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Abstract

:

Coal bottom ash (BA) is a by-product of coal-fired power generation and can be utilized as a growing substrate for ornamental plants. The physical and hydraulic properties of BA-mixed substrates (coir dust:BA, 10:0, 9:1, 8:2, 7:3, and 6:4, v/v) and commercial germinating media (BM2; Berger Peatmoss) were investigated, and the effects of the substrate mixtures on seed germination, seedling growth, and heavy metal concentrations (Cd and Pb) were evaluated for four common bedding plants (periwinkle (Catharanthus roseus), globe amaranth (Gomphrena globose), impatiens (Impatiens walleriana), and petunia (Petunia multiflora)). As the BA:coir dust increased, the air space rate in the substrate increased from 25.5 to 28.0%, providing the substrate with sufficient porosity. However, the container capacity and amount of easily available water decreased from 63.1 to 53.7% as BA proportions increased. In the final germination percentage and days to germination of the four bedding plants, no significant differences were detected among the substrate mixtures. Although the impatiens and petunias displayed poor growth (46–55% and 42–56% of dry weight, respectively) in the BA-mixed substrates compared to the BM2, no apparent differences in the seedling growth of periwinkles and globe amaranths were found between 7:3 (coir dust:BA) substrate and BM2. These results indicated that the BA-mixed substrates had the potential to replace the commercial germinating media. The plants grown in the BA-mixed substrates contained Cd, but it was unlikely to be derived from the BA.
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1. Introduction


Although coal-fired power generation is regulated to reduce environmental pollution, it still continues to dominate as a source of global electricity generation. Coal ash, a by-product of coal-fired power generation, is discarded as waste and its quantity has increased [1]. In the USA, approximately 130 million tons of coal ash were produced in 2014, rendering it one of the largest contributors to industrial waste [2]. Coal ash is broadly classified into fly ash and bottom ash (BA). Fly ash is a powdery fine particle with physical properties similar to those of cement, while BA can be used as a granule with a diameter of 1 mm or more [3].



While coal ash has been studied and commercialized for use in road construction and embankment materials [4], BA has various advantages as a substrate for plants. BA is less dense than sand and is a cheaper alternative to perlite, vermiculite, or sand, and can be used to increase substrate porosity [5]. Although organic materials such as sphagnum moss, rice hulls, and bark are susceptible to corrosion and can change the physical and chemical properties of the substrate during long-term plant cultivation [6,7,8], BA does not significantly change the properties of the substrate, even after long-term use, because it is an inorganic component. Coir dust is the waste material made from coconut husk and is widely used as a sphagnum peat substitute in soilless growing media for potted plant production [9]. Coir dust could have a similar level of water-holding capacity as sphagnum peat, and it has the advantage of being cheaper and more environmentally friendly than sphagnum peat. However, to use coir dust as a medium, perlite is added to increase air space and drainage in the substrate. In the growth of petunia and marigold, the greatest height and shoot fresh weight occurred in a substrate mixed with coir dust and perlite in an 8:2 ratio [10]. Coir dust has a low bulk density ranged from 0.04 to 0.08 g·cm−3 [11] and the 8:2 (coir dust:perlite) substrate was only 0.09 g·cm−3 [10], so there is a risk of falling due to external wind or impact when growing plants in pots. BA has a bulk density of 0.6 g·cm−3 [12] and has the advantage of providing physical support for the pots and containers while giving an air space in the coir dust-based substrate. The physical and chemical properties of BA were investigated according to the particle size, and the optimum mixing ratio between coir dust and BA and its utilization as a horticultural substrate were evaluated [12]. Although the addition of BA lowered the amounts of easily available water (EAW) and buffering water (BW) in the substrate, it increased the air space in the substrate, thus rendering it suitable for the growth of plants that require air space in the root zone. Many studies have reported that mixtures of BA and other materials, such as bark or pine wood, can be used as substrates for the cultivation of roses [13], poinsettias [14,15,16], and hydrangeas [17,18].



Previous studies have mainly focused on the growth of plants in substrates containing coal BA [13,14,15,16,17,18], but few studies have focused on the applicability of these substrates for the germination and seedling development stages. Unlike adult plants, root development begins in a seedling stage, so below-ground environments such as substrates have a significant effect on the growth of seedlings [19]. In the previous study, BA was used as a supplemental material in the substrates for the plants where their roots were already developed, but the effect of BA in the substrates for the germination and seedling production was not tested, where the root development of plants would be initiated. Further, using BA as a part of the substrate materials for bedding plant seedling production would have less impact on human consumption or soil contamination by potential contents of heavy metals in BA, since bedding plants are not dietary but for their aesthetic values, and their volume in the substrates for seedling substrates are small.



