
Article

Not peer-reviewed version

Selected Properties of Soil-like

Substrates Made from Mine Coal

Waste and Their Effect on Plant

Yields

Grażyna Żukowska , Magdalena Myszura-Dymek 

*

 , Szymon Roszkowski 

*

 , Magdalena Olkiewicz 

*

Posted Date: 12 July 2023

doi: 10.20944/preprints202307.0756.v1

Keywords: soil-like substrates; coal waste; sewage sludge; mineral wool; yielding plants

Preprints.org is a free multidiscipline platform providing preprint service that

is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.

https://sciprofiles.com/profile/1618957
https://sciprofiles.com/profile/1398572
https://sciprofiles.com/profile/2630839
https://sciprofiles.com/profile/2656860


 

Article 
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Abstract: In order to reduce the environmental damage caused by coal waste landfills, it is necessary to look 

for rational ways of their management. One of the methods of their development may be the creation of soil-

like substrates. The aim of the study was to assess the properties of soil-like substrates from coal mining waste 

with a varied share of sewage sludge and waste mineral wool. The evaluation of the properties of the substrates 

was carried out in a pot experiment. The properties of the substrates and their yield potential were determined. 

Coal mining waste as a substrate, compared to anthropogenic soil, was characterized by: significantly higher 

sorption capacity, content of alkaline cations and pH, significantly higher content of organic carbon, nitrogen 

and assimilable forms of K and Mg, and lower content of assimilable P. The substrates enriched with sewage 

sludge showed: significant increase in the content of organic carbon, nitrogen and assimilable forms of P and 

Mg, optimization of sorption properties. Extending the composition of substrates with mineral wool resulted 

in further improvement of their properties. Yields of plants grown on coal mining waste were significantly 

lower than on anthropogenic soil. Substrates with sewage sludge and mineral wool had a significantly higher 

yield potential. 

Keywords: soil-like substrates; coal waste; sewage sludge; mineral wool; yielding plants 

 

1. Introduction 

The industrialization of developing countries and emerging economies and the continuing high 

level of demand for materials in developed countries have influenced the unprecedented increase in 

demand for raw materials observed in recent decades [1]. Population growth and economic 

development are placing a heavy strain on the earth's natural resources and the environment [2]. This 

has drawn attention to the need to implement an economic model that reduces the consumption of 

natural resources through the development of technologies that integrate waste, in its broadest sense, 

back into the production cycle [3,4]. The significant role of the circular economy in reducing natural 

resource consumption is highlighted by the European Community's "Circular Economy" action plan 

[5], which places particular emphasis on actions to reduce waste generation, reuse in production 

processes, and recover energy and materials from waste. This plan has links with other European 

programmes that aim to achieve climate neutrality for the European Union by 2050 [6]. A condition 

for achieving climate neutrality is to protect soils and achieve land degradation neutrality by 2030 

[6]. The main actions for soil conservation are to reduce the use of soils for non-agricultural and non-

forest purposes, to increase the production potential of poor-quality soils and to reclamation 

degraded and devastated soils [7]. These actions, for poor-quality soils, may include enriching them 

with organic matter and plant nutrients. On degraded, and especially devastated, soils, it is often 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 July 2023                   doi:10.20944/preprints202307.0756.v1

©  2023 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202307.0756.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

necessary to restore the soil or cover significant areas with material that meets the requirements of 

the soil substrate [7], and research indicates that waste can be used for these activities [8–10]. 

Implementing sustainability and the circular economy is particularly challenging in economic 

sectors with high environmental pressures [11], of which the mining industry is a good example. The 

negative impacts of the extractive industries include occupation and degradation of large areas of 

soils [12], destruction of vegetation cover and subsequent loss of biodiversity [13], degradation of 

water relations [14], soil, water, and air pollution, generation of large amounts of waste, and 

greenhouse gas emissions [15] and the resulting socio-environmental problems [16]. Among all the 

above, soil devastation deserves particular attention. 

Soils play a key role in all terrestrial ecosystems, being responsible for supporting crop and 

livestock production, maintaining biodiversity, providing clean water, and regulating climate [17]. 

In addition, soils are a fragile and finite resource, as the soil-forming processes leading to soil 

formation take thousands of years, degradation can occur in a short time, while regeneration 

processes take a very long time [18]. 

Waste is an equally important issue in mining, as mining activities generate more than 100 billion 

tonnes of waste each year, and the generation of this waste is projected to increase significantly 

(around 70%) over the next 40 years [19]. Both mining waste management strategies and the 

management of devastated soils in the mining sector require the implementation of innovative 

solutions. 

Taking into account previous research results on the assessment of the properties of mining 

waste, it is economically, ecologically, and socially justifiable to look for rational ways to manage it, 

which can also be an alternative for reducing the environmental damage caused by coal waste dumps 

[20,21]. Coal waste can be used as an input for concrete paving (Santos et al., 2013), bricks and fuel 

for their firing [23], and for paving [24]. 

One option for the recovery of mining waste is its use to produce soil substrates, referred to in 

the literature as soil-like mixtures, engineered substrates, artificial soil, engineered technosol, and 

technosol [10,25,26]. 

Carbon wastes typically contain significant (high) amounts of carbon, macronutrients, and 

micronutrients [27]. The total carbon content of carbon wastes ranges from 20 to 50% and so, they are 

used as soil conditioning materials that can increase organic carbon content, which is directly 

correlated with soil organic matter [28,29]. Soil organic matter has a significant impact on soil physical 

structure, microbial activity, and nutrient retention capacity for crop production. The beneficial 

effects of soil organic matter are indirect and are reflected in the long term by improving overall soil 

properties [30]. 

Soil substrates constructed from mine waste should provide and process plant and soil biota 

nutrients and have the capacity to buffer or filter possible contaminants. The functioning and quality 

of soil-like substrates depend on interrelated and optimally shaped physical, chemical, and biological 

properties, which not only allow for plant growth but also enable other ecosystem functions and 

services [8]. 

In order to use carbonaceous waste as the main raw material of a substrate capable of sustaining 

high-quality plant growth, it should be combined with organic additives to facilitate the initiation of 

the plant growth process [10,31]. 

