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Abstract. This paper presents the results obtained during recla-
mation of hard coal ash. The model was developed by covering 
the layer of ash with layers containing ash, organic by-products 
and mineral fertilizers in 10 different combinations. The experi-
ment on reclamation of hard coal ash was carried in 2003 on the 
premises of Dolna Odra Power Station in Poland. Vegetation in 
the form of grass mixture was introduced to the plots of an area 
of 100 m2 each. The layer of ash, i.e. underlay, located below 
each top layer was divided into two parts. One part was fertilized 
with mineral fertilizers NPK ratio of 60-70-70, the other part was 
left unfertilized. Particularly favourable was the introduction of 
fermented municipal sewage sludge to top layers. In this way, 
the appropriate quality of the analysed top layers was obtained, 
as manifested by good abundance of forms of magnesium, potas-
sium and phosphorus available for vegetation. The results dem-
onstrate the process of accumulation of the available forms of 
magnesium, potassium and phosphorus in underlays when the 
fertile surface layer is supplemented with fermented municipal 
sewage sludge. The results obtained in the experiment indicate 
good effectiveness of reclamation of coal ash waste and justify 
the continuation of the reclamation. 

Keywords: physicochemical properties, macroelements, top lay-
er, underlay, hard coal ash

INTRODUCTION

 In Poland, despite the gradual reduction of hard coal 
mining, the consumption of coal for the production of 
electricity and heat in 2018 amounted to 42568 thousand 
tons (Statistics Poland, 2019). Consequently, enormous 
amounts of ash-slag mixture were generated. According 
to the Regulation of the Minister of Climate on the waste 
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catalog (2020), combustion by-products (CBP) coded  
10 01 01, such as ash generated by the power industry and 
specified in the Regulation as slag, bottom ash and boiler 
ash, are not hazardous and their agricultural use is possible 
(Journal of Laws of 2020, item 10). Storage of ash-slag 
mixture results in formation of areas without vegetation 
cover, exposed to erosion and in absolute need of recla-
mation as a significant element of the functioning of the 
natural environment. Land reclamation is the process of 
establishing or restoring the utility value to the degraded or 
devastated land which, among others, includes restoration 
of soil. The processes are long-term and require significant 
financial resources. Numerous studies of the available lit-
erature on the subject present the realistic possibilities of 
reclamation of lands used for storing hard coal ash (Labidi 
et al., 2017; Theisen, 2015). The presence of macroele-
ments and compounds showing strong adsorptive proper-
ties in ash indicates the potential environmental use (Wysz-
kowski et al., 2014). 
 This paper presents the results obtained during recla-
mation of hard coal ash. The model was developed by cov-
ering the layer of ash with layers containing ash, organic 
by-products and mineral fertilizers in 10 different combi-
nations. The results of the studies conducted 15 years after 
the set-up of experiment, were aimed at determining the 
efficiency of reclamation of ash waste and were based on 
the assessment of the physicochemical properties and mac-
roelement content in particular layers.

MATERIALS AND METHODS

Experiment characteristics

 The experiment on reclamation of hard coal ash was 
conducted in 2003 on the premises of Dolna Odra Pow-
er Station in Nowe Czarnowo (53.20° N; 14.48° E), near 
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Table 1. Fertilization scheme.

Top layer

Top layer and underlay number
I II III IV V

• low peat, 
• ash. 
 

• coniferous wood 
bark, 

• loose sand, 
• compost produced 

with GWDA 
method#, 

• ash.  

• loose sand,  
• compost produced 

with GWDA method, 
• fermented municipal 

sewage sludge (dry 
weight: 70% sludge, 
15% urban green 
waste, 15% straw). 

• loose sand, 
• ash,  
• compost produced with 

GWDA method,
• fermented municipal 

sewage sludge (dry 
weight: 70% sludge, 
30% urban green waste). 

• loose sand,  
• coniferous wood bark, 
• compost produced with 

GWDA method,
• fermented municipal 

sewage sludge (dry 
weight: 70% sludge, 
30% straw). 

