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Abstract

:

As a step towards the diversification of electricity and heat sources, the EU countries suggest the use of biomass. The combustion of biomass poses the problem of the use of ash produced in the process. There are fluctuations in the properties of energetic biomass, which results in high variability of ash obtained by combustion, especially in terms of specific conductivity (EC) (8.1–9.7 mS·cm−1), the total content of components and their bioavailability. The combustion of biomass leads to large fluctuations in the total content of carbon in the ash (13.6%–28.6%). In this way, waste material with very different biological properties and cation exchange capacity is obtained. Ash from the combustion of biomass is an alkalizing material, rich in Ca, K and Mg carbonates (4.5%). The high average bioavailability of Pb (87.4%), Cd (63.1%) and Zn (46.9%) present in the ash is an environmental problem. The mobility of these heavy metals was reduced by half by the addition of bentonite during the process of ash granulation. With high doses of ash (4.4% of the mass of substrate), there is a significant bioaccumulation of Cd in the roots of Begonia semperflorens and Thuja occidentalis (1.0–3.8 mg·kg−1). Another disturbing issue is that during the cultivation of these plants, Cr is bioaccumulated in the roots (0.5–3.8 mg·kg−1).
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1. Introduction


The production of energy from biomass has become more and more common recently, especially in the form of co-combustion with coal [1,2]. The share of biomass in the production of energy from renewable energy sources in Poland is increasing [3,4]. During the combustion of biomass, a significant amount of fly ash and bottom ash is produced, which may be a significant environmental challenge [5,6] as well as a problem for boilers [7,8,9,10]. These materials have waste–codes 10 01 01–03, 10 01 14–17 and 19 01 11–16 [11] and are subject to further treatment or management. The amount and properties of the resulting bottom ash depend on the combustion system type, type of biomass, and in the case of plant biomass also on plant species, cultivation technology, including fertilization methods, soil properties and even external conditions during cultivation.



The amount of ash produced from biomass is described as dependent on the origin of the material. This is within 0.4–1.8% for pure wood, 6.3–10.4% for wood bark, 2.4–7.7% for energy crops, 6.9–9.2% for agricultural biomass and 1.1–9.2% for waste from the production of plant-based food [12]. Falemara et al. [13] obtained an amount of ash between 3.4–4.9% for briquette from peanut shells, maize cobs and Anogeissus leiocarpus. James et al. [6] found that the typical amount of ash produced was 1.2% for pine wood, 1.0% for willow wood, 0.8% for birch wood, 12.9% for Miscanthus, which was much greater, 9.3% for rice pellets, 16.3% for rice husks and 5–10% for agricultural crop materials. A large amount of ash is also produced from tree bark (3–4%) and contaminated bark (5–15%). However, not all sources mention that such a large amount of ash is produced, e.g., information can be found that for Miscanthus this index is only 2–3.5% [14].



According to the study by Huinink [15], it is important to correctly prepare a substrate for bedding plants using different materials and fertilizers. Ash contains significant amounts of plant nutrients, mainly P, K, Ca, Mg [1,2,16,17,18] and some microelements—Cu [12,16,19], Zn [16,19,20], which requires thought about its use as fertilizer in horticulture, agriculture and forestry [14,16,20,21]. The use of ash as fertilizer is ecologically desirable because in this way ingredients taken from soil by plants return to it [12]. The properties of ash significantly influence the choice of final use. After burning wood biomass Gibczyńska et al. [20] obtained ash with the following grain-size composition: 32% sand, 41% silt and 27% clay. Antonkiewicz and Pełka [19] described the ash used as sandy loam (62% sand, 35% silt and 3% clay), which is closer to the one described here. Lanzerstorfer [14] pointed out that after burning miscanthus at about 600 °C, the ash obtained had a 6.5% content of particles <1.9 μm in the total mass. This fraction was supplemented with 33.8% of material that was within the range of 5.2–27 μm and 49.7% above 76 μm.



Ash has a high neutralizing potential, which means that it can be regarded as a substitute for fertilizer lime, especially in reclamation [22]. This type of research is not yet well documented in relation to ash produced during the combustion of biomass. Most authors focus on using bottom ash and fly ash from the combustion of lignite in coal-fired power plants as a substitute for lime fertilizer. In each of these cases, the high content of calcium compounds [2,6,16,17,23,24,25,26] and the high values of pH of ash (in the range of 10–12 [16,25]) indicates the correctness of such form of use. In the context of soil reclamation processes and construction activities (in civil engineering) as well, it is often mentioned that there are possibilities of using ash for improving sorption properties, stabilization of swelling soils and, if it has good strength characteristics, also as an aggregate substitute [22,27,28,29,30]. Ashes from the combustion of organic matter have sorption properties because of their relatively large specific area. The sorption of Pb (II), Zn (II) and Cr (III) ions in this respect was demonstrated by Papandreou et al. [31]. As regards the reclamation of post-mining land, references are available on the methods for preventing oxidation of pyrites through sealing soil with bottom or fly ashes [22,32,33,34].



Sometimes ideas based on advanced processing are also mentioned. They are aimed at producing clean mineral fertilizers from ash, e.g., potassium [14]. Waste from the combustion of plant biomass—both of agricultural and forest origin—is usually not very polluted, especially not by heavy metals [6,20]. The situation is completely different in the case of the combustion of solid waste of various origin, including hazardous waste, where the total content of trace elements can be counted in thousands of mg·kg−1 [35]. Some publications also mention another use—addition to cement. It is possible because of the pozzolans presence in ashes—a class of siliceous or siliceous and aluminous no cementitious materials. The pozzolanic reaction influences the cement strength depending on the material’s pozzolanic activity. The main reaction product of the pozzolanic reaction are calcium silicate hydrate phases [36,37]. Outside land construction, ashes are used for the production of geopolymer concrete with good parameters for their use in marine construction [38]. In the face of various cement types produced with the participation of ashes, advanced research is carried out to further improve their strength using nanotechnology [39] and graphene technology [40].