Municipal sewage sludge, among others, can be used for this purpose. The application of sewage 

sludge is one strategy for rapidly enriching soils with organic matter, nitrogen, and phosphorus [32–
35]. Structural materials can additionally be used to optimise the properties of tailings-based 

substrates [25]. An example of such material can be waste rockwool from cover crops. Passive, 

inactive, and chemically inert, mineral wool has a high water-holding capacity and very good 

capillary properties. As studies show, when used together with sewage sludge in the reclamation of 

degraded soils, it optimises physical and water properties and organic matter transformation 

processes that create conditions for the initiation of the soil-forming process and proper mineral 

nutrient management, which is reflected in plant yields [36–38]. 
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Considering the environmental considerations related to the disposal of coal waste as well as 

the need for its recovery and further improvement of waste management in the mining industry, a 

study was conducted, the aim of which was to assess selected extractive properties of coal waste and 

its mixtures with municipal sewage sludge and waste rockwool from cover crops in terms of their 

suitability for the production of soil-like substrates for the reclamation of degraded soils, the 

formation of biological cover on landfills, and the reconstruction of soils on soilless formations. The 

implementation of the research was aimed at verifying the research hypotheses, which assumed that: 

mined coal waste has properties that provide minimum conditions for plant growth, and soil 

substrates obtained by combining mined coal waste with sewage sludge and waste rock wool will 

provide optimal conditions for plant growth. 

2. Materials and Methods 

2.1. Substrate composition 

Mined coal waste from the enrichment of hard coal as well as municipal sewage sludge and 

waste rockwool from cover crops were used to create mixtures that met the criteria for a soil-like 

substrate. 

The main material for the production of a soil-like substrate, acting as a mineral material 

(component), was mining coal waste - fine-grained and silty-clay fraction from the "Bogdanka" coal 

mine (Lubelskie Voivodeship, Poland). The properties of the substrates were optimised by enriching 

the mined coal waste (CW) with organic matter and nutrients, the source of which was sewage sludge 

(SS) from a municipal sewage treatment plant (Lublin, Poland). Waste rockwool from cover crops 

(MW) (from the Horticultural Enterprise in Niemce near Lublin, Poland) was introduced into the 

substrates to optimise water and air properties. Before determining the final composition of the 

substrates, the basic properties of the waste were determined (Table 1). 

Table 1. Selected soil properties and materials used. Average values. 

Property Unit 
Coal Waste 

(CW) 

Sewage Sludge 

(SS)  

Mineral 

Wool 

(MW) 

Control 

Soil 

(CS) 

Reaction 

pH w H2O 7.30 6.45 6.72 4.48 

pH  

1 mol·dm −3 KCl 
7.10 6.15 652 4.08 

Hydrolytic acidity (HA) 

cmol(+)·kg-1 

0.61 4.74 0.23 2.70 

Exchangeable base cations (BC) 11.47 29.15 23.22 3.38 

Cation exchange capacity of the soil (CEC) 12.08 33.89 23.45 6.08 

Degree of saturation of the sorption 

complex with basic cations (V) 
% 94.9 86.1 99.0 55.6 

TOC 
g·kg-1 

6850 207.50 n.o. 7.50 

TN 2.36 38.10 n.o. 0.88 

C/N - 29.0 5.6 n.o. 8.5 

Salinity gNaCl·kg-1 1.80 286 0.06 0.11 

P available 

mg·kg-1 

1.6 742.5 632.2 18.2 

K available 208.4 13.68 1249.2 3.,0 

Mg available 180.0 135.0 54.,2 17.1 

Pb 47.5 39.8 38.3 27.5 

Zn 45.8 874.5 44.9 24.8 

Cu 45.5 301.5 26.5 20.1 

Cd 1.04 3.54 1.05 0.36 

Cr 33.9 89.3 11.4 19.6 

Ni 35.9 37.6 22.6 5.8 

Hg 0.029 0.984 0.006 0.035 

Ba 308.0 110.5 27.5 41.5 

Explanation: TOC—Total Organic Carbon, TN—Total Nitrogen Content, and C/N ratio. 
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2.2. Vase vegetation experiment 

The properties of prepared soil-like substrates were evaluated in a rigorous two-year pot 

experiment, in which the effect of varying proportions of sewage sludge and rockwool on the 

properties of substrates made from mined coal waste was assessed. 

12 dm3 vases were filled with the test substrates - 10 kg each (air-dry weight) according to the 

schemes shown in Table 2. The results obtained for the test substrates were compared with a control 

soil (CS), consisting of degraded anthropogenic soil. Soil was taken from an overburden heap located 

at the foreland of a sand mine in Niemce near Lublin (Lubelskie Voivodeship, Poland). 

Table 2. Used variants and to composition of soil-like substrates. 

Variant Substrate characteristics 

Control Soil 

(CS)  

Coal Waste 

(CW)  

Sewage Sludge 

(SS)  

Mineral Wool 

(MW)  

% w/w s.m kg s.m. % w/w s.m kg s.m. % w/w s.m kg s.m. % w/w s.m kg s.m. 

CS Control Soil 100 10 - - - - - - 

CW_1 Coal Waste – 100% - - 100 10 - - - - 

CW_2 
Coal Waste 97.5% + Sewage 

Sludge 2.5% 
- - 97.5 9.75 2.5 0.25 - - 

CW_3 
Coal Waste 95% + Sewage Sludge 

5% 
- - 95 9.50 5 0.50 - - 

CW_4 
Coal Waste 96.5% + Sewage 

Sludge 2.5% + Mineral Wool 1% 
- - 96.5 9.65 2.5 0.25 1 1 

CW_5 
Coal Waste 94% + Sewage Sludge 

5% + Mineral Wool 1% 
- - 94 9.4 5 0.50 1 1 

The experiment was carried out in 3 replications. The vases were filled with the evaluated 

mixtures, which constituted the growing medium. After preparation of the vases, samples were taken 

from the entire depth of the vases for laboratory tests - the beginning of the experiment or the 1st test 

date of the study. In the first growing season, white mustard (Sinapis alba), cultivar Borowska C/1, 

was sewn onto the growing media at a rate of 0.2 g/vase. The mustard was harvested at the flowering 

stage, the biomass yield was determined, and substrate and soil samples were taken for laboratory 

tests – the 2nd test date. 

