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Abstract

:

The main purpose of this paper was to outline a novel approach for the use of industrial by-products generated in coal mines and coal-fired power plants as the components for artificial soils. Several coal combustion by-products, coal mine waste and organic waste materials were tested at laboratory scale for use in the reclamation of areas degraded by coal mining activity. The role of artificial soils was the land rehabilitation of the high acidic waste heap. The results revealed that the amounts of organic matter (14.87–25.01%) and nutrients in the soil substitutes were sufficient to support plant growth, i.e., N (0.37–0.51%), P (0.23–0.47%), K (1.78–3.17%), Ca (4.93–8.39%) and Mg (1.16–1.71%). A phytotoxicity test using white mustard (Sinapis alba) seeds under laboratory conditions showed good germination results (56–66%) for three soil substitutes that did not contain fly ash from biomass combustion, compared to the reference soil (84%). The relationships established for the aqueous leachate parameters of soil substitutes vs. the Sinapis alba germination revealed negative correlations with electrical conductivity (r = −0.88), SO42− (r = −0.91) and Cl− (r = −0.70) ions; the two latter ones were responsible for the salinity which hampered the germination process of the soil substitutes. Moreover, quite similar correlations were obtained between the germination of Sinapis alba and the trace elements of the soil substitutes: Fe (r = −0.69), Cd (r = −0.72), Cu (r = −0.80), Pb (r = −0.78) and Zn (r = −0.74). However, negative and significant correlations in aqueous leachates were shown only with Ni concentration (r = −0.73). The relevance of these results for the effect of salinity on germination and the early growth of S. alba was discussed in detail and was confirmed with the Principal Component Analysis (PCA). The study proved that the physicochemical characteristic of recycled wastes exhibited their potential usefulness for the reclamation of affected areas such as mine waste heaps.
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1. Introduction


The Polish coal mining industry generates up to 61,364,000 tons of mineral wastes annually which accounted for 53.2% of the total rock waste in 2018 [1]. A large majority of total mining wastes, i.e., 36,900,000 tones (60.1%) were disposed by landfilling, 24,100,000 tons (39.3%) were processed and recovered by waste producers and 318 tons (0.52%) have been temporarily stored and transformed by other recipients. According to Gawor [2], in the Upper Silesian Coal Basin there are 220 coal mining waste heaps with over 760 million tons of waste, covering over 4000 ha. It is estimated that for each ton of coal exploited, there is approximately 0.4–0.5 tons of waste materials, which are deposited at waste heaps that impact and degrade the neighboring areas as well as the landscape.



Mining waste materials at waste heaps contain high concentrations of sulfur (S) and significant amounts of heavy metals such as arsenic (As), antimony (Sb), cadmium (Cd), lead (Pb), mercury (Hg) and nickel (Ni), which are environmentally and biologically toxic elements both to human health and agriculture zones when they are released [3,4]. Additionally, the low concentration of nutrients, i.e., nitrogen (N), phosphorus (P) and potassium (P) and the organic matter of the stored wastes prevents the spontaneous succession of vegetation [5]. Coupled with the toxic level of heavy metals which restrict plant growth and the salinity and acidity the reclamation of mine waste heaps presents a complex task which is also due to their salinity and acidity [6].



The environmental problems in the vicinity of coal mine spoil heaps are caused by acid rock drainage (ARD) which is responsible for the deterioration of surface and groundwater, the soil and biodiversity at mining areas [7]. The ARD is generated when iron sulfides, (mainly pyrite-Fe2S), aggregated in rock waste materials are exposed to oxygen and water [8,9,10,11]. Although the weathering of pyrite is the main factor for initiating the process, the further hydrolysis of Fe3+, Al3+ and Mn2+ ions plays the most important role of releasing H+ ions (acidity) into the environment [12,13].



The rehabilitation of coal-affected areas requires among others the use of available amendments, fertilizers and stabilization techniques. The reclamation techniques described in scientific reports are based on the application of lime [14], composted manures [15,16] and municipal biosolids, such as sewage sludge [17], fly ash [18,19,20] or their mixture [21]. Sewage sludge and livestock waste are rich in organic matter and contain high concentrations of nutrients especially nitrogen, potassium and phosphorus, as well as trace elements. Therefore, they are being considered as possible options for the reclamation of degraded areas by industry activity.



Coal-fired power plants are responsible for producing millions of tons of coal combustion by-products (CCBs) including fly and bottom ash, boiler slag, flotation waste or flue gas desulfurization material [22,23,24].



The recycling of industrial by-products and wastes considered as “non valuable” materials is posing a challenge for environmental management. Only a small fraction of wastes generated from the combustion of coal can be applied to other technologies. The CCBs can be used as components in the production of cement, grout, blocks, lightweight aggregate, bricks or asphalt filler [25]. Bottom ash and boiler slag can be used as both fine and coarse lightweight aggregates [26]. Fly ash, apart from construction materials, is also used in agriculture as an improver for degraded soil.



The scientific literature has described the application of fly ash materials for removing heavy metals from aqueous systems and improving the properties and quality of degraded soils [18,27,28,29]. Fly ash is composed of over 20% of lime and for that reason it can also neutralize soil acidity to a level suitable for agricultural crops [19]. Compared to the bottom ash, it displays better heavy metal inactivation in contaminated soil [30].



Another possible use of CCBs’ is underground mine backfilling together with rock waste to avoid mine collapse in further and deeper extraction phases [31,32,33,34]. Such applications of waste as a backfilling material limit mining damage and the subsidence of the surface [24,33,34].



The research was performed under the Recovery project funded by the Research Fund for Coal and Steel [35] focused on land reclamation and the ecological restoration of coal mining-affected areas, which aims to accelerate the revitalization of degraded and transformed ecosystems to achieve an eco-friendly status. It assesses the contribution of ecosystems to human wellbeing by means of the “ecosystem-services” concept [36], evaluating the consequences of alternative courses of action to ensure that their capacity to provide benefits to society is not diminished.



Environmental regulations are currently encouraging the conversion of by-products and substances considered as “non valuable” wastes into useful products (circular economy). The challenge still remains when dealing with recycling industrial wastes (ashes, slags, aggregates, etc.) to find usable soil substitutes for environmental reclamation.




2. Materials and Methods


2.1. By-Products and Waste Materials


2.1.1. Waste Components


Five coal combustion by-products from industrial plants located in Upper Silesia in Poland as the potential components of soil substitutes were used in the current investigation. Fly ashes from coal and biomass combustion as well as the lime from the water decarbonization process were obtained from power plants. Mining by-products such as aggregate and sealing material (sludges) were obtained from a coal mine. Additionally, two organic waste materials including sewage sludge and spent mushroom compost were generated in a sewage treatment plant and mushroom farm, respectively. The list of selected components and their expected functions for soil substitutes for the reclamation of highly acidic waste heaps are presented in Table 1.



The expected function of fly ashes (CFA and BFA) as well as lime from the decarbonization process (DL) is to buffer the high acidity of waste heaps while the aggregate (AG) is involved in pH regulation and soil substitute skeleton building. Additionally, sealing material (SL) and waste organic materials (SWS and SMC) are responsible for supplying nutrients and organic carbon as the essential parameters for plant growth and development.