Ratio 1:3 Ratio 1:1:2:4 Ratio 1:1:2 Ratio 0.5:0.5:1:2 Ratio 1:1:2:4

Unfertilized 
underlay Ash Ash Ash Ash Ash

Fertilized 
underlay

Ash + NPK
(60-70-70)

Ash + NPK
(60-70-70)

Ash + NPK
(60-70-70)

Ash + NPK
(60-70-70)

Ash + NPK
(60-70-70)

# GWDA method – Composting sludge with structural material using the static method with forced aeration.

Gryfino in Poland. Surface layer (fertile) of a thickness of  
40 cm consisting of a mixture of various materials, i.e. top 
layer, was applied to the ash underlay. The experiment was 
performed in four replications. Treatment number I is con-
trol. There were five treatments in the experiment in the 
form of top layer and ten as underlay. The top layer was 
used to enable the grass to grow properly. The composition 
of five types of top layer is presented in Table 1. Vegeta-
tion in the form of grass mixture (red fescue, perennial rye-
grass, blue grass) was introduced to the plots of an area of 
100 m2 each. The layer of ash, i.e. underlay, located below 
each top layer was divided into two parts, when the ex-
periment was set up. One part was fertilized with mineral 
fertilizers NPK ratio of 60-70-70, the other part was left 
unfertilized. The ratio is enough as a starting dose for most 
of plants. During the period 2008 grass was fertilized and 
cut off, later only cut once a year. 
 After 15 years, in the autumn of 2018, samples of top 
layer (0–40 cm in depth) and underlay (40–60 cm) were 
taken from the plots covered with grass. The samples taken 
from top layer are anthropogenic soils formed by apply-
ing fertile surface layer to ash. The anthropogenic soils 
formed in such a way are humic industrozems (Alpr) of  
a profile sequence Aan-2Can (Marcinek, Komisarek, 2011; 
Świtoniak et al., 2016).

Chemical analyses

 Samples were taken in three replication with Egner’s 
cane from appropriate depths. The samples were dried and 
ground according to the requirements set out in the Pol-
ish Standard (ISO 10381-2:2007). Soil pH was determined 
potentiometrically with the use of a pH-meter Orion Star 
A 211, according to ISO standard ISO 10390 2021. The 

material loss at annealing at 550 °C was adopted as the 
content of organic matter. Electrical conductivity (EC) 
was measured with conductometric method (conductom-
eter Orion 3Star) (suspension with a soil/water weight ra-
tio 1:2.5) (ISO 11265:1994/Cor 1:1996). Total content of 
carbon (C), nitrogen (N) and sulphur (S) was determined 
with the use of elemental analyser CHNS (Costech Instru-
ments Elemental Combustion System) by ELTRA Poland. 
To determine the total content of potassium, calcium and 
magnesium, the soil samples were wet digested in the 
mixture of nitric(V) acid and chloric(VII) acid in the ratio 
1:1. The content of available magnesium was determined 
with Schachtschabel method using the extraction with 
a solution of calcium chloride (0.025n CaCl2) (DIN-R-
04020:1994+Azl:2004). In the obtained extracts, the con-
tent of metals was determined with the use of Atomic Ab-
sorption Spectrometer Apparatus (Thermo Fisher Scien-
tific iCE 3000 Series). The available forms of phosphorus 
and potassium in the soil were determined using the Egner-
Riehm method based on extraction of calcium lactate with 
buffer solution characterised by a pH value of 3.55 (Egner 
et al., 1960). The paper presents average values from three 
replication for each variant.

Statistical analysis

 The results of the two-factor experiment were statisti-
cally processed using the analysis of variance in complete 
randomization design. The factors were as follows: 1st fac-
tor – 5 top layer, 2nd factor – two underlay. Confidence 
sub-intervals were calculated using Tukey’s multiple test, 
assuming a significance level of P<0.05 (Hill et al., 2006). 
The statistical analysis of the results was carried out using 
the Statistica 10.0 software.

• 

• 
• *

*
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Table 2. Physicochemical properties, total content of nitrogen, sulphur, carbon, calcium, magnesium and available forms of phospho-
rus, potassium and magnesium in top layers.

