treatments had an impact on the sorption of cations. In loamy soil, the application of BS and BS + F as a result of 
the change of surface charge did not have any significant effect on the total soil sorption.
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conditions (Hailegwan et al., 2019; Šimanský et 
al., 2022). After the biochar is applied into the 
soil, the increase of soil pH occurs, mainly in 
acidic soils (Horák, 2015; Heikkinen et al., 2019; 
Juriga and Šimanský, 2019). The mechanism of 
this effect is known under the designation the ash 
alkalinity (Yan et al., 1996). The impact of bio-
char on pH in soils depends predominantly on its 
properties that are completely different depending 
on the feedstock used for its production (Ippolito 
et al., 2015), or depending on the temperature of 
pyrolysis (Enders et al., 2012; Heikkinen, 2019). 
During the production of biochar, the ash mate-
rials originate on the surface of biochar, carbon-
ates are precipitated there, and after the applica-
tion into the soil, they can react with H+ and in 
this way, pH is decreased, mainly in acidic soils 
(Novák et al., 2009). After the application of bio-
char, these mechanisms of soil pH change can 
also be interfered with by other external factors, 
which can also cause further changes in the soil 
reaction. These factors involve the mixture of 
biochar with other organic materials of the differ-
ent physico-chemical character and composition, 
but also their possible combination with other ad-
ditional manures or mineral fertilization. The sci-
entific literature reports that the different types of 
mineral fertilizers, but also manures behave dif-
ferently under different soil-climatic conditions.

There is not enough information about the be-
haviour of biochar substrates (mixture of biochar 
with other organic additives), as well as their dif-
ferent combinations on the change of soil pH and 
surface charge of particles that has a considerable 
impact on the sorption in soils, mainly in alkali 
soils of the different soil texture. Therefore, with-
in this study, the effect of two different biochar 
substrates was analysed, as well as their combina-
tion with the additional fertilization on the change 
of soil pH and surface charge of soil particles in 
the texture of the different soils. It was assumed 
that the different mixture of biochar substrates, 
their higher application dose and additional fer-
tilization will be reflected also in the changes of 
the monitored parameters. The biochar substrates 
will significantly differently affect the range of 
changes of the observed parameters in sandy and 
loamy soil, but also in the soil of lower more than 
higher pH, which will influence considerably the 
surface charge of the soil particles.

MATERIAL AND METHODS

The experiments were established in the 
South-west part of Slovakia at the localities Dolná 
Streda and Veľké Uľany. In Dolná Streda, the field 
experiment was based on the plot that is used for 
the cultivation of the common cash crops (sandy 
Arenosol). In the period of the trial establishment, 
the soil contained 81.9% sand, 10.5% silt, 7.64% 
clay, 0.97% (low content) of the total organic car-
bon (Corg), 1,300 mg kg-1 N (low content), 175 mg 
kg-1 P (high content), 165 mg kg-1 K (appropriate 
content) and  pH was slightly alkaline (pHH2O = 
7.60). In Veľké Uľany, the experiment was settled 
on the plot that was used for the intensive grow-
ing of vegetables. The soil was classified as Cher-
nozem with the content of sand 38.5%, silt 47.8% 
and  clay 13.7%. Before the trial establishment, 
the soil had the medium content Corg (1.56%), low 
content N (966 mg kg-1), high content P (129 mg 
kg-1), appropriate content K (255 mg kg-1) and pH 
was slightly alkaline (pHH2O = 7.78). The average 
annual temperature in both localities is 9–10 oC 
and the average annual precipitation varies from 
520 to 600 mm.