In the following year, the contents of the vases were mixed and 20 seeds/vase of maize (Zea mays) 

variety KB 1903 C/1 were sown. Then, when the maize was at the 5th leaf stage, a break was made, 

leaving 5 plants in each vase. Harvesting was carried out at the -setting stage. At the same time, the 

biomass yield was determined and substrate samples were taken for laboratory tests - the 3rd test 

date 

2.3. Laboratory analysis 

The pHKCl was determined by the potentiometric method in a 1 mol·dm−3 KCl (1:2.5) solution 

[39]. Electrical conductivity (EC) was analyzed in a 1:5 substrate-water suspension with a HI 2316 

EC-meter from Hanna Instruments (Nusfalau, Romania). The hydrolytic acidity (HA) and 

exchangeable base cations (BC) were determined with Kappen’s method [40]. The cation exchange 

capacity of the soil (CEC) was calculated according to the following formula: 

CEC = HA + BC, (1) 

The degree of saturation of the sorption complex with basic cations (V) was calculated according 

to the formula: 

V= (BC*100): CEC (2) 

Total organic carbon (TOC) was determined in dry soil samples by combustion using a TOC-

VCSH apparatus [41] with an SSM-5000A module (Shimadzu Corp.; Kyoto, Japan). The total nitrogen 

(TN) content was determined by the modified Kjeldahl method [42] using a Kjeltech TM 8100 

distillation unit (Foss; Hillerød, Denmark). The C/N ratio was calculated from the ratio of total 

organic carbon (TOC) and total nitrogen (TN). The content of available phosphorus (P), available 
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potassium (K) and available magnet (Mg) was determined by the Egner–Riehm method [43]. All 

determinations were performed in three parallel replications. 

Total heavy metals (Pb, Zn, Cu, Cd, Cr, Ni, Hg) and barium (Ba) content in waste was 

determined by extraction using a mixture of concentrated acids (nitric and perchloric acid 1:1). The 

weight of 0.5 g of waste and 20 mL of mixture was used. It was diluted to 25 mL after mineralization. 

The content of individual elements in the waste was determined using inductively-coupled plasma 

atomic emission spectroscopy (ICP-AES) on a PS 950 ICP-OES (optical emission spectrometer) 

(Teledyne Leeman Labs,Mason, OH, USA) [44]. 

2.4. Statistical analysis 

All analyzes were performed in three parallel replicates and are presented as the average of these 

replicates. The results were statistically analyzed using STATISTICA 13.1 with ANOVA models and 

Tukey's multiple post-hoc tests (HSD) at a significance level of α = 0.05. 

The impact of two factors (reclamation variant and date) on the measurable feature and the 

interaction effect, i.e. the mutual interaction of the analyzed factors, were assessed. For each factor, 

the degrees of freedom, the sum of squares of variance (SS), the mean square of variance (MS) and 

the value of the test statistic (F) were determined. Assuming that the null hypothesis is true, the F 

Snedecor distribution follows with the number of degrees of freedom (Df) corresponding to the 

number of degrees of freedom of the analyzed factor and the error (random factor). 

Two methods of numerical taxonomy (cluster analysis) were used to identify groups of 

reclamation variants characterized by similarity [45]: 

Ward's method - determination of the number of clusters (distance measure - Euclidean) based 

on a visual analysis of the graph of distance changes in subsequent phases of the agglomeration 

(significant increase in the distance of the agglomeration on the graph) and the tree of connections 

(Ward's dendro-gram); 

K-means method - to determine cluster composition. An analysis of variance was also performed 

to determine the significance of cluster variability. 

Principal component analysis (PCA) was used to interpret the relationships between the 

variables studied and to search for relationships between the methods of reclamation and the studied 

soil properties. 

3. Results 

3.1. pH i EC 

The pHKCl value of the control soil (CS) at the beginning of the experiment (test date I) was 3.9, 

indicating strong acidity; on the subsequent test dates, the pHKCl value indicated an acidic and slightly 

acidic reaction (Table 3). The substrate CW_1 (100% mined coal waste), on the first test date, was 

characterised by a neutral reaction (pHKCl 7.2). Under the influence of the addition of sewage sludge 

to the substrate at doses of 2.5 and 5.0% (CW_2 and CW_3), a reduction in the pHKCl of the substrates 

was observed, down to 7.0 and 6.8, i.e., to a neutral and slightly acid reaction, respectively (Table 3). 

On subsequent test dates, a reduction in pHKCl in the mining waste substrate (CW_1) to 6.8, while in 

the sewage sludge mining waste substrate to 6.6 - 6.5, was observed. In the mineral wool substrate 

(CW_4 and CW_5), the pHKCl was 0.2 - 0.1 pH higher than in the sewage sludge substrate (Table 3). 

Table 3. pH and Electrical conductivity (EC). 

Variant Term 
pH Electrical conductivity (EC) 

1 mol KCl·dm-3 mS·cm-1 

CS 

I 3.90 ± 0.01a 0.11 ± 0.02a 

II 4.29 ± 0.01b 0.10 ± 0.02a 

III 4.90 ± 0.02c 0.09 ± 0.01a 

CW_1 I 7.20 ± 0.01k 0.65 ± 0.02bc 
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II 7.00 ± 0.01ij 0.60 ± 0.00b 

III 6.80 ± 0.01g 0.57 ± 0,01b 

CW_2 

I 6.00 ± 0.02i 0.79 ± 0.05fg 

II 6.82 ± 0.02g 0.77 ± 0.03def 

III 5.68 ± 0.02e 0.69 ± 0.07cd 

CW_3 

I 6.80 ± 0.02g 1.14 ± 0.02i 

II 6.50 ± 0.01d 0.95 ± 0.02h 

III 6.50 ± 0.01d 0.76 ± 0.01de 

CW_4 

I 7.07 ± 0.07j 0.84 ± 0.02fg 

II 6.90 ± 0.01h 0.79 ± 0.01fg 

III 6.71 ± 0.01f 0.70 ± 0.02cd 

CW_5 

I 7.03 ± 0.06ij 1,12 ± 0.04i 

II 6.59 ± 0.01e 0.95 ± 0.03h 

III 6.60 ± 0.01e 0.85 ± 0.01g 

Explanation: different lowercase letters in the upper index indicate significant differences. Mean ± 

standard deviation. 

The EC of the CW_1 substrate was 0.60 mS·cm-1 and, compared to CS, was significantly - about 

6 times, higher (Table 3). The substrates of mining waste with sewage sludge (CW_2 and CW_3) 

showed a salinity increase of 25% (CW_1) and 57% (CW_2) proportional to the amount of sludge, 

and the substrates with sewage sludge and rockwool showed a salinity increase of 30% (CW_4) and 

62% (CW_5) compared to the CW_1 substrate. 

3.2. Sorption properties 

Substrate composition (variant) had a significant effect on hydrolytic acidity (HA) (Table 4) 

(Supplementary Materials). The HA of the substrate from mining waste 100% (CW_1) was 4.5 times 

lower than that of CS. Increasing the proportion of sludge (2.5 and 5.0%) significantly increased, 

compared to substrate CW_1, the HA of substrates CW_2 and CW_3, by 31 and 27%, respectively, 

and in the interaction of sludge with mineral wool (substrates CW_4 and CW_5), the increase in HA 

was 8.6 and 10%. The HA decreased in the subsequent test periods, with the differences not 

statistically significant between periods I and II. At test date III, HA was statistically significantly 

lower compared to test dates I and II (Supplementary Materials). The interaction between the factors 

tested had no significant effect on HA. 