The aim of the study was to check whether it was possible to safely use ash from biomass pellets in the cultivation of ornamental plants. Questions were asked whether ash had any properties improving the characteristics of soils and greenhouse substrates, and whether it was ecologically safe to use ash as fertilizer. In terms of the ecological safety of using ash for agricultural purposes, the aim was to analyse ash behaviour in the soil or substrate–plant system. In the course of the research, the ash behaviour was analysed after a specific pre-preparation procedure. Ash was granulated to obtain the effect of its prolonged action in the soil or substrate and to reduce the short-time effect of environmental response on fertilization. Although ornamental plants from urban green areas are not likely to enter the food chain, their chemical properties have a significant impact on the quality of compost produced from plant waste.




2. Materials and Methods


2.1. Biomass Preparation and Analysis


The biomass intended for combustion was prepared in the form of pellets with a diameter of 8 mm, produced by “PAL-BUD” Marian Serwach Pellet Plant in Chlebowo. The material subjected to pelletization consisted of 80% straw and 20% willow wood. The straw used for the production of pellets came from rye (Secale cereale L.) grown on the surrounding sandy soils with low bonitation. The rye straw was a mixture composed from the most frequently cultivated cultivars: SU Stakkato, Dańkowskie Amber, Stanko, Brasetto and SU Drive. The basket willow, known as the common osier also (Salix viminalis L.) is grown in a marshy wastelands. Flexible shoots (called withies) are collected annually using special combine harvesters. The willow withies were a mixture composed from cultivars: Inger, Sprint, Start, Tora, Tordis and Turbo. The producer does not collect the detail information about the share of the following cultivars in a mixture. The biomass pellet was made of local products, which after harvesting and transport to the factory were ground in a stationary grinder to form sawdust. The sawdust was dried in a tumble dryer. To increase the compaction effect and to obtain a surface with greater smoothness, the rapeseed pressings were added to the components in the amount of 10 kg per 1 ton of sawdust. Directly before input of the material to the pelleting machine, it was treated with steam in the evaporator to achieve the effect of surface moisturising. Pellets were analysed for chemical composition at BTU Cottbus, Lehhrstuhl Kraftwerkstechnik (KWT). The level of moisture and the content of ash and other selected components were determined using the standard procedure for elemental analysis, and the total content of selected macro- and microelements was determined by X-ray fluorescence (XRF, Niton XL3t 900, Thermo Fisher Scientific, Waltham, MA, USA) analysis after the samples were incinerated [10,12,14]. The biomass pellets from Chlebowo were combusted in a prototype FORST boiler equipped with two burners: 24 kW and 48 kW (Forster Heizkessel, PE40, Forster Heiztechnik GmbH, Forst, Lausitz, Germany) adapted for combusting biomass, with an automatic pellet feeding and ash removal system. The main combustion parameters were: incineration temperature 800 °C, air flow 20 m3·h−1, mass fuel consumed 1.5 kg·h−1, exhaust gas temperature 141–162 °C, exhaust gas mass flow 30 g·s−1, O2 in exhaust gas 11–14%, maximum operating temperature 90 °C, maximum operating pressure 2.5 bar, pellet calorific value 17.73 MJ·kg−1, pellet residual moisture 8–9% and ash production 3.84% of the pellet mass.




2.2. Preparation of Granulate from Ash


The granulate was prepared from ash obtained by combustion of biomass pellets (Figure 1). Granulation was carried out by mechanical “coating” with different proportions of a bentonite mixture as an agent strengthening the structure of the material. The following mixtures were used in the tests:




	
pure ash,



	
955 g ash + 45 g bentonite,



	
910 g ash + 90 g bentonite,



	
775 g ash + 225 g bentonite.








Each of the variants was repeated five times. The variants without the addition of bentonite and with the addition of 45 g and 90 g of bentonite to 955 g and 910 g of ash, respectively, were unstable, and the granulate was very easy to crush. For this reason, after the analysis of the preliminary test results, granulate from a mixture of 775 g ash + 225 g bentonite was chosen for vegetative tests. This mixture also had good properties when the stability of the granulate was tested in water and its impact on changes in the pH of the water. There are studies suggesting the possibility of obtaining durable ash granulate/pellets that could be used even in the aquatic environment [31] but for that purpose materials of different origin are required.




2.3. Studies on the Possible Use of Ash


An experiment aimed at verifying the possibility of using ash from the combustion of biomass as a soil improver was carried out at the Lubusz Centre of Innovation and Agrotechnical Implementations (LCIAI) of the University of Zielona Góra. The facility is located in the Republic of Poland, in the Lubusz Voivodship, at a geographical location of 52°8′3.39′′ N, 15°35′22.36′ E. The experiment included both testing pellets from ash and bentonite as a substrate component, as well as a biological test based on the analysis of the effect of the addition of granulate on higher plants—Pelargonium x hortorum L.H. Bailey, the variety “Salomon Pink”, Begonia semperflorens cult. hort. the variety “Olimpia” and Thuja occidentalis L.