Incorporating BA as a part of substrate materials for seedling production may have a benefit to increase the root development of bedding plants. When maize (Zea mays) seedlings were grown in soil with various air-filled porosities, a secondary root growth increased as the air space in soil increased, and the availability of oxygen promoted secondary root initiation [20]. Also, well-drained media are suitable for all bedding plants used in the experiments, and it is recommended to be sure to allow the substrates to dry out thoroughly between irrigations to prevent root disease [21]. The substrate in which BA is mixed is suitable for the growth of bedding plants because it would improve the drainage of the media.



Therefore, we hypothesized that the addition of BA would increase the percentage of air space in the substrate and affect seedling growth of bedding plants without having a negative effect on dietary consumption. Moreover, further studies are warranted because the physical properties of substrates mixed with various proportions of coal BA, and the heavy metal contamination in plants grown using them, have not been adequately investigated. The purpose of our experiment was to investigate (1) the physical properties of each coal BA-mixed substrate and (2) the germination, seedling growth, and heavy metal content of four bedding plants grown in these coal BA-mixed substrates. We used periwinkle, globe amaranth, impatiens, and petunia as plant materials in our experiments, which are commonly used as bedding plants in Asia and the United States. Bedding plants used in this study were among the top 50 annual bedding and garden plants sales in the United States in 2019, where petunia and impatiens ranked the 1st and 5th with the annual sales values of 238 and 91 million USD, respectively [22].




2. Materials and Methods


2.1. Substrates Characterization


We obtained the BA from Korea Midland Power Co., Ltd. (Boryeong, Korea) on 23 February 2016, and imported coir dust (Natural Peat, EF Top, Yongin, Korea) from Sri Lanka. Before mixing the BA and coir dust substrates, the BA was sieved through a 3.0 mm mesh and only the BA particles that passed through the mesh were used as experimental material. The coir dust and BA were mixed at volume ratios of 10:0 (100% coir dust), 9:1, 8:2, 7:3, and 6:4 and a commercial germinating media (BM2; Berger Peat moss, Saint-Modeste, QC, Canada) was also tested as a control.



To investigate the particle size distribution of the mixed substrates, the substrates with various ratios of coir dust and BA were oven-dried at 105 °C for 24 h and 100 g samples were measured and used for analysis. After shaking for 30 min with a sieve shaker using differentsized sieves (2.80, 1.40, 0.71, 0.36, 0.15, and 0.106 mm), the weight of the remaining sample in each sieve was measured.




2.2. Physical Properties of the Substrates


The physical properties of the substrate mixes, including air space, container capacity, and solids ratio, were determined using the NCSU porometer developed by North Carolina State University [23]. The steel cylinder was filled with the substrate as per the method described by Bilderback [24]. All pores of the substrate were then saturated with distilled water by performing bottom watering of the sample until the pores on the surface of the substrate were filled. After 15 min, the water was drained by the action of gravity, and the drainage volume was measured. Subsequently, the wet and dry substrates were weighed. The dry weight of the substrate was measured after oven-drying the sample completely at 105 °C. The air space, container capacity, and solids ratio were then calculated using the following equations:


Air Space (%) = (drainage/cylinder volume) × 100



(1)






Container capacity (%) = [(wet weight − dry weight)/cylinder volume] × 100



(2)






Solid (%) = [(cylinder volume − air space − container capacity)/cylinder volume] × 100



(3)








2.3. Hydraulic Property of Substrates


We used a sand box (Model 0 to 10 kPa, Eijekelkamp Agrisearch Equipment, Giesbeek, the Netherlands) and defined the EAW (1.0–5.0 kPa) and BW (5.0–10.0 kPa) to investigate the retention curves of the mixed coir dust and BA substrates. The ratio of EAW to BW was calculated according to the methods reported by Milks [25] and Wallach [26].




2.4. EC and pH of Substrates


Electrical conductivity (EC) and pH of the substrates mixed with coir dust and BA were measured using the saturated paste method [27]. Each substrate was saturated with distilled water for 2 h for reaching chemical equilibrium. The paste was passed through a filter paper and measured EC and pH by a multiparameter meter (Orion star A215, Thermo Scientific, Waltham, MA, USA).