Table 4. Sorption properties . 

Variant Term 
HA BC CEC V 

cmol(+) kg-1 % 

CS 

I 2.69 ± 0.18 cd 3.37 ± 0.15a 6.06 ± 0.31a 3.37 ± 0.15a 

II 2 78 ± 0.24 d 3.80 ± 0 10a 6 58 ± 0.21a 3.80 ± 0.10a 

III 2.48 ± 0.10 c 4.67 ± 0.06b 7.15 ± 0.14b 4.67 ± 0.06b 

CW_1 

I 0.62 ± 0.03 ab 11.48 ± 0.26c 12.10 ± 0.28c 11.48 ± 0.26c 

II 0.59 ± 0.03 ab 12.22 ± 0.12d 12.81 ± 0.15d 12.22 ± 0.12d 

III 0.57 ± 0.03 a 12.56 ± 0.28de 13.13 ± 0.25d 12.56 ± 0.28de 

CW_2 

I 0.84 ± 0.07 b 13.20 ± 0.09f 14.04 ± 0.10ef 13.20 ± 0.09f 

II 0.78 ± 0.01 ab 13.13 ± 0.16f 13.91 ± 0.17e 13.13 ± 0.16f 

III 0.76 ± 0.07 ab 13.03 ± 0.08ef 13.79 ± 0.15e 13.03 ± 0.08ef 

CW_3 

I 0.79 ± 0.05 ab 15.10 ± 0.10kl 15.89 ± 0.15l 15.10 ± 0.10jk 

II 0.77 ± 0.04 ab 14.81 ± 0.10ijk 15.57 ± 0.08jkl 14.81 ± 0.10ijk 

III 0.74 ± 0.01 ab 14.37 ± 0.18hi 15.11 ± 0.17hij 14.37 ± 0.18hi 

CW_4 

I 0.74 ± 0.02 ab 13.91 ± 0.15gh 14.65 ± 0.13gh 13.91 ± 0.15gh 

II 0.71 ± 0.05 ab 14.12 ± 0.19gh 14.83 ± 0.15ghi 14.12 ± 0.19gh 

III 0.63 ± 0.07 ab 13.83 ± 0.16g 14.46 ± 0.11fg 13.83 ± 0.16g 
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CW_5 

I 0.72 ± 0.03 ab 15.21 ± 0.04l 15.93 ± 0.02l 15.21 ± 0.04k 

II 0.69 ± 0.04 ab 15.11 ± 0.16kl 15.81 ± 0.14kl 15.11 ± 0.16jk 

III 0.63 ± 0.07 ab 14.67 ± 0.23ij 15.29 ± 0.24ijk 14.67 ± 0.23ij 

Explanation: HA—hydrolytic acidity, BC—exchangeable base cations; CEC—cation exchange 

capacity; V – the degree of saturation of the sorption complex with basic cations; different lowercase 

letters in the upper index indicate significant differences. Mean ± standard deviation. 

Tukey's HSD test indicates that total base cations (BC) were significantly affected by the 

composition of the substrate (Supplementary Materials). On the first test date, CS was low at 3.37 

cmol(+)·kg-1 (Table 4) and then increased on subsequent test dates. In the CW_1 substrate, the average 

in the BC period assessed, compared to the CS, assumed a significantly higher (by 206%) value 

(Supplementary Materials). Compared to the CW_1 substrate, BC in the substrates with increasing 

sludge (CW_2 and CW_3) was higher by 8.7% and 22.4%, respectively, and in the CW_4 and CW_5 

substrates, by 15.4% and 24.2%, respectively. The test period had a significant effect on BC content; 

BC was lowest during the first test period and higher and similar in subsequent test periods 

(Supplementary Materials). 

The sorptive capacity (CEC) in CS, on the first test date, was low at 6.06 cmol(+)·kg-1 (Table 4). 

The variants had a significant effect on CEC (Supplementary Materials). The lowest CEC was in the 

CS variant and was more than twice as high in the others. While the CEC of the CW_3 and CW_4 

variants was not statistically significantly different, the other variants were statistically significantly 

different. The variant and the interaction between the factors tested had a significant effect on the 

CEC content. The test period had no significant effect on CEC. The interaction between the study 

factors had a significant effect on CEC content. The lowest CEC values were found in all CS variant 

test periods, while the highest values were found in CW_3 and CW_5 variants, also in all test periods. 

The variability factors assessed, i.e., variant and term, and the interactions between these factors, 

had a significant effect on the degree of saturation of the sorption complex with base cations (Table 

4) (Supplementary Materials). The lowest values of V were found on all CS variant test dates, while 

the highest values were found in variants CW_3 and CW_5 also on all test dates. In the CW_2 and 

CW_4 variants, the amounts of V were not statistically significantly different between the test periods. 

Ward's cluster analysis based on sorption properties confirmed that the sorption properties were 

significantly dependent on substrate composition (Figure 1). The diagram shows three clusters, the 

first cluster included one case (CS), the second two (CW_1 and CW_2), and the third three (CW_3, 

CW_4, and CW_5). 

Tree diagram

Ward method

Euclidean distance

0 1 2 3 4 5 6 7 8

Binding distance

CW_5

CW_3

CW_4

CW_22

CW_1

CS

 

Figure 1. Ward’s tree dendrogram for HA, BC, CEC and V. 

Based on the cluster profiles, it can be observed that cluster 3 (CW_3, CW_4, CW_5) was 

characterised by high mean values of the analysed indicators - BC, CEC, V, and a low mean value of 
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the HA indicator. Cluster 2 was characterised by the lowest mean value of the HA indicator and high 

values of the other indicators. Cluster 1 was characterised by the lowest values of the three analysed 

indicators - BC, CEC, and V and the highest value of HA (Table 5). 

Table 5. Mean values of the output variables in the clusters. 

Variable 

Mean Values of the Output Variables in the Clusters 

Clusters 1 

(CS) 

Clusters 2 

(CW_1, CW_2) 

Clusters 3 

(CW_3, CW_4, CW_5) 

BC 3.94 13.60 14.57 

HA 2.65 0.69 0.71 

CEC 6.59 13.30 15.28 

V 3.94 12.60 14.57 

Explanation: HA—hydrolytic acidity, BC—exchangeable base cations; CEC—cation exchange 

capacity; V – the degree of saturation of the sorption complex with basic cations. 