Before the physicochemical analysis, the soil substitute components were dried at a stable room temperature, crushed and passed through a 4 mm sieve. The components differed in terms of moisture content, chemical composition, consistency and structure. Coal combustion by-products, mine waste and organic waste materials were analyzed in the accredited laboratories of the GIG Research Institute in Katowice according to analytical procedures. Photographs of the tested waste components are presented in Figure 1.




2.1.2. Preparation of Soil Substitutes


The blending process was arranged in a manner to ensure some basic factors, i.e., the optimal structure of the soil substitutes (loose and lumpy, water-holding capacity, particle size distribution), appropriate chemical parameters (pH, electrical conductivity), macro- (Ca, K, Mg, N, P, S, Na,) and micronutrients (B, Cu, Fe, Mn, Mo, Zn) and organic matter for plant growth and development. Furthermore, the amendment of fly ashes and the decarbonization of lime increases the pH of a soil solution and may reduce the concentration of heavy metals such as Pb, Zn, Cd and Cu in water leachates.



A weight of 10.0 ± 0.10 kg of each soil substitute (n = 9) was prepared by the appropriate mixing of waste components. The soil substitutes were designated symbols S1–S9. The amount of used components corresponded to the percentage range of component waste presented in Figure 2.



The concentration ranges of wastes were 5–15% for CFA; 0–20% for BFA; 10–20 for DL; 15–30% for AG; 10–30% for SL; 5–15% for SWS and 10–25% for SMC.



Additionally, one reference soil (S0), i.e., a garden soil rich in organic matter with optimal parameters (N, P, K) was used for the control of the germination potential of Synapsis alba seeds as a plant for the phytotoxicity tests. The measured pH and electrical conductivity of the S0 soil were 5.5 and 443 µS·cm−1, respectively. The content of organic matter in S0 was 89% and the concentration of nitrogen (N), phosphorus (P) and potassium (K) amounted to 0.91, 0.11 and 0.12%, respectively.





2.2. Analytical Procedures


2.2.1. Waste Materials and Soil Substitutes


The content of dry matter (DM) was determined with the gravimetric method by drying samples to a constant weight at 105 °C (SLN 15, Pol-Eko-Aparatura Sp. J., Wodzisław Śląski, Poland). The amount of organic matter (OM) was determined by measuring the loss-on-ignition of dry matter at 550 °C (HT 16/16 with a P310 controller, Nabertherm GmbH, Lilienthal, Germany). The content of Ca, K, Mg, Na and P was determined by the wavelength dispersive X-ray fluorescence spectrometry method (Rigaku ZSX Primus, Rigaku Analytical Devices Inc., Wilmington, NC, USA). In the case of As, Cd, Cr, Cu, Fe, Ni, Mn, Pb and Zn, their content was determined by the ICP-OES method (Perkin Elmer Optima 5300 DV ICP-OES analyzer, Perkin Elmer Inc., Waltham, MA, USA) after mineralization with the solid samples in aqua regia (1:3 concentrated nitric acid and hydrochloric acid). The content of total organic carbon (TOC) and total sulfur (S) was determined with the infrared spectroscopy method (ELTRA CHS, Eltra GmbH, Haan, Germany), whereas the total nitrogen was determined according to titration by the Kjeldahl method.




2.2.2. Aqueous Leachates


Soil substitutes were mixed with deionized water in a soil-to-water ratio of 1:2.5 (w/v) using a rotary mixer (ROTAX 6.8, Velp Scientifica Srl, Usmate, Italy) at a speed of 40 rpm for a 24 h. Then the samples were centrifuged at 15,000 rpm for 10 min (Centrifuge 5810, Eppendorf, Hamburg, Germany) and filtered using Whatman 0.45 µm filters (GE Healthcare, Chicago, IL, USA).



The concentrations of Ca, K, Mg, Na, P and As, Cd, Cr, Cu, Fe, Ni, Mn, Pb and Zn were assayed with the ICP-OES method (Perkin Elmer Optima 5300, Perkin Elmer Inc., Waltham, MA, USA). The total organic carbon (TOC) of the leachates was determined with infrared spectroscopy (TOC-L CPH, Shimadzu, Japan), whereas the concentration of total nitrogen was determined with the high temperature infrared chemiluminescence detection method (TNM-L, Shimadzu, Japan). Next, Cl−, SO42− and NO3− anions were determined by ion chromatography (DIONEX ICS−5000, Thermo Fisher Scientific, Waltham, MA, USA) whereas the concentration of NH4+ ions was determined with the flow injection–spectrophotometric method (FIA, MLE Gmbh Dresden, Germany). The pH and electrical conductivity (EC) were measured by a pH meter (CPC−411, Elmetron, Zabrze, Poland) with a combination electrode (IJ44AT, Elmetron, Zabrze, Poland), respectively.





2.3. Phytotoxicity Test


The phytotoxicity of the soil substitutes was evaluated using a test plant, i.e., Sinapis alba L. (S. alba), commonly known as the white mustard plant. Seed germination tests were performed to assess the suitability of the artificial soils for vegetation development.



Seed germination assays were carried out on plastic sprouting bowls that contained 1.00 ± 0.01 kg of soil substitutes (Figure 2). Fifty seeds of Sinapis alba were sown at the depth of 1 cm in each sprouting bowl. The tests were performed in laboratory conditions under a constant temperature for the entire day (22 °C), with controlled humidity (35 ± 5%) and lighting parameters, i.e., 70 W, 4900 lm, 6000 K (Figure 3).



Each sprouting bowl was watered once a day (50 mL/day) and exposed to white light for 12 h a day. After 20 days, the sprouted plants were carefully harvested, weighed and evaluated for the length of the sprout (cm). The phytotoxicity of soil substitutes was evaluated by calculating the relative sprout (root + shoot) elongation (RSE) according to Equation (1):


  RSE =    L  SS      L R    · 100 %  



(1)




where LSS is the average length of the sprout on the tested soil substitute and LR is the average length of the sprout on the reference soil (S0).




2.4. Statistical Analysis


The normal distribution of the analyzed data was confirmed using the Shapiro–Wilk test. The relationship between the properties of the soil substitutes and Sinapis alba germination and early growth characteristics were analyzed using Pearson’s linear correlation coefficient with Statistica 12.0 (StatsSoft, Krakow, Poland). The differences between the groups were compared using an analysis of variance one-way ANOVA and the post-hoc Tukey’s HSD (Honestly Significant Difference) test with Statistica 12.0 (StatsSoft, Krakow, Poland). A probability level of a p-value less than 0.05 was considered statistically significant.



The Principal Component Analysis (PCA) was applied in order to determine soil substitute parameters that influenced the Sinapis alba development. The analysis was performed using the CANOCO package and the variables data were transformed using log (x + 1) prior to the analysis response [37].





3. Results and Discussion


3.1. Characteristics of the Waste Materials for Soil Substitutes


The physical and chemical parameters of the wastes used in the investigations are provided in Table 2. The wide range of data shows the heterogeneity of the wastes and their chemical composition.