2.5. Seed Germination and Seedling Growth of Ornamental Plants


Periwinkle (Catharanthus roseus ‘Pacifica XP Polka Dot’), globe amaranth (Gomphrena globosa ‘Buddy Purple’), impatiens (Impatiens walleriana ‘Super Elfin XP Deep Pink’), and petunia (Petunia multiflora ‘Damask Blue’) seeds were purchased from Ball Horticultural Co., West Chicago, IL, USA, on 14 March 2016. A total of 24 treatments were conducted by combining the six substrate types and four plant species. Four replicates were considered per treatment. The seeds were sown in 128-cell trays filled with each coir dust and BA substrate mixture; every 16 cells were considered as a single treatment replicate. The seeds were sown on 23 March 2016, in an experimental glasshouse at Korea University in Seoul. Top watering was performed until the seeds germinated, and from 12 April, seedlings were fertigated with a 20 N–8.7 P–16.6 K water-soluble fertilizer (Multifeed; Haifa Chemicals, Haifa Bay, Israel) solution at a rate of 500 mg·L−1. Sufficient watering and fertigation were carried out daily to prevent water stress from on the plants, following the standard practice of most practical seedling producers. The final germination percentage and the number of days to germination were recorded until 13 April. We considered the germination that the shoot or cotyledons came out through the soil. On 12 May, seedling growth variables, including the leaf number, chlorophyll content (SPAD value), and the shoot and root fresh/dry weights were measured. During the experiment, the temperature, RH, and DLI inside the glasshouse were measured using a temperature and humidity sensor (VP-3; Decagon Devices, Pullman, WA, USA) and a photosynthetic photon flux sensor (QSO-Sun; Apogee Instruments, Logan, UT, USA) connected to a data logger (CR1000; Campbell Scientific, Logan, UT, USA). During the experiment, average daily temperature, RH, and DLI in the glasshouse were 22 ± 2.0 °C (mean ± SD), 54 ± 10.2%, and 12 ± 4.5 mol·m−2·d−1, respectively.




2.6. Heavy Metal Analysis of Plants


The heavy metals in the plants were extracted using CaCl2 extraction [28] and measured according to the method described by the Rural Development Administration [29]. Cd and Pb were analyzed using an inductively coupled plasma-optical emission spectrometer (730 Series, Agilent, Santa Clara, CA, USA).




2.7. Statistical Analysis


The experimental design for the seed germination and growth experiment was a randomized complete block design (n = 4). The particle size distribution, physical and hydraulic properties, and EC and pH of the substrates and the heavy metal content of the plants were measured in triplicate for each substrate. All data were tested using analysis of variance, followed by the Fisher’s least significant difference test for multiple comparisons using the SAS software (version 9.4; SAS Institute, Cary, NC, USA).





3. Results and Discussion


3.1. Characteristics of Mixed Coir Dust and BA Substrates


In the 100% coir dust and BM2 substrate, particles smaller than 1.40 mm occupied more than 80% of the total substrate (Figure 1). However, as the BA content increased, the proportion of relatively large particles (>1.40 mm) increased. The addition of BA increased the proportion of larger particles, particularly those with sizes ranging between 1.40 and 2.80 mm, which, in the 6:4 (coir dust:BA) substrate, consisted of more than 60% of the sample. In the BM2, the air space, container capacity, and solids ratios were 12%, 77%, and 12%, respectively (Table 1). All mixed coir dust and BA substrates had lower container capacities than that observed in the BM2. The container capacities of the 10:0, 9:1, 8:2, 7:3, and 6:4 (coir dust:BA) samples were 63%, 61%, 58%, 54%, and 53%, respectively. The porosity characteristics, such as the air space and container capacity, of horticultural substrates, depend on the size of the coal ash. Silt-sized particles of coal ash are known as fly ash, and their addition to the substrate reduces the air spaces in the substrate [12]. However, most of the BA particles used in this experiment were relatively large (sizes ranging between 1.40 and 2.80 mm; Figure 1). Therefore, as the proportion of BA increased, the container capacity decreased but the percentage of solid matter increased (Table 1). Owing to these BA characteristics, the air space ratios of the BA-mixed substrates were higher than those of the commercial germinating substrate BM2, and none of the mixed substrates reached the container capacity of the BM2 (Table 1).