Marks Unit
Top layer number

I II III IV V
Electrical conductivity (EC) μS cm-1 122b±9.7 92.1b±6.4 171a±20 155a±7.4 195a±29
pHKCl - 7.61a±0.05 7.44a±0.05 6.71b±0.02 6.99b±0.03 6.66b±0.06
pHH2O - 7.88a±0.05 7.64b±0.07 7.35c±0.04 7.28c±0.05 7.04 d±0.04
Organic matter % 6.73a±1.06 4.66a±0.67 5.83a±0.74 5.68a±1.02 4.53a±0.88
Nitrogen % 0.234b±0.02 0.165b±0.02 0.255b±0.02 0.319a±0.02 0.357a±0.02
Sulphur % 0.037b±0.02 0.013b±0.02 0.022b±0.03 0.045a±0.02 0.052a±0.02
Carbon % 3.34b±0.005 3.11b±0.001 3.18b±0.002 4.40a±0.005 4.77a±0.004
N/S - 6.83b±0.87 12.50a±0.96 11.40a±0.40 7.48b±0.45 7.03b±0.21
C/N - 15.2ab±2.21 19.1a±0.64 12.5b±0.33 13.9b±0.36 13.4b±0.20
Total magnesium 

g kg-1

3.42a±0.67 3.79a±0.16 3.68a±0.20 4.16a ±0.17 3.27a±0.16
Total potassium 2.08a±0.03 2.64a±0.24 2.33a±0.10 2.51a±0.06 2.68a±0.10
Total calcium 17.9a±0.66 17.6a±0.77 16.2a±0.97 18.6a±0.71 17.9a±0.99
Available magnesium 

mg kg-1

249.8b±22.8 256.3b±11.9 322.5a±19.2 347.3a±29.9 273.5b±16.9
Available potassium 215.0a±7.5 248.5a±12.0 141.8b±4.4 155.0b±11.2 177.5b±5.1
Available phosphorus 165.0a±8.8 176.5a±4.2 146.3b±7.2 140.5b±4.0 149.0b±4.2

Values in rows followed by the same lower case letters are not statistically different
 

RESULTS AND DISCUSSION

Physicochemical properties and macroelements  
content in top layer

 Average electrical conductivity of soil taken from top 
layers showed differentiation (from 92.1 to 195 μS cm-1)  
(Table 2). Higher electrical conductivity was found in top 
layer containing fermented municipal sewage sludge, i.e. 
number III, IV and V. The field experiment conducted 
by Tsadilas et al., (2014) produced comparable results in 
terms of increased electrical conductivity in soil due to fer-
tilization with sewage sludge which the authors attributed 
to high content of salt in sludge. On the assumption that 
1000 μS cm-1 represents 2.23 g NaCl in 1 kg of soil, the top 
layer is to be considered as non-saline (ISO 11265:1994/
Cor 1:1996).
 Provided that underlay is to be treated as soil, the top 
layer types labelled I and II manifested alkaline pH, ac-
cording to applicable standards (ISO 10390: 2021). The re-
maining three types of top layer showed neutral pH, most 
likely due to the presence of municipal sewage sludge 
(Table 2). The acidifying action of ash resulting from the 
addition of sewage sludge is widely known and well docu-
mented in the literature on the subject (Antonkiewicz et al., 
2020; Masto et al., 2012; Tsadilas et al., 2014). 
 There was no differentiation in terms of organic matter 
content in top layer, which can be explained by the devel-
opment of vegetation on the reclaimed area. The relation-
ships concerning the amounts of nitrogen and sulphur in 
top layer were identical. The content of these elements in 

top layers I, II and III was found to be lower than in the 
remaining two types of the top layer (Table 2). 
 Sulphur is found in soil mainly in the form of organic 
compounds connected with the presence of humus and, 
it affects the growth and development of vegetation. Ac-
cording to Pietrzak (2015), in grassland mineral soils, the 
average content of total sulphur is 0.039%, with fluctua-
tions from 0.034% to 0.044%. In top layer, the content of 
sulphur ranged from 0.013 to 0.052%, which does not pre-
vent cultivation on the reclaimed area. The relationships 
concerning the content of sulphur and carbon in individual 
top layers were comparable – in top layers IV and V the 
content of both elements was found to be higher compared 
to the other top layers (Table 2). Janzen and Bettany (1984) 
demonstrated that the optimum ratio of available nitrogen 
to sulphur is 7:1. The ratio below 7 results in reduced yield. 
Carbon/nitrogen ratio (C:N) affects the decomposition of 
organic matter and represents the potential fertility of soils. 
Therefore, it can be applied for the purpose of the assess-
ment of the reclaimed areas. The results obtained in the 
experiment show that in the discussed top layers the ra-
tio is appropriate. The prevalence of carbon content over 
the content of nitrogen (C:N) in mineral soils generally 
amounts to 8–12 (on average 10) (Siuta, 2003). The results 
of the experiment manifest that owing to the addition of 
municipal sewage sludge to top layer type III, IV and V, 
appropriate values of C:N ratio were established. In top 
layer types I and II an excess of carbon was found, and in 
soil poor in nitrogen the decomposition of organic matter 
occurs at a slower rate.