The experiment in Dolná Streda began in 
the autumn of 2017. The area of one small field 
was 90 m2. The trial was established by using the 
long parts method. Before trial establishment, the 
preceding crop was durum wheat. In the autumn 
of 2017, the biochar substrates were applied into 
soil to the depth 0.15 m by disk tillage. During 
the whole period of experiment, the minimizing 
system of soil cultivation was utilized, i.e. disk 
tillage, or loosening into the depth 0.15–0.18 m. 
In the spring of 2018, before the sowing of sun-
flower and during its growing period, the biochar 
substrates (BS) were applied along with urea in 
the dose of 2×100 kg ha-1 with the particular treat-
ments. In the spring of 2019, before the sowing of 
durum wheat, the biochar substrates were applied 
along with 100 kg Amofos with the individual 
treatments and in spring before sowing of grain 
maize 200 kg of urea.

The experiment in Veľké Uľany was estab-
lished in the spring of 2018. The territory of one 
small field was 25 m2 and the buffer strip was 
left between the small fields. The trial was based 
by the method of random arrangement in double 
repetition. The preceding crop was carrot. Before 
sowing of pepper (crop from 2018), the biochar 
substrates were applied into soil (to depth 0.10–
0.12 m), and also the granular manure Italpollina 
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(in 2018) and NPK (in 2020) were added to the 
selected treatments. The soil was cultivated 
in the conventional way, i.e. in autumn it was 
ploughed into the depth of 0.20 m and in spring 
the soil was prepared subsequently by the rotary 
tiller; depending on the cultivated vegetables, 
also the mechanical hoe was used in combina-
tion with the chemical weed killing. The rotation 
of crops was as follows: in 2018 vegetable pep-
per, in 2019 red beet and in 2020 again vegetable 
pepper. In 2018 and 2020, during the growing 
period of pepper, the drop irrigation was utilized 
for a total of three times (application dose = soil 
saturation by water to 80% of field water capac-
ity) and the soil surface was covered by top foil. 
In the case of the severe weather conditions, the 
pepper plants were covered by a textile fabric. In 
2019, the classical irrigation was used (by spray-
ing) – totally twice during the growing season 
(1st June; 2nd July; the total dose 50 mm). The 
established treatments at both research localities 
are summarized in the Table 1.

The biochar substrates being tested – labelled 
under the commercial name effeco 50/50 (BS1) 
and effeco 30/30/30 (BS2) – was obtained from 
the company Zdroje Zeme, Plc., which developes 
these substrates. Effeco 30/30/30 is a biochar sub-
strate that originated by the mixture of biochar 
produced by the slow pyrolysis of hard wood 
(500oC) with the dried sheep manure and sepa-
rate from the biogas station (original raw material 
cow manure) in the proportion 1:1:1. It contains: 
45.4% total organic carbon, 1.3% total N, 0.79% 
P and 15.5% K, and its pH is slightly alkaline. The 
biochar substrate effeco 50/50 is the mixture of 

biochar produced by pyrolysis of hard wood and 
dried sheep manure in the proportion 1:1. Its pH 
is 8.18 and contains: 43% total organic carbon, 
1.2% total N, 0.49% P and 24.6% K. The content 
of hazardous elements in both products does not 
exceed the limit values, which are specified by 
the regulation 577/2005. In the treatments with 
organic fertilization, Italpollina was used that is 
produced from the poultry manure and contains: 
4% N, 4% P2O5, 4% K2O and its pH is neutral. 
The following mineral fertilizers were utilized: 
urea (N content 46%), AMOFOS NP 12-52 (N 
content 12%, and 52% P2O5) and finally NPK 14-
10-20 (N content 14%, 10% P2O5 and 20% K2O).

The soil samples were taken from both exper-
iments twice a year (spring and autumn) during 
the period of 2018–2020. 

Each sampling was taken from the depth 
0–0.20 m with the triple repetition of each treat-
ment. Consequently, the samples were carried to 
the laboratory, where they were homogenized, 
dried at the laboratory temperature, pulverized, 
and sifted through the sieve with the diameter less 
than 0.25 mm. The content of total organic carbon 
(Corg) was determined oxidometrically (Dzadow-
iec and Gonet, 1999), soil pH in H2O (pH in H2O; 
proportion 1 g of soil to 2.5 ml distilled water) 
and in KCl (pH in KCl; 1 g of soil to 2.5 ml 1 
mol.dm-3 KCl), both soil pH potentiometrically 
(Hrivňáková et al., 2011). The ΔpH values were 
calculated out of the measured values of soil pH 
in H2O and KCl according to the equation 1.