In the BM2, there was approximately 0.29 m3·m−3 EAW (0.33–0.62 m3·m−3), which was higher than that of the coir dust and BA mixtures (Figure 2). The EAW in the 10:0, 9:1, 8:2, 7:3, and 6:4 mixed substrates were 0.20, 0.19, 0.18, 0.13, and 0.11 m3·m−3, respectively, thereby suggesting a decrease in EAW with an increasing BA portion. The substrates with higher proportions of BA had lower EAW values than the BM2 (Figure 2) and indicated the necessity of conducting more careful water management than the commercial horticultural substrate. However, in this experiment, top watering and fertigation was performed daily, and thus, there was no case of severe water shortage. Furthermore, provision of sufficient air space in the substrate may have a positive effect on the germination and seedling growth of certain species. Previous research reported that the seed germination and biomass (shoot and root dry weights) of asparagus were high in substrates with a high air space ratio [30]. Similarly, the growth of tomato seedlings decreased in potting mixtures containing 100% pig manure vermicompost, because of the poor porosity and aeration of the substrate [31]. Seed germination requires sufficient aeration because the process involves oxygen for respiration during the germination process. Thus, provision of good aeration with BA as a substitute for perlite may enhance germination and seedling quality.



The EC of coir dust 100%, 9:1, 8:2, 7:3, 6:4 (coir dust:BA), and BM2 were 0.85, 0.69, 0.63, 0.60, 0.57, and 0.87 dS·m−1, respectively, but there were no significant differences among substrates (Table 2). Coal ash is a by-product of coal-fired power generation, and it can contain plant nutrients such as Ca, Mg, S, and B, which are necessary for plant growth [32]. However, we found no significant differences among substrates in EC, indicating that it was difficult to judge that BA played a role in providing specific elements. Coir dust was the main cause of increasing the EC of the substrate and the EC was the highest at 0.85 dS·m−1 in coir dust 100% (Table 2). Depending on the coir dust source, the EC of coir dust ranged from 0.3 to 2.9 dS·m−1 [11] and varied from 0.39 to 5.97 dS·m−1 [33]. The coir dust contained a high level of potassium, sodium, and chloride, which increased the EC, and possibly because coconut cultivation managers fertilized with KCl or NaCl [11]. Although these excess soluble salts of coir dust could be easily and effectively leached through customary irrigation, when growing salt-sensitive plants, the grower’s attention is required to use coir dust as a substrate [33]. When the EC of the media extracted through the saturation extract method was in the range of 0.75–1.99 dS·m−1, it was suitable for seedlings and salt-sensitive plants [34]. Because the EC range of the substrates used in this experiment was 0.3 to 0.85 dS·m−1 (Table 2), they were not probably problematic in germinating and seeding growth in our experiment.



The carbon/nitrogen (C/N) ratio of coir dust was known to be high because of low water-soluble nitrogen content. The C/N ratio of coir dust ranged from 75 to 186 depending on the source and was higher than that of commercial sphagnum peat [33]. This high C/N ratio could inhibit the mobility of soluble nitrogen when coir dust was used as substrate for plants. However, most of the carbon components of coir dust were lignin and cellulose, which were difficult to degrade by microorganisms [33]. Moreover, the slight nitrogen deficit when coir dust was used as a substrate could be overcome through applying conventional fertilization [35]. We applied daily fertigation after seed germination to supply nitrogen to the seedlings, and nitrogen might be available for the seedlings. More precisely, the nitrogen content in plant tissue should be quantified, but in this study, the nitrogen content could not be measured.




3.2. Seed Germination


There were no significant differences in the final germination percentage (p ≤ 0.05) of each species among the substrates (Table 3). The final germination percentages of the periwinkles, globe amaranths, impatiens, and petunias were approximately 61–80%, 75–92%, 95–100%, and 77–92%, respectively. The days to germination of the periwinkles, globe amaranths, impatiens, and petunias were approximately 4, 7, 12, and 10 days, respectively, and there were also no significant differences among the different substrates. This was because seed germination occurred within a short 2-week period in this experiment and was mainly determined by the innate characteristics of seeds, thus indicating that the physical properties of substrates did not exert a significant effect on this parameter. Similar results were found in a previous study, which showed differences in asparagus seedling growth in substrates with various physical properties, but not in the final germination percentage [30].




3.3. Seedling Growth


3.3.1. Periwinkles


Although the leaf number and root dry weight of the periwinkle seedlings did not differ across the substrates, the plant height, total chlorophyll content (SPAD units), leaf area, and shoot dry weight in the 10:0, 9:1, and 8:2 (coir dust:BA) substrates were significantly lower than those in BM2 (Table 4). However, the seedlings grown in the 7:3 and 6:4 mixed substrates showed similar plant heights and leaf areas to those grown in BM2. Furthermore, the shoot and total dry weights were similar between the 6:4 and BM2 substrates. This is likely because the mixed substrates with relatively high BA content would provide better aeration, thus enhancing periwinkle seedling growth.