T. Tomaszewicz et al. – The assessment of physicochemical properties and macronutrient content of reclaimed soil...
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 The metal elements such as magnesium, potassium and 
calcium form cations in soil solution directly affecting the 
changes in soil pH. The elements may be taken up by the 
plants after introduction to soil solution. Interchangeably 
bound alkaline cations constitute a nutrient pool for veg-
etation. The presence of divalent cations of alkaline pH 
(calcium, magnesium) in the sorption complex positively 
affects the structure of soil. Mean content of total magne-
sium and potassium in top layers was 3.66 g Mg kg-1 and 
2.45 g K kg-1. The experimental top layers showed total 
calcium content of 17 g Ca kg-1.
 The presence of hard coal ash did not result in a sig-
nificant differentiation of the total content of the three 
macroelements, (Mg, K i Ca) in top layers, and the values 
did not exceed those characteristic for arable lands (Table 
2). By way of comparison, soils contain from trace to  
a few percent of total magnesium (Nowosielski, 1959). The 
content of magnesium in soils in Poland is low which, to  
a considerable extent, is due to the soils being light and 
very light with low humus content. The total content of 
potassium in soils varies from 0.8 to 2.5% and depends 
on the proportion of soil silt elements and their mineral 
composition. Calcium content in soils is within the range 
of 0.7–36 g Ca kg-1, (Medaj et al., 2017).
 On the basis of 20 year long studies on the monitoring 
of the chemistry of arable lands, the Institute of Soil Sci-
ence and Plant Cultivation (IUNG) states that in 2010, the 
content of available magnesium in Poland ranged from 5– 
358 mg Mg kg-1 of soil which shows high variability (Monitor-
ing Chemizmu Gleb...). The whole surface layer of the recla-
mation experiment was characterised by a very high content 
of available magnesium (DIN-R-04020:1994+Azl:2004). 
The highest content of available magnesium (322.5 and 
347.3 mg Mg kg-1) was found in top layer type III and IV 
which contained urban green waste (Table 2).
 Potassium is a nutrient indispensable for plant growth 
and one of the three main macronutrients – others being 
nitrogen and phosphorus. The natural potassium content 
in soils depends on the mineralogical composition and 
granulation, particularly on the content of clay minerals, 
composition of associated minerals, the capacity for cat-
ion exchange and soil pH (Dhaliwal et al., 2006). Due to 
high solubility of potassium salts, sewage sludge is not rich 
in potassium compounds. The addition of fermented mu-
nicipal sewage sludge to top layers III, IV and V served as  
a way of diluting the present content of available potassi-
um. In these top layers, the content of available potassium 
was high, whereas in the remaining top layer types, i.e. I 
and II, it was very high (Egner et al., 1960).
 Phosphorus is one of the three macronutrients, the de-
ficiency of which reduces the yield of crops to the greatest 
extent. The shortage of phosphorus in agricultural soils is 
generally common worldwide. The main reason of limited 
bioavailability of phosphorus is its high rate of retrograda-
tion and slow release to soil solution (Shen et al., 2011; 

Zhu et al., 2018). On the basis of the adopted criteria, in 
all analysed top layers the content of available phosphorus 
was very high (Egner et al., 1960). Similarly to the deter-
mined content of available potassium, in top layers III, IV 
and V the identified content of available phosphorus was, 
on average, 145 mg P kg-1 (Table 2).