ΔpH = pHH2O - pHKCl
(1)

Table 1. Experimental treatments
Dolná Streda – sandy soil Veľké Uľany – loamy soil

Biochar substrates

1. Control – unfertilized control (Co-NF) 1. Control – unfertilized control (Co-NF)

2. BS1 at rate of 10 t ha-1 2. BS1 at rate of 10 t ha-1

3. BS1 at rate of 20 t ha-1 3. BS1 at rate of 20 t ha-1

4. BS2 at rate of 10 t ha-1 4. BS2 at rate of 10 t ha-1

5. BS2 at rate of 20 t ha-1 5. BS2 at rate of 20 t ha-1

Biochar substrates together with fertilization

1. Control – fertilized control (Co-F) 1. Control – fertilized control (Co-F)

2. BS1 at rate of 10 t ha-1 + fertilization (F) 2. BS1 at rate of 10 t ha-1 + fertilization (F)

3. BS1 at rate of 20 t ha-1 + fertilization (F) 3. BS1 at rate of 20 t ha-1 + fertilization (F)

4. BS2 at rate of 10 t ha-1 + fertilization (F) 4. BS2 at rate of 10 t ha-1 + fertilization (F)

5. BS2 at rate of 20 t ha-1 + fertilization (F) 5. BS2 at rate of 20 t ha-1 + fertilization (F)

BS1 – biochar substrate effeco 50/50
BS2 – biochar substrate effeco 30/30/30
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Consequently, the obtained results of the soil 
pH were evaluated by the one-factor analysis of 
variance. The average values of the individual 
treatments with the biochar substrates and also 
their combination with the additional fertilization 
were assessed by LSD test at the significance lev-
el of 95%. The simple linear correlation analysis 
was used for the determination of the dynamics of 
changes of the soil pH in H2O during the period 
of both experiments, and also for the assessment 
of the zero charge of soil particles, and the depen-
dence between Corg and soil pH in H2O.

RESULTS AND DISCUSSION

The average values of the soil pH in H2O and 
KCl as a result of the application of both tested 
substrates, either individually or combined with 
other fertilization, on both soil types are sum-
marized in Figures 1 and 2. Overall, the aver-
age values of the soil pH (pHH2O) in sandy soil 
varied in the interval from 7.21 to 7.89, i.e., 

from neutral to alkaline during the period of 
2018–2020. In the whole monitored period, the 
values of pHH2O were statistically significantly 
affected by the application of the biochar sub-
strates into the soil, in comparison with the un-
fertilized control (Fig. 1A). On the other hand, 
the combination of the biochar substrates, along 
with the additional fertilizing compared with 
the fertilized control, did not have any consider-
able effect on the changes of the average pHH2O 
values in sandy soil in the period of 2018–2020 
(Fig. 1B). Only the application of the substrate 
BS2 in two doses increased the average values 
pHH2O statistically significantly, in comparison 
with the unfertilized control. The average values 
of the soil pH in KCl (pHKCl) were not statisti-
cally significantly changed after the application 
of the biochar substrates themselves, while the 
soil pHKCl was changed substantially after their 
application along with the additional fertilizing. 
However, only the application of the BS2 sub-
strate in a dose of 20 t ha-1 in combination with 
additional fertilizing increased the pHKCl values 

Figure 1. Soil pH in H2O and in KCl after application of A) biochar substrates, and B) biochar substrates together 
with fertilization in sandy soil. Different letters between columns in the same color indicate that treatment means 
over the sampling dates are significantly different at P < 0.05 according to the least significant difference (LSD) 
multiple-range test