Two facilities were used in the experiments:




	
a Venlo type greenhouse; cultivation in pots on mobile tables; the building is equipped with a climate computer made by the company Synopta (TANAKE, Warsaw, Poland), HortiMax (Hortisystems, Pulborough, West Sussex, England), MultiMa (TANAKE, Warsaw, Poland), using the following parameters: precipitation, radiation intensity, wind speed, temperature outside and inside the greenhouse, humidity for controlling the mechanisms of the greenhouse;



	
a cultivated field located in the Centre, near plastic tents; cultivation in soil—Brunic Arenosols (Aric), according to the World reference base for soil resources 2014, update 2015.








The experiment was carried out in random blocks, in two parallel experimental facilities—in a greenhouse (the pot experiment) and in a field (in soil)—Table 1. The following combinations were prepared to investigate the properties of ash as an improver of greenhouse substrates:




	
450 g substrate without ash (A);



	
440 g substrate + 10 g ash granulate (B); ash share in the mixture: 2.22%;



	
430 g substrate + 20 g ash granulate (C); ash share in the mixture: 4.44%;



	
420 g substrate + 30 g ash granulate (D); ash share in the mixture: 6.66%.








The plants were grown on optimum substrates for individual species, modified by the addition of ash granulate in the greenhouses (as it has been described above) and by the addition of analogous amounts of ash granulate in the fields that represented dosages of 250 kg, 500 kg and 750 kg per 1 ha respectively. These are relatively small admixtures reflecting the tendency to manage ash in accordance with the idea of sustainable development. In other studies, significantly higher doses were tested, in the range of 1.5–4.5 tons per 1 ha, but they were used for industrial plants [16].



Ash was added to the substrates prepared for the begonias and the pelargoniums from a mixture of high and low peat limed to a pH of 6.5, and for the thujas from a mixture of high and low peat with a pH of 5.0. In the field pot-size holes were made for each plant, the plants were planted, and the holes were covered with clean soil or a mixture of soil with 10 g, 20 g or 30 g ash granulate. With an analogous dose per 1 ha this would be an application of 250 kg, 500 kg and 750 kg ash granulate, respectively. Each combination was repeated three times.



In total, 108 plants of three species were planted in the first year of the study, 12 in the field and 24 in the greenhouse. In the greenhouse, the pots were placed in a way that eliminated the possibility of blocking the sunlight for one plant by the other. In the field, the plants were planted at a spacing of 0.6 × 0.7 m (0.42 m2 per 1 plant), which eliminated the impact of individual plants on each other. Moreover, there were lanes separating the individual combinations. Complete records were kept of the activities carried out during the experiment and of the basic atmospheric conditions that had an impact on plant growth and development. Every four days the parameters of the weather conditions were recorded: precipitation, insolation intensity, wind speed, temperature outside and inside the greenhouse and humidity in the greenhouse. The lack of moisture in soil and substrate was supplemented by irrigation, with the amounts of water collected in Figure 2a,b.



During the experiment, the maximum temperature in the greenhouse ranged from 27 °C to 43 °C, and in field conditions from 20 °C to 34 °C. The minimum temperature in greenhouse conditions was in the range of 0.5–12 °C and in the field of 9–18 °C. The highest temperatures were recorded in August, and the lowest in October.



Photographic records were also kept, and the amount of water delivered to each plant was recorded. Samples of biological material were systematically taken from the above-ground parts of the test plants. The study presents the results of sampling at the end of the experiment—after a full vegetation cycle—21–23 October.




2.4. Methodology of Laboratory Analyses


All laboratory analyses at the LCIAI were carried out in accordance with the standardized analytical procedures described in standards and scientific specifications for non-standardized analyses:




	
Grain-size composition was determined using the sieve method and the hydrometric method, as specified in the description of the Polish Society of Soil Science, Classification of the granulation of soils and mineral structures, from 2008;



	
pH was determined potentiometrically in a mixture of air-dry solid material: water 1:5, using an InoLab pH meter equipped with a WTW SenTix 41 glass electrode (Xylem Analytics, Weilheim Germany);



	
total carbon content (TC), inorganic carbon content (IC) and total organic carbon content (TOC)—using the Pregla–Dumas method—dry samples were combusted in a pure oxygen environment and the resulting exhaust gases were automatically measured using a CHNS/O 2400 Series II PerkinElmer elemental analyser (PerkinElmer Inc., Baesweiler, Germany). The measurements were conducted for weights of 1.5–2.5 mg in three repetitions, from which the mean and standard deviations were calculated;



	
specific conductivity (EC) was determined conductometrically in mixture of air-dry solid material:water 1:5; using a Eutech Instruments Cyberscan PC300 (Thermo Fisher Scientific Inc., Waltham, MA, USA) and an Elmetron CPC-411 with an EC-60 conductivity sensor (Elmetron, Zabrze, Poland);



	
carbonate content was determined using a standardized method consistent with ISO 10693;



	
subtotal content of selected components was determined after the dissolution of hot substrate samples (in a Perkin Elmer MPS microwave oven) in a mixture of hydrochloric and nitric acids (Aqua regia), using the ICP-OES method (Perkin Elmer Optima 8000)—ISO 11466 (1995); simultaneously, in the Perkin Elmer laboratory, pure materials—bentonite and ash were analysed for comparison;



	
potential availability of components for plants in acidic substrate were analysed in an extract of 0.1 M HCl. The extract was prepared as cold by mixing a sample of the substrate with an extractor for 1 h in a soil mixer. The analysis was carried out using the ICP-OES method (Perkin Elmer Optima 8000) by Page et al. [41].








Each sample was pre-homogenised to eliminate the element of randomness. This was done by mixing the material intended for analysis mechanically. Each test was repeated three times.