3.3.2. Globe Amaranth


There were no significant differences in the leaf area, shoot dry weight, or root dry weight of the globe amaranth seedlings between any of the substrates (Table 4). In contrast to the periwinkle seedling results, application of the 6:4 mixed substrate showed the lowest plant height. Although there were significant differences in plant height, SPAD value, and total dry weight, the plants did not show any unique trends. Among the mixed substrates, the seedlings grown using the 7:3 substrate, which had a relatively high BA content, showed a similar dry weight to the BM2 seedlings, and this mixture is therefore considered a suitable BA-mixed substrate for global amaranth seedling growth.




3.3.3. Impatiens


The growth parameters of the impatiens seedlings grown in BM2 were higher than those of any of the mixed substrates (Table 4). The number of leaves and leaf area of the impatiens seedlings in the BM2 were approximately 27% and 43% higher than those of the substrates containing coir dust and BA. Furthermore, the shoot dry weight, root dry weight, and total dry weight of impatiens seedlings grown in the coir dust and BA mixtures were reduced by 48%, 63%, and 47%, respectively, compared to the seedlings grown in BM2, suggesting that the mixed coir dust and BA substrate might not be suitable for impatiens.




3.3.4. Petunia


The petunia seedlings grown in BM2 had the highest plant height, number of leaves, and leaf area among all the treatments (Table 4). The shoot dry weight, root dry weight, and total dry weight of the seedlings grown in BM2 were approximately double those of the seedlings grown in the mixed coir dust and BA substrates, regardless of the mixing ratio. Likewise, petunia seedling growth in the mixed coir dust and BA substrates was not comparable to that of seedling grown in the commercial propagation substrate.




3.3.5. Seedling Growth Comparisons among the Four Bedding Plants


Depending on the plant species, the capacity of the mixed coir dust and BA substrates to replace the commercial substrate BM2 in seedling production differed. For periwinkles and globe amaranths, seedling growth in the mixed coir dust and BA substrates at a 7:3 or 6:4 ratio was similar to that in BM2. However, the 10:0, 9:1, and 8:2 mixed substrates, which had relatively low BA content, reduced seedling growth compared to the 7:3 and 6:4 mixed substrates. This might be because the proportion of the air space increased when BA was added (Table 1) and increasing the air space ratio in the substrate was favorable for periwinkle and globe amaranth seedling growth.



However, these results are contrary to those reported by a few previous reports. For example, geraniums, marigolds, and petunias grown in substrates with lower air space ratios and higher container capacities had greater shoot fresh weights than those grown in substrates with higher air space ratios and lower container capacities [10]. Tilt [36] also showed that, in several landscape species, shoot growth increased with increasing substrate container capacity. These conflicting results were assumed to have been affected not only by the physical properties of the substrates but also by the irrigation method used. In insufficiently watered experimental conditions, plants grow better in a substrate with a high container capacity. However, high container capacity does not always promote plant growth. If the water supply is sufficient, the pores become filled with water, hindering plant root respiration. Plant root respiration provides energy for root growth and maintenance, ion absorption, and the transportation of nutrients to the xylem [37]. Oxygen deficiencies in the root zone are limiting to several important cellular physiological processes, including the biosynthesis of heme, sterol, and fatty acids, and cause high energy consumption to increase the anaerobic generation of ATP by cytosolic glycolysis [37,38]. This negatively affects plant growth. Woodard [13] reported that there was a decrease in the diameter of marigold flowers grown in rock wool, which has a container capacity 27% higher than that of coal BA. In our experiment, abundant top watering was performed daily and we considered that there was no water deficit.



In contrast to the periwinkles and globe amaranths, the quality of the impatiens and petunia seedlings produced in the mixed coir dust and BA substrates was inferior to those grown in BM2 (Table 4), and this might not be attributed to the physical properties of the substrates alone. Although BM2 is mainly composed of peat moss and perlite, it also contains seedling fertilizers such as nitrogen, phosphorus, potassium, and other trace minerals. Thus, BM2 might have provided better conditions for impatiens and petunia seedling growth than the mixed coir dust and BA substrates, which might not have contained enough nutrients for those species. To commercialize the mixed coir dust and BA substrates, appropriate nutrient incorporation should be considered.