Figure 2. Soil pH in H2O and in KCl after application of A) biochar substrates, and B) biochar substrates together 
with fertilization in loamy soil. Different letters between columns in the same color indicate that treatment means 
over the sampling dates are significantly different at P < 0.05 according to the least significant difference (LSD) 
multiple-range test
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statistically significantly, compared with the fer-
tilized control in sandy soil (Fig. 1B). The sta-
tistically significant differences of the average 
pHH2O and pHKCl values were not detected, nei-
ther in the case of the application of the biochar 
substrates themselves (Fig. 2A) nor in the case 
of their combination with the additional fertil-
ization (Fig. 2B) in comparison with the particu-
lar controls. The obtained results comply with 
the published results of several authors (Horák, 
2015; El – Naggar et al., 2019). El – Naggar et 
al. (2019) claim that a stronger effect of the ap-
plied biochar on the changes of soil pH is ob-
served in sandy rather than loamy soils, mainly 
in the acidic soils. Overall, in the conducted 
experiment, the values of the pHH2O and pHKCl 
were lower in sandy soil than in loamy soil, but 
a slightly higher growth of the pHH2O and pH-
KCl values was recorded just in sandy soil than 
in loamy soil, as a result of the application of 
the biochar substrates. These findings are related 
to the initial pH of both soils (neutral pHH2O in 
sandy soil and slightly alkaline pHH2O in loamy 
soil in the control treatments). Besides, both soil 
types contained carbonates, and similarly, both 
tested biochar substrates comprised alkali cat-
ions and had alkaline pH.

According to the results, it is evident that the 
biochar substrates had an impact on the changes 
of the average values of soil pH, predominantly 
in sandy soil. However, it is important to also 
identify the rate of changes in soil pH after the 
application of the tested substrates, because the 
scientific studies prove that by the time the bio-
char application decreases their liming effect in 
acidic (Šimanský et al., 2018a), but also of neu-
tral or alkaline soils (Šimanský et al., 2019). The 
dynamics of changes of the pHH2O after the ap-
plication of BS and also their combinations with 
the additional fertilization in both soils in the pe-
riod 2018–2020 is documented in Figures 3 and 
4. The values of pHH2O were statistically signifi-
cantly linearly decreased by 0.07, 0.09 and 0.07 
pH units in each sample in Co-NF, BS2 10 t ha-1 
and BS2 + F 20 t ha-1 during the investigated pe-
riod. In the case of other treatments in sandy soil 
and all treatments in loamy soil, the considerable 
unstableness of soil pH values in H2O was reg-
istered; therefore, it was not possible to identify 
any statistically significant linear trend over the 
period of three years.

The biochar (Fisher and  Glaser, 2012) and 
also biochar substrates (Šrank and Šimanský, 

2020), or their combinations with other manures 
and mineral fertilizers constitute the important 
sources of organic substances through which the 
carbon content in soils can be increased under 
certain conditions. Therefore, the mutual linear 
relations were studied between the soil organic 
carbon (Corg) and soil pH in H2O. The statistically 
significant linear dependences were not observed 
between the contents of Corg and  pHH2O, neither 
with the application of the biochar substrates 
themselves nor in their combination with the ad-
ditional fertilizing in sandy soil (Fig. 5A). On the 
contrary, in loamy soil in both cases, i.e., after 
the application of BS and BS + F, the statistically 
significant negative linear trends were detected 
between Corg and  pHH2O (Fig. 5B). These facts 
approve the diametrically different impact of BS 
and their combination in the soils of different tex-
tures, but also in comparison with the dynamics 
of change of the pHH2O (Fig. 3 and 4), similarly 
in the changes of the average values during the 
whole monitored period. Corg did not affect the 
changes of soil pH, but mainly the presence of 
alkali cations contained in both biochar substrates 
and the additional fertilization (in sandy soil the 
impact of urea and AMOFOS, in loamy soil the 
impact of the Italpollina manure and NPK fertil-
izer) influenced the changes.