Analysis of physicochemical properties  
and macroelements in underlays 

 The comparison of electrical conductivity values deter-
mined in the samples taken from underlays and top layers 
show comparable relationships. Higher electrical conduc-
tivity was found in underlays with fermented municipal 
sewage sludge – number III, IV and V, compared to the 
other two. All underlays are classified as non-saline (ISO 
11265:1994/Cor 1:1996).
 Mean pH w KCl value of underlays amounted to 8.39 
and was higher than the values determined in the top lay-
ers. According to the standards for soils, the analysed un-
derlays are classified as alkaline (ISO 10390: 2021).
 The analysis of the content of organic matter shows the 
increase in underlay I. This can be explained by the pres-
ence of peat resulting in an increased development of veg-
etation. In the remaining four underlays, mean content of 
organic matter amounted to 4.92% (Table 3).
 The mineral fertilisation (NPK) applied in the recla-
mation experiment did not result in pH differentiation and 
caused higher values of electrical conductivity and organic 
matter content in underlays (Table 3).
 The total nitrogen content in underlays was from 3.6 to 
8 times lower than that in top layers. Out of all underlays 
in the present experiment, only underlay I contained less 
total nitrogen. However, this is explained by the fact that 
the components of the surface layer (peat and ash) are not 
rich in this element.
 In underlays I and II, the sulphur content was lower, 
whereas in the remaining three underlays. The average 
sulphur content in hard coal ash is 0.03% (Gluzińska et 
al., 2016). The reclaimed ash showed a lower content, 
i.e. 0.01%. There was no differentiation in terms of car-
bon content in underlays. The underlays showed a 40% 
lower carbon content in comparison with the surface layer  
(Table 4).
 The value of N/S ratio, i.e. from 2.50 to 5.45, was be-
low 7. This indicates the excessive content of sulphur in 
underlays containing hard coal ash.
 The ratio of carbon to nitrogen (C:N) indicating the 
potential fertility of soil, in the case of the analysed un-
derlays showed the value of 50, i.e. far from adequate with 
respect to arable soils, which manifested very large excess 
of carbon in comparison with nitrogen. The analysis of the 
values of N/S and C/N ratio shows a definite lack of ni-
trogen in underlays, which is explained by the chemical 
composition of hard coal ash (Table 4). The application of 

,

,
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Underlays
Unfertilized underlay Fertilized underlay 

Electrical conductivity (EC) μS cm-1 138.5b±5.7 173.2a±8.4
pHKCl - 8.51a±0.19 8.28a±0.18
pHH2O - 8.84a±0.20 8.50a±0.19
Organic matter % 4.51b±0.43 5.92a±0.64

Values in rows followed by the same lower case letters are not statistically different

Table 3. Physicochemical properties of underlays.

Marks Unit
Underlay number 

I II III IV V
Electrical conductivity (EC) μS cm-1 150.6b±10.4 142.6b±10.2 170.3a±11.9 174.4a±15.0 161.5a±15.9
pHKCl - 8.46a±0.32 8.55a±0.32 8.16a±0.30 8.45a±0.31 8.37a±0.31
pHH2O - 8.60a±0.34 8.86a±0.35 8.60a±0.33 8.71a±0.32 8.59a±0.32
Organic matter % 6.42a±0.75 5.08b±0.42 5.28b±0.72 5.17b±0.32 4.15b±0.88

Table 4. Total content of nitrogen, sulphur and carbon in underlays. 

Marks Units
Underlay number

I II III IV V
Nitrogen % 0.039b±0.004 0.046a±0.004 0.048a±0.004 0.046a±0.003 0.046a±0.004
Sulphur % 0.009b±0.001 0.008b±0.002 0.015a±0.003 0.017a±0.002 0.017a±0.003
Carbon % 2.08a±0.17 2.44a±0.09 2.30a±0.31 2.17a±0.08 2.36a±0.24
N/S - 4.37b±0.34 5.45a±0.20 3.75b±0.49 2.75c±0.22 2.50c±0.34
C/N - 53.89a±2.65 54.94a±4.37 46.91a±2.79 47.42a±1.84 50.50a±2.05

Underlays
Unfertilized underlay Fertilized underlay

Nitrogen % 0.038b±0.001 0.052a±0.002
Sulphur % 0.015b±0.002 0.020a±0.002
Carbon % 1.96b±0.09 2.58a±0.10
N/S - 3.93a±0.41 3.59a±0.27
C/N - 51.60a±2.41 49.87a±1.24