For moisture content, only CFA, BFA and AG showed an extremely low level as the dry matter (DM) was 90–100%, whereas the SWS and SMC components were characterized by a high moisture content and a relatively low dry matter: 16.06% and 34.75%, respectively.



Organic matter is the key parameter determining the environmental and biological sustainability of soil substitutes, particularly when they consist mostly of inorganic substrates. Among all the investigated wastes, only three could be considered rich in organic matter, i.e., SL (35.57%), SMC (60.45%) and SWS (64.33%), whereas the AG with 15.92% represented a moderate source of organic matter. The content of Ca and S in the wastes and their further occurrence in the ready-to-use soil substitutes are of prime importance for the remediation of waste heaps, where S and its compounds cause excessive acidity, contrary to calcium compounds (CaO, CaCO3), the addition of which significantly increases the pH value. The highest content of Ca i.e., 32.03%, was observed in DL as compared to SL and AG, containing 0.34 and 0.43%, respectively. The other wastes recorded a Ca level below 10%. Three of the eight investigated wastes exhibited S content of 1.87, 1.97 and 3.95% for SWS, SMC and AG, respectively, while in the remaining wastes the S content did not exceed 1.0%. The chemical forms of S in those wastes may affect their ability to be incorporated in the development of soil substitutes.



Another key feature to be expected from the wastes is adequate concentrations of plant nutrients such as N, P, K and Mg (Table 2). It has been reported that N is responsible for biomass build up [38,39], P for the good development of plant root systems [40,41] K for internal water management in plants [42] and Mg for photosynthesis activity [43,44].



Data showed that SWS and SMC contained much more N, i.e., 4.61 and 2.36%, respectively compared to other wastes, whereas their low content varied within the range 0.15 and 0.40%. It is worth mentioning that natural soil ecosystems are typically poor in nitrogen; hence, the developed soil substitutes should comply with this rule. Nevertheless, a slightly enhanced N level may be expected as a “starter” for boosting plant growth at the anthropogenic (artificial) ground.



In terms of P concentrations, only two wastes recorded values higher than 1.0%: one organic, i.e., SWS (2.73%) and one mineral BFA (1.07%). It should be observed that BFA was characterized by the highest K content (5.53%) while DL and SWS exhibited the lowest content varying from 0.04 to 0.37%, respectively. Interestingly, DL contained the highest Mg concentration, reaching up to 5.44%.



Higher contents of Fe were observed in BFA, AG and SWS, i.e., 4.55, 3.67 and 3.08%, respectively. In the case of Cr, its lowest and highest levels were detected in DL (1 mg·kg−1) and CFA (88 mg·kg−1), respectively. Copper content varied largely from 3 mg·kg−1 in DL to 269 mg·kg−1 for SWS, whereas Mn content ranged from 153 mg·kg−1 in AG to 2312 mg·kg−1 in BFA. Fly ash from coal combustion (CFA) as well as SWS exhibited the highest content of Ni (67 mg·kg−1) and Pb (300 mg·kg−1), respectively. The variations in Zn levels were significantly high among the wastes, i.e., from a low content for DL (36 mg·kg−1) to a high content for AG (1281 mg·kg−1) and an extremely high content in the case of SWS (2710 mg·kg−1).




3.2. Chemical Characteristics of Aqueous Leachates from Waste Materials


Chemical parameters of aqueous leachates recovered from the tested wastes are reported in Table 3.



The chemical parameters of aqueous leachates from the waste materials varied widely. The analysis showed that the pH of SMC (pH 7.1), SWS (pH 7.5), SL (pH 7.8) and aggregate AG (pH 7.5) was neutral or slightly alkaline in comparison to other industrial wastes (pH range between 9.7 and 12.8). The electrical conductivity (EC) of BFA (39.4 mS·cm−1) was significantly higher compared to other mineral wastes, ranging between 0.5 and 3.6 mS·cm−1 and relatively higher than organic wastes, i.e., 12.2 and 7.7 mS·cm−1 for SWS and SMC, respectively. The reason for that was the very high concentrations of soluble particles and mineral elements in BFAs such as chlorides (4720 mg·L−1) and sulfates (7460 mg·L−1). The content of calcium (Ca) in mineral wastes ranged from 3.35 and 612 mg·L−1 and amounted to 642 mg·L−1 in SWS and 1110 mg·L−1 for SMC. The low concentrations of calcium in the aqueous extracts from DL were due to the presence of Ca in the forms of insoluble carbonate (CaCO3). However, the concentration of magnesium in the DL leachates was very high (347 mg·L−1) compared to the other samples.



Sodium concentrations ranged from 5.52 mg·L−1 (DL) to 223 mg·l−1 (SMC), whereas potassium concentrations ranged from 1.35 mg·L−1 (DL) to 1870 mg·L−1 (SMC). High values of total phosphorus (Pt), i.e., 36.5 mg·L−1 and 57.4 mg·L−1 were observed only for organic wastes SWS and SMC, respectively. The concentration of total nitrogen (Nt) 1540 mg·L−1 for SWS and 187 mg·L−1 for SMC was also relatively higher than in the coal by-products which ranged between 0.97 and16.50 mg·L−1.



The concentrations of trace elements such as Fe, Mn, As and Ni were higher in organic wastes (SWS and SMC) compared to industrial by-products. However, the contents of Cr in fly ashes, i.e., 0.69 and 0.45 mg·L−1 for CFA and BFA, respectively were higher than in SWS 0.007 mg·L−1 and SMC 0.019 mg·L−1.




3.3. Physicochemical Characteristics of Soil Substitutes


The physicochemical parameters of the soil substitutes are listed in Table 4.



Soil organic matter plays a major role in terrestrial ecosystems. The concentration of organic matter in elaborated soil substitutes is within the range 14.87–25.01% (Table 4). Organic materials maintain the soil structure, improve water infiltration, increase the water holding capacity and reduce the risk of soil erosion. In addition, their decomposition provides nutrients for plants [45]. The highest amounts of OM and TOC were determined for S9, i.e., 25.01% and 16.34%, respectively.



The results show that the content of dry matter (DM) varied from 64.47 to 74.36%, implying that most of the incorporated wastes were characterized by relatively high DM (Table 2). The levels of N ranged from 0.37 to 0.51%, respectively, whereas those of other nutrients such as K (1.78–3.17%), P (0.23–0.47%) and Mg (1.08–1.71%) exhibited values indicating that these amounts may be sufficient for supporting plant growth and further green biomass production. The content of S in the soil substitutes ranged from 1.21 to 3.78% but the concentration of Ca varied from 4.93 to 8.39%. Wastes with high Ca contents are expected to counteract acidity, whereas those with notable S levels should enhance the acidification of soil at the dumping site.



The concentrations of trace elements in all soil substitutes (S1–S9) varied in the order Cd > As > Ni > Cr > Cu > Pb > Zn > Mn. According to the Polish Regulation on Soil Quality and Pollution Standards [46], the respective amounts did not exceed the permissible limits for soils classified in Groups III and IV. However, the concentration of As (11–12 mg·kg−1), Cd (3–4 mg·kg−1), Pb (123–170 mg·kg−1) and Zn (343–582 mg·kg−1) exceeded the permissible limits for Group II-1 related to agricultural areas (see Table 5).