2.5. Analysis of the Results


The results of the study were subjected to statistical analysis including the calculation of basic statistics, correlations between factors and variance analysis. This was done using the procedures of the software Statsoft Statistica 13.1. The results were analysed using multiple regression to present the quantitative relations between the independent variables (the explanatory ones) and the dependent variable (the one that is being explained). It should be emphasized that regression techniques make it possible to determine the existence of relations between variables, but they do not make it possible to prove the existence of a cause and effect relation that is the basis of these relations. In these analyses, the independent variables were the amounts of selected elements (Ca, Cd, Cu, Cr, K, Ni, Mg) in the base substrate, and the dependent variables were the amounts of these elements in the plant biomass (Pelargonium x hortorum L. H. Bailey “Salomon Pink”, Begonia semperflorens cult. hort. “Olimpia” and Thuja occidentalis L.). The analyses were carried out separately for the greenhouse cultivation and for the field cultivation, and in both cases also for different types of plant biomass.





3. Results and Discussion


3.1. Characteristics of Biomass Pellets


The pellets subjected to analysis consisted of straw and willow wood in a proportion of 80% + 20%. The results reflected the use of such ingredients as pure wood, which produces a relatively small amount of ash and herbaceous plants, which produce a greater amount of ash. The content of S, N and Cl in the biomass was low (Table 2).



The amount of ash produced from biomass was higher than noted in wood, but lower in comparison to agricultural crops. This situation can be related to the quality and origin of the material [13,42]. In the experiment the pellet made of wood without the bark and straw material was used. In the literature the relatively high ash production when the bark in burned material is presented [14]. In the pellets analysed the content of Ca and K was low, relatively to many literature descriptions [1,6,12,13,14,42]. The content of Cl was also lower than the values mentioned in the cited literature. However, it should be remembered that the content of components in biomass is to a large extent determined by the species composition as well as the type and amount of fertilizers used for the cultivation of energy plants. From this point of view, the differences in chemical composition are expected.




3.2. Analysis of Ash Properties


The sieve analysis showed the presence of 1/6 of skeleton material with a diameter larger than 2 mm in the ash mass. In ash particles smaller than 2 mm, the predominant presence of the sand fraction (2–0.05 mm) was found as well as the silt fraction (0.05–0.002 mm). An interesting element of the analysis was the lack of the smallest particles (<0.002 mm) forming the clay fraction. The addition of bentonite with the grain-size composition of silt loam resulted in the creation of a material with a high capacity to form macrostructures as a result of the sticking of individual grains to one another. As a result, nearly half of the agglomerates with a replacement diameter of more than 2 mm were present in the mass. The sieve fraction of the material prepared from bottom ash and bentonite had the grain size of clay (Table 3).



The grain-size composition is the most important property of mineral materials. It represents the percentage of individual fractions, i.e., particles with a specific diameter in the material. Differences in the share of individual soil fractions directly affect the diversity of physical and chemical properties of materials, especially in terms of water and ion sorption and the ability to form macrostructures. In soil science, the diameter of 2 mm is the division line between particles belonging to the soil skeleton and granular parts. The analysis showed that the ash produced was skeletal and very sandy, which means that it might not be very useful as a fertilizer or soil improver. In the ash analysed in this study, there is a shift towards coarser fractions in comparison to the data found in the literature [14,19,20]. However, it should be noted that the size of ash particles depends on the type of fuel and fuel combustion technique, including the combustion temperature [14,20].



The analysis of the ash from biomass pellets showed that the material had not burnt completely. The total carbon content was 14–21%, with the dominance of TOC. The content of TOC in the fraction above 2 mm was higher by 36% than in the fine fraction below 2 mm. Since bentonite is a mineral material, it had a low content of total carbon (2.99%). The calorific value of the ash was 5.32–11.12 MJ·kg−1. The ash had a strong alkaline reaction, whereas the bentonite was alkaline. After the addition of the bentonite to the ash, the pH value decreased as expected to an intermediate value between the mixed components. All of the materials were characterized by high specific conductivity, which reflected the content of salts dissolved in the water. The bentonite had a higher content of carbonates than the ash, which resulted in an increase of their content in the mixture produced (Table 4).



According to Reference [1], the results described in Table 4 were relative high. But in several descriptions the similar ones or even higher TC content can be found [6,17]. Lanzerstorfer [14] showed that there was a relationship between the content of TC in ash and the fraction of this material. He noted that the content of TC was higher in the smallest fractions than in the thicker ones. These data were not confirmed in this study. The results showed that the content of TC was 7.3% higher in the fraction >2 mm than in the material with a diameter <2 mm. The results obtained in this study suggest that it might be a good idea to treat the coarse and the fine ash fractions separately after their initial separation by sieving. This concept was presented by James et al. [6] also.



The pH values of ash were high, as was expected. Although it is mentioned in some publications that the reaction of ash from the combustion of clean straw can be lower (pH 5–9) [23,24]. On the other hand, some researchers [16] reported similar (pH 10–11) or even higher (pH above 12) [25] values for the ash from biomass. The unusually high pH of bentonite—pH–H2O 8.8–8.9 (the expected value for clay material based on montmorillonite group minerals was below 5.0) suggests that the crystalline structure of clay minerals was partially substituted with sodium and calcium. This method of bentonite preparation, e.g., by the addition of ammonia soda, is a procedure used by many manufacturers.



In the ash analysed in this study, which was obtained from the combustion of plant biomass, the content of carbonates was relatively low in comparison to the data found in the literature, e.g., about 12% CaCO3 according to Lima et al. [24].