3.3. TOC, TN, C/N 

Significantly, the control soil (CS) was characterised by the lowest TOC content (Table 6) 

(Supplementary Materials). At the first test date in CS, the TOC content was 7.50 g·kg-1. The 

composition of the substrate had a statistically significant effect on the TOC content (Table 6) 

(Supplementary Materials). In the substrate CW_1 (mining waste 100%), the average organic carbon 

content was significantly, about 8 times, higher than in the CS during the assessed period. 

Supplementing the composition of the mining waste substrate with sewage sludge increased the TOC 

content by 14% (CW_2) and 32% (CW_3), respectively, and in the interaction of sewage sludge with 

rockwool, by 10% (CW_4) and 18% (CW_5), respectively. The test period had a significant effect on 

TOC content, which was statistically significantly different between test periods. In the evaluated 

substrates, TOC content decreased significantly with time. The interaction between the factors 

studied had a significant effect on TOC content. The lowest TOC values occurred in all CS test periods 

and were not statistically significantly different from each other. In contrast, they were highest in 

variants CW_3 and CW_5 in the first test period (Table 6) (Supplementary Materials). 

Table 6. Total Organic Carbon (TOC), Total Nitrogen (TN) Content, and C/N ratio. 

Variant Term TOC TN C/N 

  g·kg-1  

CS 

I 7.51 ± 0.22a 0.84 ± 0.02a 8.94 

II 7.61 ± 0.17a 0.89 ± 0.03a 8.55 

III 8.21 ± 0.34a 0.93 ± 0.03a 8.23 

CW_1 

I 68.54 ± 0.79e 2.36 ± 0.09bcd 29.04 

II 64.44 ± 0.54d 2.27 ± 0.13bc 28.39 

III 51.77 ± 0.25b 2.15 ± 0.13b 24.08 

CW_2 

I 82.40 ± 1.06g 3.22 ± 0.03hi 25.60 

II 75.50 ± 0.45f 3.14 ± 0.04gh 78.64 

III 52.82 ± 0.64b 2.63 ± 0.04de 20.08 

CW_3 

I 95.49 ± 0.59j 3.37 ± 0.14hi 28.34 

II 91.52 ± 0.93i 3.44 ± 0.12i 26.60 

III 57.60 ± 0.98c 3.22 ± 0.02hi 17.89 

CW_4 

I 85.30 ± 1.05h 3.18 ± 0.07ghi 26.82 

II 62.30 ± 1.15d 2.77 ± 0.06ef 22.50 

III 56.49 ± 0.10c 2.47 ± 0.07cd 22.87 

CW_5 
I 95.21 ± 0.93j 3.33 ± 0.10hi 28.59 

II 64.58 ± 0.41d 2.94 ± 0.16fg 21.97 
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III 58.10 ± 1.24c 2.86 ± 0.10ef 20.31 

Explanation: different lowercase letters in the upper index indicate significant differences. Mean ± 

standard deviation. 

Variant, date, and interaction between the factors studied had a significant effect on total 

nitrogen content (Table 6) (Supplementary Materials). The mean TN content over the evaluated 

period in the CW_1 substrate was 2.26 g·kg-1 and was statistically significantly higher than in the CS. 

Supplementation of the excavation waste substrate with sewage sludge significantly increased the 

TN content by 32% (CW_2) and 48% (CW_3), respectively, and in substrates with a composition 

additionally supplemented with mineral wool, by 24% (CW_4) and 34% (CW_5) (Table 6) 

(Supplementary Materials). TN content decreased significantly with time. The interaction between 

the factors studied had a significant effect on TN content. The lowest TN values were found in all CS 

test periods and were not statistically significantly different from each other. 

The C/N ratio in CS was 8.63 on average over the period assessed (Table 6). In the CW_1 

substrate (mining waste 100%), the C/N ratio was wide at 27.75 on average over the study period. 

The addition of sewage sludge had the effect of narrowing this ratio in the mixtures by about 4.5 

(CW_2) and 3.5 (CW_3), and in the interaction with mineral wool, by 3.7 (CW_4) and 4 (CW_5). 

The significant effect of substrate composition on TOC and NT content was confirmed by Ward's 

cluster analysis (Figure 2). The diagram shows 3 clusters: the first cluster included the CS variant, the 

second CW_1, and the third CW_2, CW_3, CW_4, and CW_5. 

Tree diagram

Ward method

Euclidean distance

0 1 2 3 4 5 6 7

Binding distance

CW_3

CW_4

CW_5

CW_2

CW_1

CS

 

Figure 2. Ward’s tree dendrogram for TOC, TN, and C/N. 

Based on the cluster profiles, it can be seen that cluster 3 (CW_2, CW_3, CW_4, CW_5) was 

characterised by high average values of the two analysed indicators - TOC and Nt. Cluster 2 was 

characterised by the highest value of the C/N indicator. In contrast, cluster 1 was characterised by the 

lowest values of all analysed indices (Table 7). 

Table 7. Mean values of the output variables in the clusters. 

Variable 

Mean Values of the Output Variables in the Clusters 

Clusters 1 

(CS) 

Clusters 2 

(CW_1) 

Clusters 3 

(CW_2, CW_3, CW_4, CW_5) 

TOC 7.77 61.58 73.11 

TN 0.89 2.26 3.05 

C/N 8.78 27.23 23.80 

Explanation: TOC – Total Organic Carbon, TN – Total Nitrogen and C/N ratio. 
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3.4. Contents of available forms of P, K, and Mg 

The average content of available P in CS was 16.02 mg∙kg-1, and was trace in the CW_1 substrate, 

10.7 times lower than in CS (Table 8) (Supplementary Materials). 

Table 8. Contents of available forms of P, K, and Mg. 