Most of the lowest concentrations of trace elements which did not exceed the permissible limits for Group II-1 were observed for the soil substitute S9. Next, manganese levels ranging from 515 to 993 mg·kg−1 appeared as the highest among the reported trace elements. According to [46], manganese is not included in the list of harmful substances in soils for human and animal health. It is an essential micronutrient for plant growth; however, its excess in soil may also be toxic [47].




3.4. Chemical Characteristics of Aqueous Leachates from Soil Substitutes


The results of the pH and electrical conductivity (EC) of the aqueous leachates from soil substitutes (S1–S9) are presented in Figure 4a,b).



Based on the general classification [48], the pH of the soil substitutes showed two basic ranges, i.e., strongly alkaline (pH from 8.7 to 9.0) and very strongly alkaline (pH from 9.1 to 9.6). The highest pH values were measured for S6 (pH 9.6) and the lowest for S9 (pH 8.7). According to [49], the optimal pH value for a variety of plants ranges from 5 to 8. However, the application of these soil substitutes for strongly acidic lands such as coal-mine affected areas seems to be justified.



The electrical conductivity (EC) data varied within two classifications [50], i.e., moderately saline (5.09–7.95 mS·cm−1) for S5 and S7–S9 and strongly saline (8.83–11.26 mS·cm−1) for S1–S4 and S6. The strong salinity of soil substitutes from 8.0 to 16.0 mS·cm−1 may reduce the sprouting and biomass yields and exhibit a series of harmful effects for plant growth and development.



The concentrations of some ions (SO42−, Cl−, NH4+, NO3−) which should exert some influence on the early growth of S. alba are presented in Figure 5a–d.



The concentrations of SO42− ions for S7–S9 (2360–2570 mg·kg−1) were lower than for soils S1–S6 (3220–4120 mg·kg−1) whereas the concentration of Cl− ions for S4 (684 mg·kg−1) and S7–S9 (468–773 mg·kg−1) was lower compared to soils S1–S3 and S6 (1190–1400 mg·kg−1). Both ions in higher concentrations may exert a harmful effect on plant sprouting and growth. Excessive amounts of SO42− and Cl− ions lead to soil acidification (increasing the concentrations of H+ ions), raising the availability of trace elements and phytotoxic ones (heavy metals) [30]. The process may be reported according to Equation (2):


  soil −  M  n +   +      nH   +    ↔  M  n +   + soil −  H n +   



(2)




where Mn+ and H+ are metal and hydrogen ions, respectively.



The application of decarbonization lime (DL) increases the calcium compound content in soil substitutes. This resulted in a decrease in the concentrations of nitrogen and sulfur in aqueous leachates of soil substitutes. The lowest concentrations of ammonium ions (NH4+) were observed for S2 and S6–S9 (4.6–8.3 mg·L−1) whereas the lowest contents of NO3− were observed for S4 and S7–S9 (0.25–0.82 mg·L−1). A high NH4+ concentration can exert stress on many plants and cause a reduction in plant growth and toxicity symptoms (reduced plant growth, lesions occurring on stems and roots, and leaf margins rolling downward) [51].



The results of the macronutrient and heavy metal concentrations in water leachates from soil substitutes are presented in Table 6.



The average concentration of Ca (554 mg·L−1), Mg (201 mg·L−1), Na (129 mg·L−1) and P (3.01 mg·L−1) did not show significant differences between the samples except in the case of S9. Nevertheless, it was noticed that the average concentration of K in S4 and S7–S9 (1204.5 mg·L−1) was two times lower compared to the average concentration of the samples S1–S3 and S5 (2590 mg·L−1). Higher concentrations of Nt and Pt were also observed for soil S3 (13.6 and 4.47 mg·L−1, respectively) and soil S5 (22.2 and 4.60 mg·L−1, respectively).



The lowest concentration of Fe (0.03 mg·L−1), Cu (0.09 mg·L−1), Ni (0.04 mg·L−1) and Cr (<0.01 mg·L−1) were observed for S9, whereas the highest concentrations were observed for S1–S8, amounting to 0.11 mg·L−1 (Fe), 0.38 mg·L−1 (Cu), 0.10 mg·L−1 (Ni) and 0.02 mg·L−1 (Cr). On the other side, As and Pb were below the detection limits, i.e., <0.03 mg·L−1 and <0.01 mg·L−1, respectively, whereas the Zn concentration was detected only in S1–S5 and S7 ranged from 0.03 to 0.075 mg·L−1.




3.5. Phytotoxicity Tests—Response of Sinapis alba


The results of the germination and biomass weight of the S. alba and the calculated index of sprout elongation are presented in Table 7.



The best results of S. alba germination were observed for soil substitutes S9 (66%), S7 (62%) and S8 (58%) containing no fly ash from plant biomass combustion (BFA). Moreover, only 3% of the sprouting was observed in the soil S4 with 5% of BFAshare. The remaining soils S1–S3 and S5, S6 with a high content of BFA (10–20%) showed a lack of S. alba germination. It could be assumed that additional factors, other than pH and EC could have hampered the process of sprouting. The sprouting in the reference soil (S0) was 84% which confirms that a good seed quality was used and the tests were carried out in proper conditions for S. alba. The average weight of the S. alba fresh biomass on the tested soil substitutes (S7–S9) was in the range from 3.352 to 4.157 g per pot and corresponded to 0.483 to 0.593 g dry weight, respectively. It was observed that the differences between the measured biomasses were comparable. However, it was noticed that the weight of S. alba in the reference soil (12.804 g for fresh and 1.795 g for dry weight) was more than three times higher compared to the values in the soil substitutes. The results indicate the lower toxicity of S7–S9 in comparison to other soil substitutes (S1–S6).



It was observed that the sprout elongation index of S. alba was comparable for three tested soil substitutes. The highest value of RSE was 45.50% for S9 and the lowest was 6.83% for S4. The sprout length data are illustrated in Figure 6a,b.



The visual observations revealed that the length of the S. alba sprouts on the tested soil substitutes (S7–S9) ranged between 2.83 and 3.33 cm and the length of sprouts of the reference soil reached the value 7.32 cm, whereas in the case of S4 the length was only 0.5 cm. The results of the Tukey HSD multiple comparison test (for S7–S9 and S0) showed that the lengths of the sprouts were significantly different for S7 and S8 (p < 0.002), S8 and S9 (p < 0.001) and between the reference soil (S0) and other soil substitute groups (p < 0.001), whereas they were not significant for S7 and S9 (p = 0.698). The significant outcome (df = 140; F = 677.59, p < 0.0001) was obtained using an analysis of variance (ANOVA). The calculated coefficients R and R2 were 0.97 and 0.94, respectively, whereas the value of the mean square error was 0.24.




3.6. Impact of Physical and Chemical Parameters on the Early Growth of Sinapis alba


The relationships between the physical and chemical parameters of aqueous leachates from the soil substitutes on S. alba at early growth (germination, length of sprouts and weight of biomass) are reported in Table 8. The statistically significant values (p < 0.05) are marked in red.