While analysing the ash used in this study the subtotal content of components important in terms of fertilizing properties, it is necessary to note the content of 7.2% K, 12.9% Ca, 0.79% Fe, 1.75% Mg. It is noteworthy that in the bentonite there was a high content of Na (nearly 0.5%), Ca (~0.8%), K (~1.6%), Mg (1.5%) and Cu (~52 mg·kg−1).



The analysis of the chemical composition of ash from biomass showed a high content of Si, Ca, K, Mg, Al and Fe. It is also noteworthy that there was a relatively high content of Mn—3840 mg·kg−1, Zn—236 mg·kg−1, Cr—230 mg·kg−1 and Cu—66.4 mg·kg−1 (Table 5).



The content of Ca in the ash was high compared to the findings of References [16,23,24]; it oscillates around the highest value of the content found by Ribbing [43] and is well below the value reported by other authors [2,6,17,25,26]. In general, the content of Ca in ash biomass varies greatly depending on its origin, ranging from 3.6 to 35.3% [12]. The content of K was medium in the ash analysed. In the literature, the content of K in ash from wood biomass is given as 1.9–29% [1,2,16,17,18]. The content of P was almost 2 times lower than reported by Cuellar and Herzog [2] and Saletnik et al. [16], and many times lower than the data reported by Zając et al.−0.3–3.3%. The content of Cl in this study it was very low—lower by at least one order of magnitude than indicated in the literature [1,2,18]. The content of Fe should be regarded as relatively low when compared to the results in references [2,17,43] but it is high in the context of the other data [12,23,25,26]. A medium content of Mg was found when compared to the results in references [2,16,17,43] but it was high in the context of the other data [23,25,26].



Taking into account the need to protect the environment, especially when using waste material as fertilizer, the content of selected metals was analysed. The high content of aluminium—more than seven times higher than recorded by Hansen et al. [23] is not very worrying. However, in other studies [2] a similar content was found to the content recorded in this study. The content of manganese should be assessed in the same way, although in this case the level of 0.3% was low when compared to the data provided by Cuellar and Herzog [2], average when compared to the studies by Ribbing [43] and Zając et al. [12], and high when compared to the studies by Bakisgana et al. [26] and Saletnik et al. [16]. A different approach should be taken in the case of the group of so-called heavy metals that have a long-term impact on the environment because they can be accumulated. The ash analysed was characterized by a content of As and Se below the limit of detection and a low content of Cd and Pb. These values were expected and described in the literature [12,14,18,19,20]. The very high content of Cr is noteworthy. It is by one to two orders of magnitude higher than reported by Hansen et al. [23], Bakisgana et al. [26], Lima et al. [24], Gibczyńska et al. [20] and Cuellar and Herzog [2], two orders of magnitude higher than reported by Stankowski et al. [25] for straw, seven times higher than reported by Antonkiewicz and Pełka [19] and Stankowski et al. [25] for wood, 5.5 times higher than reported by Nurmesniemi et al. [18], four times higher than reported by Smirit et al. [44], 2.5 times higher than reported by Zając et al. [12], but within the lower limits of the range reported by Ribbing [43] and comparable with the data reported by Saletnik et al. [16]. The Cu content of 66.4 mg Cu·kg−1 was medium in comparison to References [12,16,19] and Stankowski et al. [25] for straw, or two times lower [25,44] for wood. The content of Ni was moderately low or medium according to most authors, excluding the level reported by Smirit et al. [44], Antonkiewicz and Pełka [19], Gibczyńska et al. [20] and Hansen et al. [23], who respectively indicated a 2 times, 2.5 times, 4 times and 15 times lower content in the biomass ash analysed by them. Stankowski et al. [25] found that the content of Ni was 2.5 times lower in wood ash and 27 times lower in straw ash. The content of Zn was distinct, slightly higher than found by Saletnik et al. [16] but 2.5 times higher than reported by Gibczyńska et al. [20] and three times higher than in the data provided by Antonkiewicz and Pełka [19]. The values obtained by Zając et al. [12] were similar to the ones recorded in this study, and the values obtained by Cuellar and Herzog [2] and Stankowski et al. [25] were much higher. The content of Zn found in this study shows that this element is not a problem as far as the natural use of this ash is concerned.



Bentonite should be regarded as an ecologically pure material, although the composition of the bentonite used in this study indicates that it was prepared by saturating the sorption complex with alkaline cations. However, this does not pose any risk in terms of its use as a binder for granules made from ash.



An important aim of this study was to determine the potential mobility of the components present in the ash used. It was also noted that the addition of bentonite, used as a granule-binding component, played a very important role in the phenomenon under analysis. In this way, one of the predefined tasks for this material was achieved—stabilisation of the behaviour of ash components. The use of bentonite as a clay material based on montmorillonite (2:1 type clay mineral), possible because of its extensive sorption properties, is well known in the literature [27,28,45]. It is particularly noteworthy that the potential mobility of Cr present in the ash in a large amount was low—4.5%, which was further reduced to 2.7% by the addition of bentonite. This index was also low for Ni—6.6%, reduced to 4.0% by the addition of bentonite. However, a large potential availability of other components was noted: Cd (93.5%), Pb (89.6%), Na (77.7%), Al (56%) and K (45.9%). By the addition of bentonite these indices decreased to: Cd (48.4%), Pb (46.8%), Na (54.6%), Al (35.7%) and K (32.1%) (Figure 3). In the literature, it is possible to find much information on the low solubility of a number of components in water, mainly from the group of heavy metals (Cd, Cu, Ni, Zn), due to the alkalinity of bottom ash [46].