Variant Term 
P K Mg 

mg·kg-1 

 I 18.23 ± 0.21de 33.00 ± 2.00b 17.10 ± 0.30a 

CS II 17.37 ± 0.21d 38.80 ± 1.40c 20.00 ± 1.20a 

 III 12.47 ± 0.15bc 25.13 ± 0.50s 20.20 ± 1.00a 

 I 1.77 ± 0.35a 208.40 ± 2.00k 180.00 ± 1.32c 

CW_1 II 1.43 ± 0.15a 217.20 ± 1.73l 203.00 ± 1.80g 

 III 1.23 ± 0.25a 116.60 ± 1.00f 201.80 ± 0.53g 

 I 14 04 ± 0.44c 198.50 ± 2.00j 187.20 ± 1.80d 

CW_2 II 12.50 ± 0.17bc 132.20 ± 1.00g 235.00 ± 2.11j 

 III 10.90 ± 1.67b 83.40 ± 1.00d 190.77 ± 0.32e 

 I 33.50 ± 1.00i 242.27 ± 0.70m 198.13 ± 0.95f 

CW_3 II 27.50 ± 1.10 gh 148.10 ± 2.10h 241.13 ± 0.68k 

 III 26.37 ± 1.85g 81.97 ± 1.15d 179.97 ± 0.45c 

 I 21.00 ± 0.30f 236.40 ± 0.40ł 196.80 ± 0.92f 

CW_4 II 13.80 ± 0.10c 162.67 ± 0.45i 219.20 ± 1.20i 

 III 10.80 ± 0.20b 85.80 ± 0.40d 184.47 ± 0.50d 

 I 29.40 ± 0.30h 273.10 ± 2.80n 218.40 ± 0.60i 

CW_5 II 25.50 ± 0.70g 144.20 ± 2.40h 209.80 ± 0.60h 

 III 19.87 ± 0.45ef 95.73 ± 0.50e 170.87 ± 0.12b 

Explanation: different lowercase letters in the upper index indicate significant differences. Mean ± 

standard deviation. 

Compared to the content in the CW_1 substrate, in the substrates with sewage sludge, the P-

available content increased significantly, by 8 (CW_2) and 19-fold (CW_3), and in the substrates 

additionally supplemented with mineral wool, by 10.1 (CW_4) and 16.6-fold (CW_5). Only the 

substrates with a 5% share of sewage sludge were characterised by a higher available phosphorus 

content compared to the soil of the control object. 

At successive test dates, the available P content decreased significantly (Table 8) 

(Supplementary Materials). The interaction between the factors studied had a significant effect on 

the available P content, with its lowest values occurring in all test periods of the CW_1 Variant, while 

it was highest in the CW_3 and CW_5 Variants in the first test period. 

The composition of the substrate (Variant) had a significant effect on the content of available 

potassium (Table 8) (Supplementary Materials). CS had the lowest content of available K, while 

CW_1 substrate had the highest. The average content of available potassium in the 100% mining 

waste substrate (CW_1) was 180.7 mg∙kg-1and was more than 5 times higher compared to the content 

in CS. Supplementation of the mining waste substrate with sludge (at 2.5 and 5.0%) reduced, but not 

significantly, the available potassium content by 24% (CW_2) and 13% (CW_3), and by 10% (CW_4) 

and 5% (CW_5) in the sludge substrate with mineral wool added. During the period evaluated (2 

growing seasons), there was a significant reduction in the K-available content of the tested substrates 

(Supplementary Materials). 

In the CW_1 substrate, the Mg-available content of 194.9 mg∙kg-1was more than 10 times higher 

on average during the assessed period and compared to CS. Increasing the proportion of sewage 

sludge (2.5 and 5.0%) increased the Mg-available content in the evaluated substrates by 5.2 (CW_2) 

and 5.9% (CW_3), and in the interaction of sludge with mineral wool, by 2.6 (CW_4) and 2.5% (CW_5). 

The test period had a significant effect on the available Mg content. The highest available Mg content 

was recorded in the 2nd test period and the lowest in the 3rd (Table 8) (Supplementary Materials). 
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As a result of Ward's analysis, 3 clusters are visible in the diagram (Figure 3). Based on the cluster 

profiles, it can be seen that cluster 2 (CW_3, CW_5) was characterised by the highest mean values of 

the analysed indices - K, Mg. 

 

Figure 3. Ward’s tree dendrogram for P, K and Mg. 

Cluster 3 (CW_1, CW_2, CW_4) was characterised by slightly lower average values of the 

analysed indicators, and cluster one (CS) by the lowest values, very different from the other two 

clusters (Table 9). 

Table 9. Mean values of the output variables in the clusters. 

Zmienne 

Mean Values of the Output Variables in the Clusters 

Clusters 1 

(CS) 

Clusters 2 

(CW_3, CW_5) 

Clusters 3 

(CW_1, CW_2, CW_4) 

K 32.31 164.23 160.13 

Mg 19.10 203.05 199.80 

Explanation: K – available potassium, Mg – available magnesium 

Principal component analysis (PCA) has been widely used to identify the most sensitive factor 

explaining significant differences between different types of use [46]. 

Figure 4 shows the results of the principal component analysis (PCA). Factors 1 and 2, extracted 

during the analysis, explain a total of 98.81% of the variance in the analysed properties of the studied 

soils. Factor 1 explains 86.10% of the variation in the studied properties (total variance) and is strongly 

correlated with all indicators except P. Factor 2 explains 12.71% of the variation in the studied 

properties and is most strongly correlated with P. 
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Figure 4. Biplot (combination of a 2D factorial plot for cases (CS, CW_1, CW_2, CW_3, CW_4, CW_5) 

with a 2D factorial plot for variables (HA, BC, CEC, V, TOC, TN, C/N, P, K, Mg). 

CEC and BC content were strongly positively correlated with each other, such that if BC content 

increased, CEC also increased. The content of P was not correlated with the content of any other 

indicator. 

Considering the first dimension (factor), it can be seen that the CS variant had the highest HA 

content and the lowest content of the other indicators compared to the other variants (except for P 

content, which was correlated with the second factor). Considering the second dimension, it can be 

seen that the variant had the lowest P content compared to the other variants. 

3.5. Yield of plants grown on the evaluated substrates 

The average fresh weight yield of white mustard grown on CS was 76.17 g/vase (Table 10). The 

yield potential of the CW_1 substrate (100% extraction waste), expressed in terms of mustard fresh 

weight yield per vase (26.47 g/vase), was 189% lower compared to the mustard yield with CS (Table 

10). 

Table 10. Yield of plants grown. 

Variants  White mustard Maize 

CS 76.17 ± 0.85b 112.70 ± 1.14b 

CW_1 26.47 ± 0.64a 52.23 ± 0.35a 

CW_2 212.93 ± 0.91c 351.53 ± 0.61d 

CW_3 251.43 ± 0.55e 402.23 ± 0.64e 

CW_4 223.57 ± 0.40d 328.93 ± 0.38c 

CW_4 350.90 ± 1.15f 453.60 ± 10.13f 

Explanation: different lowercase letters in the upper index indicate significant differences. Mean ± 

standard deviation. 