The results of our study showed a negative correlation between S. alba germination (G) and the parameters responsible for the salinity, i.e., EC (r = −0.88), SO42− (−0.91), Cl (r = −0.70) and K (r = −0.76). Soil salinization caused by Cl− ions and expressed by electrical conductivity is one of the major factors leading to soil degradation. The harmful effect of salt stress with chlorides on internal water activities, chlorophyll content, gas exchange or the osmotic regulations of plants as well as the morphological adaptation of plants to salinity was reported by Acosta-Motos et.al [52]. Our results also confirmed the direct negative effects of salinity (EC) on other parameters of S. alba growth, i.e., length of sprouts L (r = −0.88) and weight of biomass W (r = −0.88).



A negative correlation was also observed between the results of the phytotoxicity tests of S. alba and the total phosphorus content in aqueous leachates, i.e., G (−0.49), L (−0.51) and W (−0.49). Phosphorus is an essential nutrient, but in higher concentrations it can have an intermediate negative effect on plant growth conditions. The toxicity effects are observed when plant-available levels exceed 10 mg kg−1 of P [53]. However, based on our results, the total phosphorus concentrations in soil substitute leachates ranged from 2.33 to 4.60 mg L−1 (see Table 6). It may be claimed that this parameter did not show a significant correlation with the early growth of S. alba. It points to a lack of direct negative effects of phosphorus content on the early growth characteristics of S. alba.



The increased pH could have a potentially negative affect on S. alba germination and growth. The analysis also confirmed the lack of a significant correlation between the alkalinity of aqueous leachates (pH) and the early growth of S. alba, i.e., G (r = −0.36), L (r = −0.38), W (r = −0.37). This may be due to the fact that the pH in the aqueous leachates was mainly controlled by the Ca content (r = 0.85).



The Pearson analysis between the basic physical and chemical parameters of the soil substitutes (S1–S9) and the early growth of S. alba is listed in Table 9.



The results confirmed that the most significant and negative correlation on the early growth of S. alba was observed for the Cl, S and K response for high salinity. The negative correlation of P was probably the result of the chemical properties of BFA and SWS that were characterized both with a high value of EC and a high P concentration in S1–S3 (Figure 1 and Table 2). The positive, but not significant, correlation with the data of phytotoxicity test was related to the content of OM and TOC r = 0.59 and r = 0.64, respectively for the germination and length of sprouts as well as r = 0.60 and r = 0.66, respectively for biomass weight.



Results reported by Asik, et al. [23] and Çelik, et al. [54] showed the positive effects of the humic substances on seed germination, seedling growth, root initiation, root growth, shoot development and the uptake of macro- and microelements. Soil humic substances may also mitigate the abiotic stress conditions caused by an unfavorable pH and a high salinity. The statistical analysis also outlined the significant negative correlation between the early growth of S. alba and the trace elements in the soil substitutes (Table 10).



As may be observed, the results showed negative correlations between the germination of S. alba and the trace elements of the soil substitutes i.e., Fe (r = −0.69), Cd (−0.72), Cu (−0.80), Pb (r = −0.78) and Zn (−0.74). However, no significant correlations were noted between the trace element concentrations in the aqueous leachates and the data of the phytotoxicity test on S. alba (Table 11).



The Pearson’s analysis indicated that only nickel showed a strong negative correlation with the early growth of S. alba, i.e., G (r = −0.73), L (r = −0.76) and W (r = −0.73). According to Kabata-Pendias and Pendias [47], Ni is a very mobile element in soils and can readily transfer to aerial parts of plants, especially to seeds or grains. Potential negative effects on S. alba germination and early growth could also be explained by sensitivity to nickel contamination [55] and the synergy with increased salinity [56].



It should be mentioned that Cd, Cu, Ni, Pb and Zn exhibit a high potential for absorption in plants. Moreover Cr, Cu and Ni are the most phyto- and ecotoxicity metals, whereas Cd and Pb have been identified as the elements posing the highest risk of food-chain transfer. The results of trace elements in aqueous leachates confirmed that the use of wastes with a higher concentration of Ca such as decarbonization lime (DL) and slag from thermal power plants (SL) plays an important role in immobilizing heavy metals such as Cd, Cu, Pb and Zn in soil substitutes [57].



The Principal Component Analysis (PCA) was performed to evaluate the influence of the physical and chemical parameters of the soil substitutes on S. alba development. It involved TOC, SO42− and Cl− ions and the parameters of the early growth of S. alba. The first ordination axis of the PCA model (axis 1) accounted for 99.74% of the total variation. The illustration of the PCA analysis is presented in Figure 7. Axis 1 had a strong negative correlation with the concentration of sulfur ions (SO42–) in aqueous leachates from soil substitutes (−0.94) and a positive correlation with the content of TOC in soil substitutes (0.59). The S. alba germination (G), length of sprouts (L) and weight of biomass (W) showed a strong positive correlation with axis 1. The second ordination axis of the PCA model (axis 2) showed a weak negative correlation with the TOC content in the soil substitutes (−0.38) and a negative correlation with the concentration of Ni in aqueous leachates (−0.26). The results of the PCA analysis confirmed that salinity was the key factor affecting the results of the phytotoxicity test.





4. Conclusions


The uses of industrial by-products from coal and biomass combustion as well as wastes from mine waste processing (fly ashes, decarbonization lime, aggregate and sealing materials) with the amendment of organic wastes (sewage sludge and spent mushroom compost) allowed the development of soil substitutes, addressing the land reclamation of waste heaps. The research showed that only three from the nine tested soil substitutes showed physical and chemical parameters that would allow their application in reclamation. The soil substitutes were different from one another in terms of the type of components and their content. The results showed that fly ash from biomass combustion (BFA) contributed to the high salinity of soil substitutes. Phytotoxicity tests with Sinapis alba at the early growth stage showed good germination (58–62%) in soil substitutes with a lack of BFA in comparison to the 0–3% and 84% germination in soils with the 5–20% content of BFA and reference soil (R), respectively. Experimental data presented in the paper showed that soil substitutes were rich in organic matter and nutrients (N, P, K, Ca, Mg), sufficient to support plant growth and further green biomass production. Moreover, the concentrations of trace elements (As, Cd, Cr, Cu, Ni, Pb and Zn) in soil substitutes did not exceed the permissible limits for soils, which are classified as wooded, shrubby and green areas.



The relationships between the chemical parameters of aqueous leachates from soil substitutes and S. alba at the early growth stage showed a negative correlation with the parameters responsible for high salinity (electrical conductivity, chloride, sulfur and potassium). Pearson’s analysis also indicated negative correlations between S. alba at the early growth stage and the content of trace elements (Fe, Cd, Cu, Pb and Zn) in soil substitutes and a strong negative correlation with nickel concentrations in the aqueous leachates. This could be explained by the sensitivity for nickel contamination and its synergy with increased salinity. Based on the results of the phytotoxicity tests and taking into consideration the permissible limits for their concentrations in soils, only three from the nine developed soils substitutes were found to be usable for the land reclamation of coal mine-affected areas.