Values in rows followed by the same lower case letters are not statistically different

fertilizers (NPK) to the upper layer resulted in a signifi-
cantly higher percentage of nitrogen, sulphur and carbon 
with lack of differentiation in terms of values of N/S and 
C/N ratio (Table 4).
 The content of total magnesium, potassium and calcium 
amounted to, on average, 7.00 g Mg kg-1, 4.60 g K kg-1 and 
18.5 g Ca kg-1. The comparison of the content determined 
in underlays and top layers shows that the underlays were 
characterised by twice as large content of magnesium and 
potassium and comparable content of calcium. The study 
did not find a significant differentiation of the total con-
tent of the discussed macro elements in ash underlays with 
respect to the composition of the surface layer. As a result 
of the previously applied NPK fertilization, the content of 
magnesium in the fertilized underlays was determined to 
be 8% higher (Table 2 and 5). The identified content of the 
discussed cations was similar to the content in arable soils 
(Medaj et al., 2017; Nowosielski, 1959). 

 In view of the standards of soil quality, the determined 
content of available magnesium in underlays contain-
ing hard coal ash is to be classified as very high (DIN-R-
04020:1994+Azl:2004). The highest content of available 
magnesium, i.e. 290 mg Mg kg-1, was found in underlay 
types III, IV and V containing fermented municipal sew-
age sludge (Table 5). It appears that the phenomenon of 
an increased content of magnesium is real and explained 
by the location of this element in grass roots. This is also 
in line with information that the content of magnesium in 
municipal sewage sludge is 5 g kg-1 (Gondek, Filipek-Ma-
zur, 2006). The recent studies by Głąb et al., (2020) show 
that organic fertilisation of soil results in an increased root 
length, size, volume and diameter.
 With respect to the amount of available potassium, all 
underlays were characterised by very high content (Egner 
et al., 1960). Mean content of available potassium in un-
derlays and top layers showed variability – in underlays I 

Marks
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.org/

Underlays
Unfertilized underlay Fertilized underlay

Total magnesium 
g kg-1

6.54a±0.25 7.07b±0.21
Total potassium 4.71a±0.27 4.50a±0.20
Total calcium 18.8a±1.0 18.1a±0.5
Available magnesium 

mg kg-1

264.7a±12.3 264.9a±9.4
Available potassium 213.7b±14.0 241.3a±9.9
Available phosphorus 153.1b±9.6 178.2a±5.2

Values in rows followed by the same superscript lower case letters are not statistically different

and II the average content was 183, with the average content 
in top layers of 230 mg K kg-1. In the remaining underlays, 
the identified relationship was opposite – average in under-
lays was 257, whereas in top layers it was 158 mg K kg-1. 
 The content of available phosphorus in underlays cor-
responds with the category of very high abundance (Eg-
ner et al., 1960). In underlay types I and II, located under 
the fertile layer, the amount of available phosphorus was  
138 mg P kg-1, whereas that determined under the layer 
containing fermented municipal sewage sludge was 33% 
higher. The obtained results indicate the process of ac-
cumulation of magnesium, potassium and phosphorus in 
underlays in a combination with the fertile layer being 
supplemented with municipal sewage sludge. Mineral fer-
tilization applied in the beginning of the experiment had no 
effect on differentiation of available magnesium content in 
underlays and resulted in an increase of available potas-
sium and phosphorus content.

CONCLUSIONS

 1. It was particularly advantageous to introduce fer-
mented municipal sewage sludge into the upper layers, 
which is manifested by a good abundance in forms of mag-
nesium, potassium and phosphorus. According to the stan-
dards applicable to soils, the underlays analysed 15 years 
after the set-up of the experiment are classified as alkaline, 
without differentiation from the first application of NPK 
fertilisation to the top layers. 
 2. The carbon/nitrogen ratio (C:N) characterising 
the potential fertility of soils, in the analysed underlays 
amounted to 50 and was far from adequate for arable soils, 
indicating a very large excess of carbon in relation to ni-
trogen. The analysis of N/S and C/N ratio shows the defi-

nite lack of nitrogen in underlays, which is understandable 
given the chemical composition of hard coal ash. 
 3. The results demonstrate the process of accumula-
tion of the available forms of magnesium, potassium and 
phosphorus in underlays when the fertile surface layer is 
supplemented with fermented municipal sewage sludge. 
Mineral fertilisation applied in the beginning of the recla-
mation experiment showed no effect on differentiation of 
available magnesium content and resulted in an increased 
amount of available potassium and phosphorus.
 4. The results obtained in the experiment indicate 
good effectiveness of reclamation of coal ash waste and 
justify the continuation of the reclamation 

REFERENCES

Antonkiewicz J., Popławska A., Kołodziej B., Ciarkowska K., 
Gambuś F., Bryk M., Babula J., 2020. Application of ash 
and municipal sewage sludge as macronutrient sources in sus-
tainable plant biomass production. Journal of Environmental 
Management, 264: 1-9, doi: 10.1016/j.jenvman.2020.110450. 