The difference between the pH in KCl and 
pH in H2O was also calculated. Based on it, so-
called ΔpH can be determined (Hanes, 1999). If 
ΔpH < 0, it means that the surface of soil par-
ticles (organic substances and clay minerals) is 
negative. The result is that on the surface, the 
cations are absorbed from the soil solution. As 
Zołotajkin et al. (2011) stated, ΔpH depends on 
the content of organic substances in soil, then it 
is obvious that the application of biochar sub-
strates (because they are the considerable source 
of organic carbon) can influence the ΔpH values 
(Šimanský et al., 2019a), and in this way also 
the soil sorption properties (Liang et al., 2006; 
Novak et al., 2009; Šimanský et al., 2022). 
Overall, the average difference was distinct in 
both sandy and loamy soils during the period of 
2018–2020. In sandy soil in the treatments with 
BS applied separately, the positive difference 
between pHH2O and pHKCl was recorded, apart 
from the treatments Co-NF and BS1 20 t ha-1, 
which indicates that the positively charged ions 
dominated on the surface of particles. It can re-
sult in the influence of sorption, mainly anions. 
In the treatments with the additional fertilization 
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Figure 3. Dynamics of changes in soil pHH2O after application of A) biochar substrates, 
and B) biochar substrates together with fertilization in sandy soil

Figure 4. Dynamics of changes in soil pHH2O after application of A) biochar substrates, 
and B) biochar substrates together with fertilization in loamy soil

Figure 5. Linear relationships between soil organic carbon and soil pHH2O A) in sandy soil and B) in loamy soil
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in sandy soil, the negative difference was regis-
tered between the pHH2O and pHKCl, which indi-
cates that the positively charged ions dominate 
on the surface of soil particles. It can lead to an 
impact on the sorption of cations. On the basis 
of the mutual relation between pHH2O and ΔpH, 
the values of zero charge were determined, i.e., 
ΔpH = 0 for both soils and all the studied treat-
ments during the analysed period (Fig. 6 and 
7). The values ΔpH = 0, sandy soil achieved for 
controls: pHH2O for unfertilized control and the 
fertilized control = 7.48. The application of BS 
and also BS + F increased the pHH2O value for 
the achievement of the zero charges in the case 
of both doses, whereby it was more significant 
in BS2 than BS1, compared with the unfertilized 
control (pHH2O for BS1 10 and 20 t ha-1 = 7.56 
and for BS2 10 and 20 t ha-1 = 7.61). A similar 
trend was observed also in the treatments where 
the biochar substrates were combined with the 
additional fertilization in sandy soil (Fig. 6).

Overall, in loamy soil, the positive differ-
ence between pHH2O and pHKCl was determined, 
which indicates that the positively charged ions 
dominated on the suface of soil particles. The 
ΔpH = 0 values, were achieved in loamy soil 
for controls: pHH2O for the unfertilized control 
= 7.76 and the fertilized control = 7.91. The 
values of zero charges were increased in com-
parison with the unfertilized control – they were 
more significant as a result of a lower rather than 
higher dose, but also more considerable in BS1 
than BS2. ΔpH = 0 after the application of BS + 
F was not changed markedly compared with the 
fertilized control (Fig. 7). In all of them, if the 
individual values pHH2O for the zero charges are 
exceeded in the particular treatments, then the 
opposite trend related to the sorption properties 
can be assumed, i.e. in this case the sorption of 
cations is decreased at the expense of the sorp-
tion of anions in both soils.

CONCLUSIONS

Overall, the values of the soil pH were lower 
in sandy rather than loamy soil; however, slightly 
higher growth in values of the soil pH was de-
tected just in sandy than loamy soil as a  result 
of the application of the biochar substrates. The 
most significant changes were identified in the 
higher rather than lower dose, and with the sub-
strate effeco 50/50 rather than effeco 30/30/30 in 

sandy soil. The values of the soil pH in H2O were 
decreased considerably after the initial applica-
tion of the biochar substrates in sandy soil in the 
following years. The application of the additional 
fertilization to the biochar substrates eliminated 
the significant decrease of the soil pH in H2O in 
both soils during the studied period.