The results of the research and experiments presented in this paper are important for assessing the possibility of the practical use of combustion and mining by-products in the production of soil substrates for the reclamation of industrial areas. The safe use of such anthropogenic materials fits well with the circular economy concept, combining an improved economic efficiency of industrial activities with environmental benefits. In this case, natural soils, as an expensive and non-renewable material for reclamation, could be replaced by a valuable substitute made from waste.
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Figure 1. Set of wastes selected for soil substitutes: (a) CFA—fly ash from coal combustion, (b) BFA—fly ash from plant biomass combustion, (c) DL—decarbonization lime, (d) AG—aggregate from mine waste processing; (e) SL—sealing material from coal processing, (f) SWS—sewage sludge, (g) SMC—spent mushroom compost. 
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Figure 2. List of wastes and their percentage range (%) within given soil substitutes. CFA—fly ash from coal combustion, BFA—fly ash from plant biomass combustion, DL—decarbonization lime, AG—aggregate from mine waste processing; SL—sealing material from coal processing, SWS—sewage sludge, SMC—spent mushroom compost. 
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Figure 3. Soil substitutes with Sinapis alba seeds during laboratory phytotoxicity tests. 
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Figure 4. Parameters in aqueous leachates from soil substitutes. (a) pH values, (b) electrical conductivity values. 
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Figure 5. Concentration of ions in aqueous leachates from soil substitutes (a) SO42−, (b) Cl−, (c) NH4+, (d) NO3−. The values with ±10% uncertainty. 
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Figure 6. Phytotest of S. alba. (a) Photos of plants after germination in soil substitutes S6–S9. (b) length of sprouts on soil substitutes. Different letters indicate significant differences at p < 0.05 (one-way-ANOVA, post-hoc Tukey HSD test); S0-reference soil. 
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Figure 7. Principal Component Analysis (PCA) for S. alba germination (G), length of sprouts (L) and weight of biomass (W) with relation to the total organic carbon (TOC) in the soil substitutes and sulfur (SO42−) and nickel (Ni) concentrations in the aqueous leachates from soil the substitutes. 
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Table 1. Set of by-products/potential soil substitute components and expected functions.
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	Symbol
	Soil Substitute Component
	Deliver
	Expected Function in Soil Substitute





	CFA
	Fly ash from coal combustion
	Power Plant

Jaworzno 3
	Acidity buffering



	BFA
	Fly ash from plant biomass combustion
	Power Plant

Jaworzno 2
	Acidity buffering



	DL
	Decarbonization lime from water softening process
	Power Plant

Łaziska
	Acidity buffering and water retention



	AG
	Aggregate (0–2 mm) from mine waste processing
	Sobieski Coal Mine
	pH regulation,

soil substitute skeleton building



	SL
	Sealing material from coal processing
	Sobieski Coal Mine
	Water retention and organic carbon supply



	SWS
	Sewage sludge
	Sewage Treatment Plant in Chrzanów
	Organic carbon and nutrients supply



	SMC
	Spent mushroom compost
	Mushroom farm in Kryry
	Organic carbon and nutrients supply Structural regulation of soil substitutes
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Table 2. Physicochemical characteristics of the wastes used for elaborating soil substitutes.
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Parameter

	
Unit

	
Waste Materials




	
CFA

	
BFA

	
DL

	
AG

	
SL

	
SWS

	
SMC






	
DM

	
%

	
100.00

	
99.67

	
50.75

	
90.06

	
72.56

	
16.06

	
34.75




	
OM

	

	
3.28

	
0.52

	
7.02

	
15.92

	
35.57

	
64.33

	
60.45




	
Ca

	

	
2.27

	
9.65

	
32.03

	
0.43

	
0.34

	
4.45

	
8.22




	
N

	

	
<0.15

	
<0.15

	
0.32

	
0.18

	
0.40

	
4.61

	
2.36




	
K

	

	
2.05

	
5.53

	
0.04

	
2.32

	
1.69

	
0.37

	
1.03




	
Mg

	

	
1.15

	
2.43

	
5.44

	
0.24

	
0.57

	
0.74

	
0.42




	
P

	

	
0.10

	
1.07

	
0.01

	
0.02

	
0.03

	
2.73

	
0.78




	
Na

	

	
1.22

	
0.75

	
0.01

	
0.02

	
0.03

	
2.73

	
0.78




	
S

	

	
0.16

	
0.98

	
0.24

	
3.95

	
0.63

	
1.87

	
1.97




	
Fe

	

	
4.55

	
1.94

	
0.93

	
3.67

	
2.05

	
3.08

	
0.38




	
Cd

	
mg·kg−1

	
1

	
9

	
<1

	
4

	
<1

	
29

	
<1




	
Cr

	

	
88

	
54

	
1

	
22

	
76

	
74

	
7




	
Cu

	

	
86

	
173

	
3

	
85

	
31

	
269

	
29




	
Mn

	

	
312

	
2312

	
710

	
153

	
211

	
557

	
290




	
Ni

	

	
67

	
28

	
9

	
26

	
33

	
42

	
7




	
Pb

	

	
94

	
176

	
4

	
213

	
53

	
300

	
2




	
Zn

	

	
139

	
610

	
36

	
1281

	
141

	
2710

	
183








DM—dry matter; OM—organic matter; CFA—fly ash from coal combustion; BFA—fly ash from plant biomass combustion; DL—decarbonization lime; AG—aggregate from mine waste processing; SL—sealing material from coal processing; SWS—sewage sludge; SMC—spent mushroom compost.
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Table 3. Physicochemical characteristics of aqueous leachates from waste materials used for elaborating soil substitutes.
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Parameter