Dhaliwal A.K., Gupta R.K., Yadvinder-Singh, Bijay-Singh. 
2006. Potassium fixation and release characteristics of some 
benchmark soil series under rice–wheat cropping system in 
the Indo-Gangetic Plains of Northwestern India. Communi-
cations in Soil Science and Plant Analysis, 37: 827-845, doi: 
10.1080/00103620600564174.

DIN-R-04020:1994+Az1:2004 - Chemical and agricultural anal-
ysis of soil - Determination of available magnesium content. 

Egner H., Riehm H., Domingo W., 1960. Studies on chemical 
soil analysis as the basis for assessing the nutrient status of 
the soil. II. Chemical extraction methods for the determina-
tion of phosphorus and potassium. Kungliga Lantbrukshögs-
kolans Annaler, 26: 199-215. [in German]

Gluzińska J., Walawska B., Łuczkowska D., Pajdak A., 2016. 
Properties of waste fly ash as a hard coal combustion by-

Table 5. The content of total and available forms of magnesium, potassium, calcium and phosphorus in underlays.

Marks Units
Underlay number

I II III IV V
Total magnesium 

g kg-1

7.02a±0.30 6.95a±0.36 7.14a±0.27 6.89a±0.26 7.01a±0.81
Total potassium 4.67a±0.17 4.81a±0.32 4.52a±0.39 4.47a±0.35 4.55a±0.14
Total calcium 17.6a±0.74 19.2a±0.72 19.6a±1.41 18.2a±0.89 18.1a±2.21
Available magnesium 

mg kg-1

215.0b±12.6 238.5b±9.2 284.5a±11.2 287.8a±13.1 298.3a±9.9
Available potassium 180.5b±12.8 186.0b±15.9 275.8a±15.4 249.2a±10.3 246.0a±9.0
Available phosphorus 138.0b±13.5 138.5b±12.5 174.3a±5.6 191.5a±7.8 185.8a±5.1

Marks Units



27

product after the application of dry sodium sorbents to purify 
flue gases. Prace Instytutu Mechaniki Górotworu PAN, 18(3): 
83-91. [in Polish + summary in English]

Głąb T., Gondek K., Mierzwa-Hersztek M., Szewczyk W., 
2020. Effects of straw and biochar amendments on grassland 
productivity and root morphology. Agronomy, 10: 1-15, doi: 
10.3390/agronomy10111794.

Gondek K., Filipek-Mazur B., 2006. Content of calcium, 
magnesium and sodium in plants fertilized with sewage 
sludge. Acta Agrophysica, 8: 83-93. [in Polish + summary in  
English] 

Hill T., Lewicki P., 2006. Statistics: Methods and applications:  
A comprehensive reference for science, industry, and data 
mining. StatSoft, Inc. Tulsa, 832 pp.

ISO 10390: 2021. Soil, treated biowaste and sludge – Determina-
tion of pH

ISO 11265:1994/Cor 1:1996 - Soil quality - Determination of the 
specific electrical conductivity.

ISO 10381-2:2007. Soil quality - Sampling - Part 2: Guidance on 
sampling techniques

Janzen H.H., Bettany J.R., 1984. Sulfur nutrition of rapeseed. I. 
Influence of fertilizer nitrogen and sulfur rates. Soil Science 
Society of America Journal, 48: 100-107, doi: 10.2136/sssaj1
984.03615995004800010019x. 

Journal of Laws of 2020, item 10 – Regulation of the Minister of 
Climate of 2 January 2020 on the waste catalog.

Labidi S., Firmin S., Verdin A., Bidar G., Laruelle F., 
Douay F., Shirali F., Pirouz F., Fontaine J., Lounès-Hadj 
Sahraoui A., 2017. Nature of fly ash amendments differently 
influences oxidative stress alleviation in four forest tree spe-
cies and metal trace element phytostabilization in aged con-
taminated soil: A long-term field experiment. Ecotoxicology 
and Environmental. Safety, 138: 190-198, doi: 10.1016/j.
ecoenv.2016.12.027.