The relationships between the content of or-
ganic carbon and soil pH in H2O were diamerti-
cally opposed, depending on the soil texture and 
the application of the biochar substrates, or their 
combination with the additional fertilization. The 
mechnism having impact on the soil pH after the 
application of the biochar substrates was differ-
ent in sandy and loamy soil. In sandy soil, the 
pH was considerably regulated by the content of 
alkali cations themselves in the tested substrates, 
but in loamy soil it was a result of the increase of 
content of organic carbon after the application of 
the biochar substrates.

The changes between the soil pH after the 
application of the biochar substrates and also 
their combinations with the additional fertil-
ization affected considerably the changes of 
charges on the surface of soil particles in both 
soils. In sandy soil, the application of the bio-
char substrates themselves, owing to the change 
of the surface charge, had an impact mainly on 
the sorption of anions. Conversely, the addition-
al fertilization to BS treatments influenced the 
sorption of cations. In loamy soil the applica-
tion of BS and their combination with fertiliza-
tion, as a consequence of the change of surface 
charge, did not have any significant impact on 
the soil sorption – the recorded positive effect 
on the sorption of anions, that is, however, ne-
glectable compared with the sorption of cations; 
thus, it is not demonstrated considerably in the 
total soil sorption. The change of zero charge 
was affected predominantly by the type itself of 
the biochar substrates applied into both soils. In 
the loamy soil these substrates and lower dose 
played a more significant role in comparison 
with a higher dose.
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Figure 6. Zero change values after application of A) biochar substrates, and 
B) biochar substrates together with fertilization in sandy soil
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Figure 7. Zero change values after application of A) biochar substrates, and 
B) biochar substrates together with fertilization in loamy soil



53

Journal of Ecological Engineering 2022, 23(5), 44–53

REFERENCES

1.	 Dziadowiec H., Gonet S.S. 1999. Estimation of 
soil organic carbon by Tiurin’s method. Methodi-
cal guide-book for soil organic matter studies, 120, 
7–8. (in Polish)

2.	 El-Naggar A., Lee S.S., Rinklebe J., Farooq M., 
Song H., Sarmah A.K., Zimmerman A.R.M., Sha-
heen S.M., Ok Y.J. 2019. Biochar application to low 
fertility soils: A review of current status, and future 
prospects. Geoderma, 337, 536–557.

3.	 Enders A., Hanley K., Whitman T., Joseph S., 
Lehmann J. 2012. Characterization of biochars to 
evaluate recaltricance and agronomic performance. 
Bioresource Technology, 114, 644–653.

4.	 Fischer D., Glaser B. 2012. Synergisms between 
compost and biochar for sustainable soil ameliora-
tion. In: Kumar S. (Ed), Management of Organic 
Waste, Tech Europe, Rijeka, 167–198.

5.	 Haineglaw N.S., Mercl F., Pračke K., Szaková J., 
Tloustoš P. 2019. Mutual relationships of biochar 
and soil pH, CEC, and exchangeable base cation in 
a model laboratory experiment. Journal of Soil and 
Sediments, 19, 2405–2416.

6.	 Hanes J. 1999. Analyzes of sorptive characteristics. 
SSCRI, Bratislava. (in Slovak)

7.	 Heikkinen J., Keskinena R., Soinnea H., Hyväluomaa 
J., Nikamaa J., Wikbergb H., Källib A., Siipolab V., 
Melkiorc T., Dupontd C., Camparguee M., Larssonf 
S.H., Hannulag M., Rasaa K. 2019. Possibilities 
to improve soil aggregate stability using biochars 
derived from various biomasses through slow py-
rolysis, hydrothermal carbonization, or torrefaction. 
Geoderma, 344, 40–49.