3.4. Heavy Metals in Plants


Although the species used in the present experiment were ornamental bedding plants, we tested their heavy metal content to determine the detrimental effect of BA on heavy metal accumulation in the plants. Based on the ‘Maximum levels for certain contaminants in foodstuffs’ set by the European Union, the heavy metal content recommendations for leaf vegetables are 0.2 mg·kg−1 or less of Cd and 0.3 mg·kg−1 of Pb [39]. The Pb accumulated in the periwinkles, globe amaranths, impatiens, and petunias was either not detected or was below 0.3 mg·kg−1 (Table 5). However, more than 0.2 mg·kg−1 Cd was detected in the globe amaranths, impatiens, and petunias. The recommended amount of Cd was exceeded in the globe amaranths grown in the 10:0 (0.4 mg·kg−1), 8:2 (0.3 mg·kg−1), 7:3 (0.3 mg·kg−1), and 6:4 (0.2 mg·kg−1) mixed substrates; in the impatiens grown in the 10:0 (1.3 mg·kg−1), 9:1 (1.1 mg·kg−1), 8:2 (1.3 mg·kg−1), 7:3 (0.9 mg·kg−1), and 6:4 (0.7 mg·kg−1) mixed substrates; and in the petunias grown in the 10:0 (0.6 mg·kg−1), 9:1 (0.2 mg·kg−1), and 8:2 (0.4 mg·kg−1) mixed substrates. Since the amount of heavy metals in the substrates mixed with coir dust and BA was not measured in this study, we could not confirm how the Cd detected in the plants was transferred from the substrate. In other studies, some heavy metals were detected in the substrate used for plant production depending on the substrate type. When composted herb residues were mixed, approximately 4 mg·kg−1 of Cd were also detected [40]. We assumed that the coir dust used in our experiment contains some Cd and that it could be transferred to plants, but additional research is needed to prove this. However, what was interesting about our results was that the amount of Cd detected in plants in impatiens was the highest at 1 mg·kg−1, 2~4 times higher than that of other plant species (Table 5). Impatiens was known as a hyperaccumulator of heavy metal and has a better ability to absorb heavy metals than petunia [41]. Our study supports the study that plant species have different capacities to absorb heavy metals.



However, it was difficult to determine whether this heavy metal contamination originated from the BA because Cd was also detected in some of the seedlings grown in substrates with a relatively low BA ratio and in BM2. Coal ash is known to be capable of absorbing heavy metals. Coal fly ash, which has a smaller particle size than BA, is a good absorbent material for removing Pb, Zn, and Cd [42]. Although the ability of plants to absorb heavy metals is a species–specific characteristic, the Pb content of the plants grown in the 7:3 and 6:4 (coir dust:BA) substrates, which contained relatively high BA concentrations, was lower than that of plants grown in 100% coir dust (Table 5). Furthermore, as the recommended amounts of Cd and Pb were based on leafy vegetables and ornamental plants are not used for food, application of BA for the growth of ornamental plants may pose a few challenges.





4. Conclusions


This study suggests that BA can potentially be used for the seedling production of bedding plants. As BA consists of large particles, it can be used as a substrate to replace perlite. A mixture of coir dust and BA at a ratio of 7:3 was found to be favorable for growing periwinkle and globe amaranth seedlings. However, it should be considered that this optimal ratio may vary depending on the irrigation method. The effect of heavy metals from the coal BA accumulating in the plants was insignificant. The use of BA is expected not only to save substrate material costs, but also to reduce the burden on the environment, as the by-products of coal-fired power generation are reused. However, since there may be a negative environmental impact when using BA as a substrate, a long-term environmental assessment should also be investigated further.
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Figure 1. Particle size distributions in mixed coir dust and coal bottom ash (BA) substrates, and in a commercial germinating mixture BM2. 
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Figure 2. Water retention curve in mixed coir dust and coal bottom ash (BA) substrates and in a commercial germinating mixture BM2. 
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Table 1. Percentages of air space, container capacity, and solid matter in mixed coir dust and coal bottom ash (BA) substrates and in a commercial germinating mixture BM2.
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Substrates

(Coir Dust:BA)

	
Air Space

(%)

	
Container Capacity

(%)

	
Solid

(%)

	
Bulk Density

(g·cm−3)