	
Unit

	
Uncertainty %

	
Waste Materials




	
CFA

	
BFA

	
DL

	
AG

	
SL

	
SWS

	
SMC






	
pH

	
-

	
±10

	
11.9

	
12.8

	
9.7

	
7.5

	
7.8

	
7.5

	
7.1




	
EC

	
mS·cm−1

	
±10

	
3.60

	
39.40

	
1.57

	
0.50

	
0.90

	
12.20

	
7.70




	
Ca

	
mg·L−1

	
±10

	
612.00

	
540.00

	
3.35

	
25.90

	
40.50

	
642.00

	
1110.00




	
Mg

	
±10

	
0.26

	
<0.12

	
347.00

	
19.20

	
29.70

	
251.00

	
289.00




	
Na

	
±10

	
184.00

	
175.00

	
5.52

	
33.40

	
101.00

	
167.00

	
223.00




	
K

	
±10

	
29.80

	
118.00

	
1.35

	
11.90

	
17.30

	
228.00

	
1870.00




	
Nt

	
±10

	
16.50

	
0.97

	
9.42

	
3.57

	
2.52

	
1540.00

	
187.00




	
Pt

	
±10

	
<0.03

	
<0.07

	
<0.03

	
<0.01

	
<0.01

	
36.50

	
57.40




	
NO3−

	
±10

	
0.32

	
0.86

	
40.00

	
0.30

	
0.17

	
<0.50

	
4.20




	
SO42−

	
±10

	
1010.00

	
7460.00

	
581.00

	
192.00

	
250.00

	
5030.00

	
3200.00




	
Cl−

	
±10

	
20.00

	
4720.00

	
10.00

	
6.60

	
87.00

	
185.00

	
394.00




	
As

	
±25

	
<0.030

	
<0.020

	
<0.005

	
<0.005

	
<0.005

	
0.140

	
0.050




	
Cd

	
±25

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.002

	
0.003




	
Cu

	
±20

	
<0.005

	
<0.010

	
<0.005

	
<0.003

	
<0.005

	
0.042

	
0.320




	
Cr

	
±15

	
0.690

	
0.450

	
<0.003

	
<0.003

	
<0.003

	
0.007

	
0.019




	
Fe

	
±25

	
0.006

	
<0.020

	
0.005

	
0.003

	
0.020

	
11.500

	
10.800




	
Mn

	
±20

	
<0.003

	
<0.003

	
<0.003

	
0.140

	
0.140

	
1.660

	
2.770




	
Ni

	
±25

	
<0.005

	
<0.005

	
<0.005

	
<0.003

	
<0.005

	
0.710

	
0.082




	
Pb

	
±25

	
<0.005

	
<0.001

	
<0.005

	
<0.005

	
<0.005

	
<0.005

	
<0.005




	
Zn

	
±25

	
<0.010

	
0.029

	
<0.001

	
0.015

	
0.011

	
0.310

	
0.790








EC—electrical conductivity; CFA—fly ash from coal combustion; BFA—fly ash from plant biomass combustion; DL—decarbonization lime; AG—aggregate from mine waste processing; SL—sealing material from coal processing; SWS—sewage sludge; SMC—spent mushroom compost.
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Table 4. Selected parameters of soil substitutes.






Table 4. Selected parameters of soil substitutes.





	
Parameter

	
Unit

	
Soil Substitutes




	
S1

	
S2

	
S3

	
S4

	
S5

	
S6

	
S7

	
S8

	
S9






	
DM

	
%

	
65.30

	
68.23

	
65.31

	
69.97

	
64.74

	
74.36

	
66.47

	
66.79

	
64.70




	
OM

	
16.20

	
18.66

	
17.54

	
16.38

	
22.92

	
14.87

	
19.10

	
20.56

	
25.01




	
TOC

	
9.24

	
11.83

	
10.70

	
9.30

	
13.87

	
9.40

	
11.85

	
13.00

	
16.34




	
Ca

	
8.39

	
6.07

	
5.97

	
6.10

	
5.42

	
4.93

	
6.11

	
7.67

	
6.13




	
Cl

	
0.33

	
0.20

	
0.29

	
0.39

	
0.24

	
0.35

	
0.20

	
0.23

	
0.15




	
Fe

	
3.43

	
4.09

	
3.60

	
3.45

	
3.93

	
3.46

	
3.62

	
2.78

	
2.58




	
K

	
2.54

	
2.27

	
2.76

	
3.17

	
2.40

	
2.81

	
2.19

	
2.13

	
1.78




	
Mg

	
1.61

	
1.24

	
1.28

	
1.36

	
1.08

	
1.71

	
1.16

	
1.47

	
1.31




	
Na

	
0.18

	
0.15

	
0.26

	
0.35

	
0.16

	
0.24

	
0.23

	
0.45

	
0.22




	
N

	
0.40

	
0.40

	
0.49

	
0.37

	
0.44

	
0.37

	
0.38

	
0.46

	
0.51




	
P

	
0.41

	
0.25

	
0.44

	
0.47

	
0.33

	
0.38

	
0.27

	
0.29

	
0.23




	
S

	
3.10

	
3.76

	
3.16

	
2.97

	
3.78

	
3.42

	
3.15

	
1.54

	
1.21








DM—dry matter; OM—organic matter; TOC—total organic carbon.













[image: Table] 





Table 5. Concentration of trace elements in soil substitutes.
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Trace Elements

	
Unit

	
Soil Substitutes

	
Tresholds for Soil Group




	
S1

	
S2

	
S3

	
S4

	
S5

	
S6

	
S7

	
S8

	
S9

	
II-1 a

	
III b

	
IV c






	
As

	
mg·kg−1

	
11

	
11

	
10

	
12

	
10

	
12

	
11

	
10

	
10

	
10

	
50

	
100




	
Cd

	
4

	
3

	
4

	
4

	
3

	
4

	
3

	
3

	
2

	
2

	
10

	
15




	
Cr

	
29

	
29

	
31

	
34

	
27

	
37

	
30

	
38

	
39

	
150

	
500

	
1000




	
Cu

	
95

	
78

	
97

	
104

	
82

	
104

	
77

	
67

	
57

	
100

	
300

	
600




	
Mn

	
934

	
595

	
864

	
993

	
657

	
923

	
609

	
654

	
515

	
ns

	
ns

	
ns




	
Ni

	
24

	
26

	
25

	
26

	
23

	
28

	
25

	
26

	
27

	
100

	
300

	
500




	
Pb

	
138

	
129

	
127

	
146

	
126

	
170

	
123

	
82

	
71

	
100

	
500

	
600




	
Zn

	
582

	
481

	
501

	
511

	
516

	
511

	
508

	
343

	
280

	
300

	
1000

	
2000








ns—not specified; a agricultural areas; b wooded and shrub lands as well as green areas; c industrial lands and mining grounds.
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Table 6. Physical and chemical characteristics of leachates from soil substitutes.
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Parameter

	
Unit

	
Uncertainty %

	
Aqueous Leachates from Soil Substitutes




	
S1

	
S2

	
S3

	
S4

	
S5

	
S6

	
S7

	
S8

	
S9






	
TOC

	
mg·L−1

	
±10

	
700

	
960

	
1230

	
620

	
950

	
660

	
920

	
680

	
460




	
Ca

	
±10

	
500

	
616

	
604

	
490

	
533

	
641

	
567

	
591

	
443




	
Mg

	
±10

	
205

	
175

	
250

	
223

	
315

	
110

	
160

	
135

	
235




	
Na

	
±10

	
122

	
138

	
139

	
117

	
132

	
129

	
128

	
127

	
133




	
K

	
±10

	
2800

	
3200

	
2620

	
1430

	
1740

	
3110

	
1370

	
1270

	
748




	
Pt

	
±10

	
2.39

	
3.61

	
4.47

	
2.33

	
4.60

	
2.56

	
3.00

	
2.47

	
1.67




	
Nt

	
±10

	
8.47

	
6.64

	
13.6

	
7.7

	
22.2

	
4.14

	
6.33

	
4.95

	
6.46




	
Cu

	
±20

	
0.42

	
0.62

	
0.37

	
0.17

	
0.12

	
0.72

	
0.22

	
0.40

	
0.09




	
Ni

	
±25

	
0.14

	
0.15

	
0.14

	
0.07

	
0.09

	
0.09

	
0.07

	
0.07

	
0.04




	
Fe

	
±25

	
0.06

	
0.09

	
0.20

	
0.09

	
0.27

	
0.05

	
0.08

	
0.04

	
0.03




	
Mn

	
±20

	
0.11

	
0.11

	
0.27

	
0.13

	
0.56

	
0.05

	
0.11

	
0.07

	
0.10




	
Cr

	
±15

	
0.01

	
0.025

	
0.014

	
0.009

	
0.005

	
0.005

	
0.006

	
0.018

	
0.008




	
Zn

	
±25

	
0.036

	
0.042

	
0.075

	
0.030

	
0.060

	
0.015

	
0.032

	
0.015

	
0.015




	
As

	
±25

	
0.015

	
0.015

	
0.030

	
0.015

	
0.015

	
0.015

	
0.015

	
0.015

	
0.015




	
Pb

	
±20

	
0.005

	
0.005

	
0.005

	
0.005

	
0.005

	
0.005

	
0.005

	
0.005

	
0.005




	
Cd

	
±25

	
0.0023

	
0.0005

	
0.0005

	
0.0005

	
0.0005

	
0.0005

	
0.0005

	
0.0005

	
0.0005








TOC—total organic carbon.
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Table 7. Parameters of early growth of S. alba on selected soil substitutse.
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Tested Growth Material