3.3. Analysis of the Chemical Composition of the Substrates


As a result of admixing ash granulate to the greenhouse substrate with a neutral pH, the content of Ca, K, Cd, Cr, Ni and Zn increased, and the content of Cu was reduced. In the greenhouse substrate with an acidic pH, after the addition of ash granulate, the content of Ca, K, Mg, Cd, Cr, Cu and Zn increased, and the content of Ni decreased with low doses, but it increased when the highest dose was added. The substrates for field cultivation were prepared from mineral material obtained from the soil of arable land where experimental plants were cultivated. As a result of admixing ash granulate to the soil of the field crops, the content of Ca, K, Mg, Cd, Cr, Ni and Zn increased, and the content of Cu decreased. The distribution of the content of Pb in the experimental combinations was uneven (Figure 4 and Figure 5).



An increase in the content of Ca and K in the substrates and the soil was expected and is described in the literature as a reaction to fertilization with ash from biomass [16,25]. However, these authors did not report a significant increase in the content of metallic elements in soil, which is contradictory to the increase in the content of Cd, Cr, Cu, Mg and Zn observed in this study. Gibczyńska et al. [20] reported an increase in the content of K and Mg forms available for plants in soil after fertilization with a dose of 1.5 t·ha−1 biomass ash by 10% and 21% respectively. They did not report a statistically significant increase in the content of Cd, Cu, Mn, Zn and Pb, whereas the content of Ni in soil increased significantly—by 36%. Antonkiewicz and Pełka [19] observed a decrease in the content of Cr, Zn, Pb, Cd and Ni as a result of fertilizing soil with a mixture of peat and ash, due to the low content of these elements in these components.




3.4. Analysis of the Chamical Composition of the Plants


The content of the components analysed in the plants grown on control substrates (combination A) was within a range that is considered to be standard for the chemical composition of plants [47,48]. In the literature, there are similar results for begonias [6,49] as the ones obtained in this study (Figure 6 and Figure 7). Grigatri et al. [50] noted that in the above-ground parts of begonias the content of As, Ca, Cu, K, Mg and Na could be even higher than recorded in this study. Conifers growing in acidic conditions also had chemical properties similar to the ones found in a number of publications [51,52].



The addition of ash to the substrates changed the relationship between the soil and the plants. The plants collected Ca in a smaller amount as the doses of ash granulate increased. As far as K and Mg were concerned, no clear correlation was found in the case of the greenhouse plants. In the case of the field plants, there was a significant increase in the uptake of K and Mg when the lowest dose was used. Later, lower values were observed in succession, although the content of K was always higher than in the control combination. The content of Mg was lower than in the control combination only when the highest dose of ash granulate was used (Figure 6). Saletnik et al. [16] presented similar relations in their studies, indicating an increase in the uptake of Ca, Mg and K by plants fertilized with ash. However, they noted significant differences in the collection of these elements in subsequent years of their experiments, as well as in the case of different ash variants.



Because of the nature of the test plants (ornamental plants), an important point to consider is the overall content of heavy metals in their biomass since it affects their possible use after removal from green areas. There was a problem with an increased uptake of Cd from the greenhouse substrates. This problem was slightly smaller in the case of the plants grown in the field. There was also a large uptake of Cr and Ni by the field plants when the highest dose of ash was used (Figure 7).



Saletnik et al. [16] did not observe such reactions of plants to increasing doses of ash from biomass used for soil fertilization. Stankowski et al. [25] noted a similar lack of a statistically significant reaction after the addition of ash from wood and straw biomass to the soil. In order to provide full information on the uptake of heavy metals by plants, it is necessary to note the differences between the species and parts of the plants analysed.



Even the smallest dose of ash added to the substrates (combination B) resulted in an increase in the accumulation of heavy metals in the test plants in comparison to the data [6,47,48,49,50,51,52], in some cases the toxicity threshold (signed as a underlined numbers) was exceeded – Table 6 [47,48,50,51]:




	
in the greenhouse:



	
increased uptake of Cd and Cr by the begonias and the thujas and Cu by the begonias in comparison to the standard content of these elements in plants;



	
Cd content tolerable in agronomic crops exceeded six times in the roots of the thujas (3.18 mg·kg−1);
















	
in the field:



	
increased uptake of Cd and Cu by the roots and Ni by the aboveground parts of the begonias in comparison to the standard content of these elements in plants;



	
Cr content tolerable in agronomic crops exceeded 20 times in the aboveground parts of the begonias (41.37 mg·kg−1);



	
increased uptake of Ni by the thujas (in the roots) and Cu (in the aboveground parts) and Cd and Cr in all parts of the plants in comparison to the standard content of these elements in plants;



	
Cr content tolerable in agronomic crops exceeded in all parts of the pelargoniums (3–9.11 mg·kg−1);



	
Cu content tolerable in agronomic crops exceeded in the aboveground parts of the thujas (68.3 mg·kg−1), and the Cd and Cr threshold exceeded in the roots (respectively 3.52 mg·kg−1 and 4.49 mg·kg−1).