	
10:0

	
25.5 ± 2.21

	
b

	
63.2 ± 1.82

	
b

	
11.4 ± 0.84

	
c

	
0.06 ± 0.001

	
f




	
9:1

	
26.5 ± 0.78

	
ab

	
61.1 ± 1.07

	
b

	
12.4 ± 0.54

	
c

	
0.12 ± 0.001

	
d




	
8:2

	
26.2 ± 1.64

	
ab

	
58.6 ± 1.36

	
c

	
15.3 ± 0.78

	
b

	
0.16 ± 0.003

	
c




	
7:3

	
28.0 ± 0.74

	
a

	
54.9 ± 1.84

	
d

	
17.0 ± 1.18

	
ab

	
0.21 ± 0.004

	
b




	
6:4

	
27.7 ± 0.95

	
ab

	
53.7 ± 0.18

	
d

	
18.5 ± 0.99

	
a

	
0.25 ± 0.003

	
a




	
BM2

	
11.7 ± 1.33

	
c

	
76.6 ± 0.94

	
a

	
11.7 ± 2.25

	
c

	
0.10 ± 0.001

	
e




	
Significance

	
***

	
***

	
***

	
***








Mean ± SD. Mean values with the same letter are not significantly different (p ≤ 0.05), as per results based on the Fisher’s least significant difference test (n = 3). ***, significant at p ≤ 0.001 after ANOVA.
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Table 2. Electric conductivity and pH in substrates mixed with coir dust and coal bottom ash (BA) and commercial germinating mixture BM2.






Table 2. Electric conductivity and pH in substrates mixed with coir dust and coal bottom ash (BA) and commercial germinating mixture BM2.





	Substrates

(Coir Dust:BA)
	EC

(dS·m−1)
	pH





	10:0
	0.85 ± 0.168
	4.59 ± 0.420



	9:1
	0.69 ± 0.068
	4.82 ± 0.287



	8:2
	0.63 ± 0.110
	4.88 ± 0.167



	7:3
	0.60 ± 0.095
	4.92 ± 0.099



	6:4
	0.57 ± 0.061
	4.86 ± 0.159



	BM2
	0.87 ± 0.199
	5.36 ± 0.236



	Significance
	NS
	NS







Mean ± SD. NS, not significant at p ≤ 0.05 after ANOVA (n = 3).
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Table 3. The final germination percentages and days to germination of four bedding plants (Catharanthus roseus, Gomphrena globosa, Impatiens walleriana, and Petunia multiflora) sown in mixed coir dust and coal bottom ash (BA) substrates and in a commercial germinating mixture BM2.






Table 3. The final germination percentages and days to germination of four bedding plants (Catharanthus roseus, Gomphrena globosa, Impatiens walleriana, and Petunia multiflora) sown in mixed coir dust and coal bottom ash (BA) substrates and in a commercial germinating mixture BM2.





	
Substrates

(Coir Dust:BA)

	
Germination Rate (%)

	

	
Days to Germination




	
C. roseus

	
G. globosa

	
I. walleriana

	
P. multiflora

	

	
C. roseus

	
G.globosa

	
I. walleriana

	
P. multiflora






	
10:0

	
77 ± 4.7

	
75 ± 10.2

	
97 ± 1.8

	
77 ± 4.7

	

	
15 ± 0.3

	
7 ± 0.3

	
12 ± 0.2

	
9 ± 0.3




	
9:1

	
61 ± 9.0

	
95 ± 3.0

	
100 ± 0.0

	
91 ± 9.0

	

	
14 ± 0.3

	
7 ± 0.3

	
13 ± 0.2

	
9 ± 0.2




	
8:2

	
66 ± 5.4

	
88 ± 7.7

	
95 ± 1.6

	
92 ± 5.4

	

	
15 ± 0.4

	
7 ± 0.3

	
12 ± 0.2

	
9 ± 0.2




	
7:3

	
75 ± 2.6

	
89 ± 3.9

	
98 ± 1.6

	
84 ± 2.6

	

	
15 ± 0.3

	
7 ± 0.3

	
12 ± 0.2

	
9 ± 0.2




	
6:4

	
80 ± 8.2

	
86 ± 6.4

	
97 ± 1.8

	
88 ± 8.2

	

	
15 ± 0.3

	
7 ± 0.3

	
12 ± 0.2

	
9 ± 0.2




	
BM2

	
77 ± 4.7

	
92 ± 3.9

	
100 ± 0.0

	
88 ± 4.7

	

	
15 ± 0.3

	
8 ± 0.3

	
11 ± 0.2

	
10 ± 0.5




	
Significance

	
NS

	
NS

	
NS

	
NS

	

	
NS

	
NS

	
NS

	
NS








Mean ± SE. NS, not significant at p ≤ 0.05 after ANOVA.
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Table 4. The growth parameters of the four bedding plants grown for 7 weeks in mixed coir dust and coal bottom ash (BA) substrates and in a commercial germinating mixture BM2.
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Substrates

(Coir Dust:BA)

	
Plant Height

(cm)

	
Total Chlorophyll Content

(SPAD Units)

	
No. of Leaves

	
Leaf Area

(cm2)

	
Shoot Dry Weight (mg)

	
Root Dry

Weight (mg)

	
Total Dry Weight

(mg)






	
Catharanthus roseus ‘Pacifica XP Polka Dot’