The fresh weight yield of white mustard grown on mining waste substrates with 2.5 and 5% 

sewage sludge (substrates CW_2 and CW_3, respectively) was significantly higher than that obtained 

on CS, by 179% and 230%, respectively. Supplementing the composition of the mining waste + sludge 

substrates with rockwool increased the yield of white mustard. Compared to the yield of white 

mustard grown on the CW_1 substrate, the substrates with the addition of sludge showed an increase 
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in white mustard fresh matter yield, by 709% on the CW_2 substrate and by 855% on the CW_3 

substrate, and in the interaction of sludge with mineral wool by 769% (CW_4) and 1233% (CW_5) 

(Table 10). 

The fresh matter yield of maize grown in the second year of the experiment on CS was 112.17 

g/vase (Table 10) and on CW_1 substrate, 52.23 g/vase. On substrates with 2.5 and 5%, maize yields 

were higher by 214 % (CW_2) and 259 % (CW_3) compared to the yield obtained on CS. On the 

substrates supplemented with rockwool, compared to the yield from the CS site, the maize yield was 

significantly higher; by 194% (CW_4) and 148% (CW_5). Compared to the yield of maize grown on 

CW_1 substrate, maize fresh matter yield was higher on substrates supplemented with sewage 

sludge, by 574% (CW_2) and 670% (CW_3), and substrates with sludge and rockwool, by 530% 

(CW_4) and 757% (CW_5). 

4. Discussion 

This paper presents the results of a study on the evaluation of the suitability of coal mining waste 

as a mineral component of soil-like substrates that could be used in soil remediation as a soil 

substrate. 

The coal mining wastes used in the present study, produced at the Lubelskie Zagłębie Węglowe 
mine (Poland), were characterised by a neutral reaction, very favourable sorption properties, very 

low abundance of assimilable forms of phosphorus, and very high abundance of magnesium and 

potassium. The total heavy metal contents were within the range of those typical of unpolluted soils. 

The properties of the waste were within the ranges typical of post-coal waste [47–50]. 

Literature data indicate that the substrate of coal mining waste meets the minimum 

requirements for the development of vegetation cover. Both self-increasing vegetation and vegetation 

introduced as part of biological reclamation develop on coal waste heaps. The initiation of soil-

forming processes is recorded in these areas but the resulting habitats are poor and do not sufficiently 

satisfy the nutritional requirements of plants [49,51]. 

The properties of the coal waste used in mining studies and scientific reports [49] indicate the 

need to enrich mineral materials for soil substrates with organic compounds. In our study, municipal 

sewage sludge was used for the composed substrates. The composition of the substrates was 

extended to include waste rockwool from cover crops, guided by research results that indicated its 

suitability for shaping soil properties, including increasing the fertilising effects of municipal sewage 

sludge in the reclamation of degraded soils [52–57]. 

The properties of the evaluated soil-like substrates indicate that the quality of the substrate was 

closely related to the proportion of sewage sludge and was modified by the addition of rockwool. 

Compared to the soil of the control soil (CS), which was degraded anthropogenic soil, the 

evaluated substrates were characterised by a very favourable reaction. The substrate CW_1, before 

the introduction of plants, was characterised by an alkaline reaction. The addition of sewage sludge 

and rockwool to the substrate composition slightly lowered the pHKCl. The pHKCl changes noted are 

due to a 'dilution' effect, as the sewage sludge had a lower pH than the mining waste. A similar range 

of pHKCl reduction was recorded for composites of mining waste from shale gas exploration enriched 

with sewage sludge [37,58]. A slight decrease in the pHKCl of the assessed substrates was observed 

during the assessed period. This may be related to the start of the weathering process of the mining 

waste. Patrzałek and Nowińska [59] indicate that, with the passage of time, the mined coal waste 

becomes acidified as a result of the pyrite weathering process, while the resulting weathering 

products are poorly buffered. 

In the CW_1 substrate, the values of specific electrical conductivity, which is a measure of 

salinity, ranged from 0.65 mS·cm-1 to 0.55 mS·cm-1and were more than six times higher than in CS. 

According to Jackson's classification [60], these values were within the range for non-saline soils. The 

substrates into which sewage sludge and sewage sludge together with rockwool were introduced 

were characterised by higher salinity compared to the CW_1 substrate, but the recorded values also 

qualified these substrates in the non-saline category. This indicates that the salinity of substrates of 

the tested composition will not cause disturbances in plant growth and development. The observed 
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reduction in salinity at successive test dates is consistent with observed changes in this property in 

reclaimed waste rock dumps and technosols constructed from coal waste and bio-waste [7,47]. 

Significantly more favourable, compared to CS, were the sorption properties of the evaluated 

substrates, as manifested by lower hydrolytic acidity (HA), higher base cation content (BC), and 

increased sorption capacity (CEC). The significantly higher CEC of the substrate from CW_1 

compared to CS was due to the very high BC content. The observed increase in BC content in the 

evaluated substrates can be explained by the introduction of alkali cations together with the sewage 

sludge and the influence of rockwool on the rate and direction of transformation in the substrate. The 

results of studies on the properties of constructed technosols from mining waste indicate that the 

addition of materials rich in organic matter increases BC content [16,58,61]. 

Organic matter is an important component of soil substrates due to its numerous important 

functions. The TOC content of the CW_1 substrate was significantly (about 8 times) higher than that 

of the CS. The evaluation of the TOC content of the substrates, which were waste mixtures, showed 

that sewage sludge and rockwool could be used to increase the organic matter content of mining 

waste-based substrates. The introduction of sewage sludge into the substrates increased the TOC 

content by 14% and 32%, respectively, at 2.5% (CW_2) and 5% (CW_3) sludge contribution. Weiler et 

al. [50], when evaluating a soil-like substrate obtained from coal waste with the addition of sewage 

sludge, showed that a significant increase in TOC content is obtained with a 5% addition of sewage 

sludge. These results are confirmed by the studies of other authors, who indicate that the addition of 

biowaste to mineral waste substrates has a beneficial effect on TOC content, with an indirect effect of 

improving physicochemical properties [3,8,35]. Gigliotti et al. [62], in their study of technosol 

development in a post-mining waste landfill, indicate that the addition of bio-waste to the subsoil is 

necessary because the organic matter of bio-waste contains a significant proportion of active carbon 

fractions, which has the effect of accelerating the incorporation of C from the post-coal waste, that is 

inactive, into the cycle of transformations characteristic of soil-forming processes and the formation 

of the humus horizon. 