Higher doses of ash granulate (combination C) resulted in:




	
in the greenhouse:



	
increased uptake of Cd by the roots and Cr by all parts of the begonias, and Cr by the aboveground parts of the thujas in comparison to the standard content of these elements in plants;



	
Cd content tolerable in agronomic crops exceeded over seven times in aboveground parts of the thujas (3.79 mg·kg−1);
















	
in the field:



	
increased uptake of Cd and Cu by the roots of the begonias in comparison to the standard content of these elements in plants;



	
increased uptake of Cd and Cr by the thujas in all parts of the plants in comparison to the standard content of these elements in plants;



	
Cr content tolerable in agronomic crops exceeded in all parts of the pelargoniums (2.85–10 mg·kg−1);



	
Cr content tolerable in agronomic crops exceeded seven times in the roots of the begonias (3.79 mg·kg−1) and 14 times in the aboveground parts of these plants (7.47 mg·kg−1);



	
Cu content tolerable in agronomic crops exceeded three times (60.8 mg·kg−1), and the Cd content tolerable in agronomic crops exceeded two times in the roots of the begonias (0.98 mg·kg−1);



	
Cd and Cr content tolerable in agronomic crops exceeded in the roots of the thujas (respectively 3.35 mg·kg−1 and 2.5 mg·kg−1).











The largest dose of ash granulate (combination D) resulted in:




	
in the greenhouse:



	
increased uptake of Cr by the shoots and leaves of the geraniums, the roots of the begonias and the roots of the thujas in comparison to the standard content of these elements in plants;



	
increased uptake of Cd by all parts of the plant;



	
Cd content tolerable in agronomic crops exceeded in all parts of the begonias (0.7–0.98 mg·kg−1);



	
Cd content tolerable in agronomic crops exceeded 11 times in the roots of the thujas (5.51 mg·kg−1);
















	
in the field:



	
increased uptake of Cd and Cu by the roots, Cr by all parts and Ni in the aboveground parts of the begonias in comparison to the standard content of these elements in plants;



	
increased uptake of Cr by the thujas in all parts and Cd in the roots in comparison to the standard content of these elements in plants;



	
Cr content tolerable in agronomic crops exceeded in all parts of the pelargoniums (5.97–20.6 mg·kg−1);



	
Cr content tolerable in agronomic crops exceeded in all parts of the begonias, including 11 times in the aboveground parts (55.27 mg·kg−1), the Cd content tolerable in agronomic crops slightly exceeded in the roots (0.56 mg·kg−1), the Cu content tolerable in agronomic crops exceeded almost four times in the roots (77.4 mg·kg−1), and the Ni content tolerable in agronomic crops exceeded 2.5 times in the aboveground parts (24.9 mg·kg−1);



	
Cd content tolerable in agronomic crops exceeded and the Cr content tolerable in agronomic crops exceeded six times in the roots of the thujas (2.99 mg·kg−1).











The analysis of the morphology of the test plants shows that only the largest dose resulted in very clear symptoms such as slow growth, chlorosis and necrosis on the leaves of all of the plants, and these symptoms were much stronger in the pelargoniums and begonias than in the thujas. Investigations of Saletnik et al. confirm that the yield of crops decreases when biomass ash is used as fertilizer [16]. Although, they noted a slight increase in the yield of Miscanthus biomass with a dose of 1.5 t·ha−1, subsequent doses of 3 t·ha−1 and 4.5 t·ha−1 resulted in a noticeable decrease in the yield [16].



A multiple regression analysis was performed in order to present the relationship between the content of the components in the base substrate and their content in the plant biomass. In the case of the greenhouse plants, with the assumed significance level of a = 0.05, only the relation between the content of K in the base substrate and its content in the roots of the thujas (correlation coefficient r = 0.99) was considered to be statistically significant. In the case of the field plants, the following relations were considered to be statistically significant:




	
relation between Ca in the substrate and in the biomass of the bedding pelargoniums (correlation coefficient r = −0.97) and the begonias (correlation coefficient r = 0.97),



	
relation between Mg in the substrate and in the biomass of the begonias (correlation coefficient r = 0.95),



	
relation between Ni in the substrate and in the biomass of the bedding pelargoniums (correlation coefficient r = 0.99).










4. Conclusions and Perspectives for Further Research


	
A significant content of total carbon in the ash was noted, especially in its course fraction. For this reason, fertilization with ash may increase the carbon stock in soils and affect the soil sorption of elements.



	
Ash from biomass combustion is a good neutralizer of soil and horticultural substrate. It is also a material rich in Ca, K and Mg.



	
High bioavailability of Pb and Cd from ash as well as the relatively high availability of Zn are an environmental problem. The mobility of these heavy metals was significantly reduced by the admixture of bentonite during ash granulation. However, with high doses of ash pellets the uptake of Cd by the crop plants was high. We found it as a negative aspect, strongly affecting the possibility of the agricultural use of ash, counting the need to ensure ecological safety of such technology.



	
During cultivation, Cr was activated, which results in the presence of high concentrations of this element in the plants cultivated on both the greenhouse substrates as well as on the soil in the field. We found it as another negative aspect, resulting from the use of ash as a fertilizer.



	
Preparation of ash granulate with an admixture of bentonite in the proportion: 225 g bentonite and 775 g ash increased the sorption of components in this material and decreased their bioavailability but a significant release of heavy metals to the substrate was still noted. In the long run, this might be a significant problem if soil fertilized in this way is used for the cultivation of long-rotation plants.






Ash from solid fuels is used as a substitute for fertilizer lime. This problem has been relatively well researched, which is reflected by the large number of scientific publications on this subject. When we use ash in this way, we expect a fast effect that causes large changes in soils shortly after application and decreases with the passage of time. The granulation of ash before its application in soils makes it similar to long-acting fertilizers. Subsequent studies should deal with the durability of granulates prepared in different ways in soil, as well as the process of release of individual components from these granulates into soil. It would be advisable to show the differences between the application of ash and ash granulates within a few years after applying these two materials. It would also be advisable to make other granulates including organic matter and various clays, and to cover the granules with materials with adjustable permeability. This technique is used to prepare mineral fertilizers. It would be interesting to find out whether a similar technique could also be applied to ashes. Environmental problems connected with the presence of heavy metals in the ash were observed. Since heavy metals are characterized by relatively high bioavailability, in further research it would be necessary to determine their source and to analyse the release of these elements into the soil environment.
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Figure 1. Biomass pellet and the granulate produced from the bottom ash after biomass combustion (775 g ash + 225 g bentonite). 