Masto R.E., Sumar K.K., Sengupta T., Rout L.C., Selvi V.A., 
George J, Sinha A.K., 2012. Evaluation of co-application of 
fly ash and sewage sludge on soil biological and biochemi-
cal quality. Environmental Technology, 33: 897-905, doi: 
10.1080/09593330.2011.602432. 

Medaj A., Piechura K., Skrobot K., Sokulski Sz., 2017. Deter-
mination of assimilable calcium for plants in the soil of the 
Kluczwoda Valley by atomic absorption spectrometry. Analit, 
3: 50-55. [in Polish + summary in English]

Monitoring Chemizmu Gleb Ornych Polski. Podsumowanie wy-
ników badań. Zawartość pierwiastków przyswajalnych dla 
roślin. Opracowano w IUNG-PIB na zlecienie GIOŚ; https://
www.gios.gov.pl/chemizm_gleb/index.php?mod=wyniki-
&cz=E.

Nowosielski O., 1959. Influence of fertilizing on soil content of 
available magnesium. Roczniki Gleboznawcze, 8(2): 95-152. 
[in Polish + summary in English]

Pietrzak S., 2015. Sulphur content in grassland soils in Poland in 
the years 2009–2011. Woda-Środowisko-Obszary-Wiejskie 
2: 97-113. [in Polish + summary in English]

Shen J., Yuan L, Zhang J., Li H., Bai Z., Chen X., Zhang W., 
Zhang F., 2011. Phosphorus dynamics: from soil to plant. 
Plant Physiology, 156: 997-1005, doi: 10.1104/pp.111.175232.

Siuta J., 2003. Ecological, technological and legal aspects of 
reclamation of land contaminated by oil products. Inżynieria 
Ekologiczna, 8: 7-26. [in Polish + summary in English]

Marcinek J., Komisarek J. (eds.), 2011. Polish  soil classifica-
tion. 5-th edition. Roczniki Gleboznawcze/Soil Science An-
nual, LXII(3), 193 pp. [in Polish + abstract in English] 

Statistics Poland, 2019. Statistical Yearbook of Industry – Poland 
Warsaw, 2020, 420 pp.

Świtoniak M., Kabała C., Charzyński P., 2016.  Proposal of 
English equivalents for the soil taxa names in the Polish Soils 
Classification. Soil Science Annual, 67(3): 103-116, doi: 
10.1515/ssa-2016-0013.

Theisen M.S., 2015. Five fundamentals for successful restora-
tion of coal ash sites. World of Coal Ash (WOCA), Confer-
ence in Nasvhille, TN-May 5-7, 2015, http://www.flyash.
info/2015/027-theisen-2015.pdf.

Tsadilas C., Samaras V., Evangelou E., Shaheen S.M., 2014. 
Influence of fly ash and sewage sludge application on wheat 
biomass production, nutrients availability, and soil properties. 
International Journal of Coal Science & Technology, 1: 221-
226, doi 10.1007/s40789-014-0027-0.

Wyszkowski M., Chełstowski A., Ciećko Z., Szostek R., 2014. 
Long-time effect of hard coal ash on the content of some ele-
ments in soil. Journal of Ecological Engineering, 15: 55-60, 
doi: 10.12911/22998993.1084203.

Zhu J., Li M., Whelan M., 2018. Phosphorus activators contrib-
ute to legacy phosphorus availability in agricultural soils: A 
review. Science of the Total Environment, 612: 522-537, doi: 
10.1016/j.scitotenv.2017.08.095.

.org/

received – 26 July 2021
revised – 24 September 2021
accepted – 7 December 2021

This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution-ShareAlike  
(CC BY-SA) license (http://creativecommons.org/licenses/by/4.0/).CC

SABY

Author ORCID
Justyna Chudecka 0000-0002-4792-8346
Sławomir Stankowski 0000-0001-8607-7591
Ulana Bashutska 0000-0002-4131-014X
Marzena Gibczyńska 0000-0002-9476-6597

T. Tomaszewicz et al. – The assessment of physicochemical properties and macronutrient content of reclaimed soil...