In the coal tailings substrates with 2.5 and 5% sewage sludge, and with a 1% addition of waste 

rock wool, the TOC content was higher than in the CW_1 substrate, by 11% (CW_4) and 19% (CW_5), 

but this was lower than the tailings mixtures with sewage sludge only. Mineral wool was introduced 

to loosen the substrate and optimise water and air properties and, as a result of the greater access to 

oxygen, the mineralisation processes of the organic matter introduced with the sewage sludge were 

intensified. A similar relationship was obtained by Firpo et al. [49], who used rice husks as a structural 

material in the substrates of coal waste and sewage sludge, and the authors of a study on shaping the 

properties of 'artificial soil' from drilling waste, sewage sludge, and waste rock wool [37,58]. 

Nitrogen is an essential component for plant growth, especially when introduced onto reclaimed 

land [49]. The TN content in the CW_1 substrate was significantly higher compared to its content in 

CS. However, the nitrogen present in the tailings is in forms that are not available to plants [50]. 

Sewage sludge introduced into the post-coal waste significantly increased the TN content of the 

evaluated substrates. The observed increase in TN content was proportional to the proportion of 

sludge in the substrate. The extent of the increase in TN content in the assessed substrates based on 

coal mining waste under the influence of sewage sludge, obtained in our study, was similar to that 

observed when sewage sludge was introduced into devegetated soils [36,63]. Supplementing the 

composition of the substrates with waste rockwool did not significantly reduce the TN content 

compared to its content in the substrates with sludge addition only, but the content was still 

significantly higher than in CS and CW_1. Similar TN contents were obtained in the study by Firpo 

et al. [49] and Filho [64], and showed that in the soil-like substrate from coal waste with the addition 

of bio-waste, the TN content was at levels sufficient for plant growth and development. Furthermore, 

Firpo et al. [49] also observed a reduction in TN content in these substrates after the addition of rice 

husks as a structuring material. 

The available phosphorus content of the CW_1 substrate was, on average during the period 

evaluated, 1.50 mg·kg-1. Although coal waste is abundant in phosphorus, it occurs in combinations 

that are not available to the plants and, as shown by Chen et al. [65], the lack of plant-available 
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phosphorus is a serious limiting factor in the fertility of reclaimed coal waste storage areas. They also 

report that an effective way to reclamation these sites is to supplement the deficiency of plant-

available phosphorus by phosphorus mineral fertilisation or the introduction of phosphorus-rich 

organic materials. The results of our own study showed that the addition of sewage sludge to mining 

waste effectively increased the available phosphorus content of the evaluated substrates. This is 

corroborated by the studies of other authors, who indicate that in substrates and technosols 

constructed from extractive waste, the content of assimilable phosphorus can be effectively increased 

by the addition of organic materials rich in this component such as sewage sludge [49], municipal 

waste compost [64], and biocarbon or poferment [7]. The CW_1 substrate was characterised by a very 

high abundance of available potassium. Its average content in this substrate was 5.6 times higher 

compared to that in CS. The increasing proportion of sewage sludge in the substrates (2.5 and 5.0%) 

reduced, but not significantly, the content of available K. Similar trends of reduced contents of the 

available form of potassium were observed in composites of drilling waste enriched with sewage 

sludge [58]. Compared to CS, the content of Mg available in CW_1 was more than 10 times higher. In 

the sludge-enriched mining waste substrates (2.5 and 5.0%), an increase in Mg-available content was 

found compared to the CW_1 substrate. 

An important element in the evaluation of waste-formed substrates is the assessment of plant 

response to substrate quality. Evaluation of plant development on reclaimed land is a widely 

accepted indicator for monitoring the effectiveness of reclamation [49,66]. In our study, plants were 

grown on the evaluated substrates for 2 growing seasons; white mustard in the first season and maize 

in the second season. The results obtained confirmed the hypothesis that mined coal waste provides 

minimal conditions for plant growth. The fresh weight yield of mustard grown on 100% mining waste 

substrate (CW_1) was reduced by 189% and that of maize by 115%, compared to the yield of the 

plants tested on CS. Evaluation of the properties of the CW_1 substrate relevant to their productivity 

showed that most of them took higher values than CS. Only the content of assimilable phosphorus 

was extremely low, and this could be the reason for the lower yield of plants grown on mining waste. 

The results obtained are confirmed by the studies of other authors, who have shown that vegetation 

does not develop, or develops very poorly, on a substrate consisting only of post-mining mineral 

waste and indicate that it is necessary to supplement such a substrate with waste rich in organic 

matter [33,50,67,68]. The fresh weight yield of crops grown on CW_2 and CW_3 substrates increased; 

mustard by 703% and 848%, and maize by 571% and 648%, respectively. Such beneficial effects of 

sewage sludge were direct and indirect. Similar results were obtained by Firpo et al. [49], indicating 

that, in addition to introducing significant amounts of plant nutrients into the substrate with the 

sludge, the sludge optimised the physico-chemical, chemical, and biological properties of the 

substrates. Further increases in yield of the tested plants were found in substrates additionally 

enriched with rockwool. 

5. Conclusions 

Mine coal waste as a soil-like substrate was evaluated in a closed-pot growing experiment and 

compared to degraded anthropogenic soil. It was characterised by very good sorption properties, 

including significantly higher sorption capacity and content of base cations and higher pH, 

significantly higher content of organic carbon and nitrogen, assimilable forms of potassium and 

magnesium, and lower assimilable phosphorus. 

Substrates in which the mineral matrix of mined coal waste was enriched with sewage sludge at 

doses of 2.5% and 5.0% w/w d.m. showed a significant increase in the content of organic carbon, 

nitrogen, and assimilable forms of phosphorus and magnesium as well as optimisation of sorption 

properties. 

Extending the composition of sludge mining waste substrates with rockwool (1% w/w d.m.) 

further improved the sorption properties, slightly reduced the organic carbon and nitrogen content, 

narrowed the C/N ratio, and increased the abundance of available forms of phosphorus and 

potassium. 
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Mined coal waste and its mixtures with sewage sludge and rockwool had a significant effect on 

crop yields. Yields of mustard and maize on mine coal waste soil were significantly lower than on 

anthropogenic soil. Substrates with sewage sludge had a significantly higher yield-forming potential 

than the anthropogenic soil, and the addition of mineral wool further increased this potential. The 

highest yields were obtained on a mining waste substrate with 5% sewage sludge and 1% mineral 

wool addition. 

Mine coal waste can be used for soil reclamation with great success. Given their imbalanced 

properties, they should not be used alone, but in mixtures, especially with a 5% share of sewage 

sludge. 

The management of extractive coal waste and waste optimising its properties for natural 

purposes can be an effective strategy within a closed-loop economy, which at the same time will 

increase the efficiency of degraded soil management. 
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