Figure 1. Biomass pellet and the granulate produced from the bottom ash after biomass combustion (775 g ash + 225 g bentonite).



[image: Energies 12 02569 g001]







[image: Energies 12 02569 g002a 550][image: Energies 12 02569 g002b 550]





Figure 2. Irrigation of plants in the months of the experiment, (a) in greenhouse, (b) in field. 
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Figure 3. Percentage share of the form potentially available to plants in the ash (dissolved in 0.1 M HCl) in a subtotal content of selected components. 
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Figure 4. Subtotal content of selected macrocomponents in the substrates and in the soil (in % of dry matter, d.m.); g—greenhouse, f—field. 
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Figure 5. Subtotal content of selected heavy metals in the substrates and in the soil (in mg·kg−1 d.m.); g—greenhouse, f—field; (a) Cd content (b) Zn content (c) Cr and Cu content (d) Ni and Pb content. 
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Figure 6. Average content of Ca, K and Mg in the test plants cultivated in the greenhouse and in the field (in % d.m.). 
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Figure 7. Average content of Cd, Cr, Cu and Ni in the test plants cultivated in the greenhouse and in the field (in mg·kg−1 d.m.). 
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Table 1. Experiment scheme.
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Substrate Composition

	
Plant Used in the Experiment

	
Combination Code






	
A; base substrate (control)

	
R1

Pelargonium x hortorum

L. H. Bailey “Salomon Pink”)

	
AR1




	
B; substrate + 10 g ash granulate

	
BR1




	
C; substrate + 20 g ash granulate

	
CR1




	
D; substrate + 30 g ash granulate

	
DR1




	
A; base substrate (control)

	
R2

Begonia semperflorens cult. hort. “Olimpia”

	
AR2




	
B; substrate + 10 g ash granulate

	
BR2




	
C; substrate + 20 g ash granulate

	
CR2




	
D; substrate + 30 g ash granulate

	
DR2




	
A; base substrate (control)

	
R3

Thuja occidentalis L.

	
AR3




	
B; substrate + 10 g ash granulate

	
BR3




	
C; substrate + 20 g ash granulate

	
CR3




	
D; substrate + 30 g ash granulate

	
DR3











[image: Table]





Table 2. Selected characteristics of the biomass pellets (content of dry mass in %).
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	Ash
	C
	S
	N
	H
	O
	Cl
	K
	Ca





	2.74
	51.64
	0.14
	0.28
	6.30
	41.64
	0.21
	0.542
	0.246
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Table 3. Grain-size composition of ash, bentonite and the granulate produced from them.
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Material Analysed

	
Sieve Analysis (%)

	
Hydrometric Analysis (%)

	
Material




	
<2 mm

	
>2 mm

	
2–0.05 mm

	
0.05–0.002 mm

	
<0.002 mm






	
Ash

	
82.8

	
17.2

	
85

	
15

	
0

	
Sand (S)




	
Bentonite

	
100.0

	
0.0

	
23

	
52

	
25

	
Silt loam (SiL)




	
Ash + bentonite

	
51.3

	
48.7

	
73

	
22

	
5

	
Loamy sand (LS)
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Table 4. Basic physical and chemical properties of the ashes, the bentonite and the granulate produced from them.
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Material Analysed

	
Carbon Content (%)

	
pH–H2O

	
EC

	
CaCO3




	
TOC

	
IC

	
TC

	
mS·cm−1

	
%






	
Ash; fraction < 2 mm

	
13.55

	
0.45

	
14.00

	
10.3

	
8.13

	
4.54




	
Ash; fraction > 2 mm

	
21.19

	
0.11

	
21.30

	
10.2

	
8.13

	
4.54




	
Bentonite

	
2.29

	
0.70

	
2.99

	
8.9

	
10.00

	
7.95




	
Ash (fraction < 2 mm) + bentonite

	
11.30

	
0.50

	
11.80

	
9.1

	
9.70

	
6.81
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Table 5. Chemical composition of ash obtained from biomass pellets.






Table 5. Chemical composition of ash obtained from biomass pellets.





	
(% d.m.)




	
P

	
K

	
Ca

	
Mg

	
Na

	
Si

	
Al

	
Fe




	
0.16

	
7.19

	
12.90

	
1.75

	
0.45

	
26.51

	
0.64

	
0.79




	
(mg·kg−1 d.m.)




	
Cl

	
Cd

	
Cr

	
Cu

	
Mn

	
Ni

	
Pb

	
Zn




	
<100

	
2.17

	
230

	
66.4

	
3840

	
81.4

	
0.77

	
236
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Table 6. The normal content and toxicity threshold values of the chosen elements in plants, in mg·kg−1 [47,48].






Table 6. The normal content and toxicity threshold values of the chosen elements in plants, in mg·kg−1 [47,48].





	Element
	Cd
	Cr
	Cu
	Ni
	Pb
	Zn





	Normal content
	0.05–0.2
	0.1–0.5
	5–30
	0.1–5
	5–10
	27–150



	Toxicity threshold
	5–30
	5–30
	20–100
	10–100
	30–300
	100–400



	Tolerable in agronomic crops
	0.05–0.5
	2
	5–20
	1–10
	0.5–10
	50–100











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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