8.	 Horák J. 2015. Testing biochar as a possible way to 
ameliorate slightly acidic soil at the research field 
located in the Danubian lowland. Acta Horticulturae 
et Regiotecturae, 18, 20–24.

9.	 Hrivňáková K., Makovníková J., Barančíková G., 
Bezák P., Bezáková Z., Dodok R., Grečo V., Chlpík 
J., Kobza J., Lištjak M., Mališ J., Píš V., Schlosserová 
J., Slávik O., Styk J., Širáň M. 2011. Uniform meth-
ods of soil analyses. VÚPOP, Bratislava. (in Slovak)

10.	Ippolito J.A., Spokas K.A., Novak J.F., Lentz R.D., 
Cantrell K.B. 2015. Biochar elemental composition 
and factors influencing nutrient retention. In: Lehm-
ann J., Joseph S. (Eds.). Biochar for environmental 
management, Routledge, Taylor and Francis Group, 
New York, 301–325.

11.	Juriga M., Šimanský V. 2019. Effect of biochar and 
its reapplication on soil pH and sorption properties 
of silt loam Haplic Luvisol. Acta Horticulturae et 
Regiotecturae, 22(2), 65–70.

12.	Liang B., Lehmann J., Solomon D., Kinyangi J., 
Grossman J., O’Neill B., Skjemstad J.O., Thies J., 
Luizao F.J., Petersen J., Neves E.G. 2006. Black car-
bon increases cation exchange capacity in soils. Soil 
Science Society of American Journal, 70, 1719–1730.

13.	Novak J.M., Busscher W.J., Wats D.W., Laird 
D.A., Ammenda M.A., Niandou M.A.S. 2009. 
Short-term CO2 mineralization after additions of 
biochar and switchgrass to a Typic Kandiudult. 
Geoderma, 154, 281–288.

14.	Šimanský V., Aydın E., Horák J. 2022. Is it possible 
to control the nutrient regime of soils with different 
texture through biochar substrates? Case study in 
Slovakia. Agronomy, 11, 51.

15.	Šimanský V., Horák J., Igaz D., Balashov E., Jonc-
zak J. 2018a. Biochar and biochar with N fertilizer as 
a potential tool for improving soil sorption of nutrients. 
Journal of Soils and Sediments, 18(8), 1432–1440.

16.	Šimanský V., Juriga M., Horák J. 2019a. Aplikácia 
biouhlia a jeho kombinácia s N hnojením ako fak-
tor ovplyvňujúci zmeny pôdnej reakcie a povrcho-
vého náboja pôdnych častíc. In: Výskum vplyvu 
biotických a abiotických faktorov na zložky sys-
tému pôda-voda-atmosféra-rastlinný kryt. SPU, 
Nitra, 30–37. (in Slovak)

17.	Šimanský V., Polláková N., Chlpík J., Kolenčík M. 
2018. Soil science. SUA, Nitra, (in Slovak).

18.	Šimanský V., Šrank D., Juriga M. 2019. Differences 
in soil properties and crop yields after application 
of biochar blended with farmyard manure in sandy 
and loamy soils. Acta fytotechnica et zootechnica, 
22(1), 21–25. 

19.	Šrank D., Šimanský V. 2020. Zmena pôdnej or-
ganickej hmoty a humusu po aplikácii biouhlíkových 
substrátov: štúdia na poľnom experimente na 
černozemi v juhozápadnej časti Slovenska. Agro-
chémia, 60(2), 23–30.

20.	Yan F., Schubert S., Mengel K. 1996. Soil pH in-
crease due to biological decarboxylation of organic 
anions. Soil Biology and Biochemistry, 28, 617–624.

21.	Zołotajkin M., Ciba J., Kluczka J., Skwira M., 
Smoliński A. 2011. Exchangeable and Bioavailable 
Aluminium in the Mountain Forest Soil of Barani-
aGóra Range (Silesian Beskids, Poland). Water, Air, 
Soil Pollution, 216, 571–580.