	
RSE (%)

	
Fresh Biomass

	
Dried Biomass

	
Germination (%)




	
Weigh (g)

	
SD

	
Weigh (g)

	
SD






	
S0

	
-

	
12.804

	
±0.500

	
1.795

	
±0.030

	
84




	
S4

	
6.83

	
0.077

	
±0.050

	
-

	
-

	
3




	
S7

	
43.85

	
3.838

	
±0.019

	
0.483

	
±0.020

	
62




	
S8

	
38.67

	
3.352

	
±0.180

	
0.513

	
±0.020

	
58




	
S9

	
45.50

	
4.157

	
±0.220

	
0.593

	
±0.025

	
66








RSE—sprout elongation index.
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Table 8. Correlation coefficients between the basic physical and chemical parameters of aqueous leachates from soil substitutes and S. alba at early growth.
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	pH
	EC
	SO42−
	Cl−
	NO3−
	NH4+
	Ca
	Mg
	Na
	K
	P





	pH
	1.00
	0.70
	0.61
	0.79
	0.60
	−0.51
	0.85
	−0.75
	0.15
	0.76
	0.04



	EC
	0.70
	1.00
	0.98
	0.93
	0.08
	0.02
	0.56
	−0.15
	0.13
	0.95
	0.38



	SO42−
	0.61
	0.98
	1.00
	0.91
	0.01
	0.17
	0.50
	0.01
	0.26
	0.94
	0.48



	Cl−
	0.79
	0.93
	0.91
	1.00
	0.28
	−0.05
	0.70
	−0.28
	0.32
	0.99
	0.40



	NO3−
	0.60
	0.08
	0.01
	0.28
	1.00
	−0.33
	0.68
	−0.60
	0.12
	0.20
	0.02



	NH4+
	−0.51
	0.02
	0.17
	−0.05
	−0.33
	1.00
	−0.17
	0.89
	0.25
	−0.03
	0.76



	Ca
	0.85
	0.56
	0.50
	0.70
	0.68
	−0.17
	1.00
	−0.53
	0.43
	0.63
	0.45



	Mg
	−0.75
	−0.15
	0.01
	−0.28
	−0.60
	0.89
	−0.53
	1.00
	0.17
	−0.24
	0.49



	Na
	0.15
	0.13
	0.26
	0.32
	0.12
	0.25
	0.43
	0.17
	1.00
	0.28
	0.58



	K
	0.76
	0.95
	0.94
	0.99
	0.20
	−0.03
	0.63
	−0.24
	0.28
	1.00
	0.37



	Pt
	0.04
	0.38
	0.48
	0.40
	0.02
	0.76
	0.45
	0.49
	0.58
	0.37
	1.00



	G (S. alba)
	−0.36
	−0.88
	−0.91
	−0.70
	0.11
	−0.40
	−0.27
	−0.26
	−0.01
	−0.76
	−0.49



	L (S. alba)
	−0.38
	−0.88
	−0.93
	−0.74
	0.06
	−0.41
	−0.31
	−0.25
	−0.07
	−0.80
	−0.51



	W (S. alba)
	−0.37
	−0.88
	−0.91
	−0.70
	0.08
	−0.39
	−0.29
	−0.24
	0.00
	−0.76
	−0.49







G—germination; L—length of sprouts, W—weight of biomass.
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Table 9. Correlation coefficients between the basic physical and chemical parameters of soil substitutes and S. alba in relation to the early growth characteristics.
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S. alba

Early Growth

	
Parameters in Soil Substitutes (S1–S9)




	
OM

	
TOC

	
Ca

	
Mg

	
Cl

	
Na

	
K

	
S

	
N

	
P






	
G

	
0.59

	
0.64

	
0.20

	
−0.17

	
−0.67

	
0.37

	
−0.75

	
−0.77

	
0.37

	
−0.67




	
L

	
0.59

	
0.64

	
0.19

	
−0.18

	
−0.68

	
0.34

	
−0.76

	
−0.76

	
0.37

	
−0.68




	
W

	
0.60

	
0.66

	
0.19

	
−0.19

	
−0.69

	
0.33

	
−0.76

	
−0.76

	
0.38

	
−0.68








G—germination; L—length of sprouts, W—weigh of biomass.
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Table 10. Correlation coefficients between trace element concentrations in the soil substitutes and early growth of S. alba.
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S. alba

Early Growth

	
Trace Elements in Soil Substitutes (S1–S9)




	
Fe

	
As

	
Cd

	
Cr

	
Cu

	
Mn

	
Ni

	
Pb

	
Zn






	
G

	
−0.69

	
−0.39

	
−0.72

	
0.51

	
−0.80

	
−0.66

	
0.23

	
−0.78

	
−0.74




	
L

	
−0.68

	
−0.39

	
−0.73

	
0.50

	
−0.80

	
−0.67

	
0.23

	
−0.77

	
−0.73




	
W

	
−0.68

	
−0.39

	
−0.74

	
0.50

	
−0.80

	
−0.68

	
0.23

	
−0.78

	
−0.74








G—germination; L—length of sprouts, W—weigh of biomass.
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Table 11. Correlation coefficients between trace element concentrations in the aqueous leachates from soil substitutes and the early growth of S. alba.






Table 11. Correlation coefficients between trace element concentrations in the aqueous leachates from soil substitutes and the early growth of S. alba.





	
S. alba

Early Growth

	
Trace Elements in Aqueous Leachates from Soil Substitutes (S1–S9)




	
Cu

	
Fe

	
Mn

	
Zn

	
As

	
Cd

	
Cr

	
Ni






	
G

	
−0.41

	
−0.49

	
−0.35

	
−0.54

	
−0.25

	
−0.25

	
−0.31

	
−0.73




	
L

	
−0.45

	
−0.49

	
−0.36

	
−0.55

	
−0.27

	
−0.27

	
−0.33

	
−0.76




	
W

	
−0.42

	
−0.48

	
−0.35

	
−0.53

	
−0.25

	
−0.25

	
−0.31

	
−0.73








G—germination; L—length of sprouts, W—weigh of biomass
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