	
10:0

	
4 ± 0.2

	
c

	
39 ± 1.3

	
b

	
12 ± 0.3

	
19 ± 0.9

	
c

	
44 ± 4.6

	
c

	
7 ± 3.1

	
51 ± 5.9

	
c




	
9:1

	
4 ± 0.1

	
c

	
39 ± 1.0

	
b

	
12 ± 0.2

	
23 ± 0.9

	
b

	
59 ± 5.4

	
b

	
3 ± 0.3

	
62 ± 5.5

	
bc




	
8:2

	
4 ± 0.1

	
c

	
41 ± 0.8

	
b

	
12 ± 0.3

	
22 ± 0.8

	
b

	
61 ± 2.5

	
b

	
4 ± 0.5

	
65 ± 3.0

	
bc




	
7:3

	
4 ± 0.1

	
bc

	
40.6 ± 1.0

	
b

	
12 ± 0.2

	
24 ± 1.0

	
ab

	
63 ± 5.1

	
b

	
5 ± 0.3

	
68 ± 5.5

	
b




	
6:4

	
4 ± 0.1

	
a

	
41 ± 0.6

	
b

	
12 ± 0.3

	
24 ± 1.0

	
ab

	
64 ± 5.6

	
ab

	
4 ± 1.2

	
68 ± 0.6

	
ab




	
BM2

	
4 ± 0.1

	
ab

	
44 ± 1.2

	
a

	
11 ± 0.3

	
26 ± 1.0

	
a

	
77 ± 4.2

	
a

	
6 ± 0.9

	
83 ± 0.5

	
a




	
Significance

	
*

	
**

	
NS

	
***

	
**

	
NS

	
*




	
Gomphrena globosa ‘Buddy Purple’




	
10:0

	
7 ± 0.4

	
abc

	
30 ± 0.6

	
b

	
9 ± 0.4

	
bc

	
28 ± 1.3

	
72 ± 5.1

	
14 ± 0.9

	
86 ± 5.8

	
ab




	
9:1

	
8 ± 0.2

	
ab

	
30 ± 0.7

	
b

	
8 ± 0.3

	
c

	
26 ± 1.2

	
62 ± 5.4

	
13 ± 1.7

	
75 ± 7.0

	
b




	
8:2

	
7 ± 0.2

	
abc

	
30 ± 0.9

	
ab

	
9 ± 0.5

	
bc

	
26 ± 1.0

	
66 ± 6.0

	
14 ± 1.1

	
79 ± 6.9

	
b




	
7:3

	
7 ± 0.1

	
bc

	
32 ± 0.6

	
a

	
10 ± 0.5

	
a

	
29 ± 0.7

	
87 ± 4.4

	
16 ± 1.5

	
103 ± 5.3

	
a




	
6:4

	
7 ± 0.2

	
c

	
33 ± 0.5

	
a

	
10 ± 0.5

	
ab

	
28 ± 1.3

	
76 ± 2.6

	
16 ± 1.2

	
93 ± 3.7

	
ab




	
BM2

	
8 ± 0.3

	
a

	
31 ± 0.9

	
ab

	
9 ± 0.3

	
c

	
30 ± 1.7

	
87 ± 12.9

	
18 ± 1.7

	
105 ± 12.2

	
a




	
Significance

	
*

	
*

	
*

	
NS

	
NS

	
NS

	
*




	
Impatiens walleriana ‘Super Elfin XP Deep Pink’




	
10:0

	
4 ± 0.1

	
b

	
29 ± 1.4

	
c

	
14 ± 0.2

	
b

	
27 ± 0.7

	
b

	
46 ± 1.6

	
b

	
7 ± 1.5

	
ab

	
53 ± 1.8

	
ab




	
9:1

	
4 ± 0.0

	
b

	
30 ± 0.5

	
bc

	
14 ± 0.2

	
b

	
29 ± 0.7

	
b

	
51 ± 3.2

	
b

	
4 ± 0.4

	
bc

	
55 ± 3.6

	
ab




	
8:2

	
4 ± 0.1

	
b

	
32 ± 0.6

	
b

	
14 ± 0.2

	
b

	
29 ± 0.7

	
b

	
47 ± 1.7

	
b

	
4 ± 0.5

	
bc

	
50 ± 1.6

	
ab




	
7:3

	
4 ± 0.1

	
b

	
3 ± 0.5

	
b

	
13 ± 0.2

	
c

	
28 ± 0.9

	
b

	
43 ± 2.0

	
b

	
3 ± 0.4

	
bc

	
46 ± 2.3

	
b




	
6:4

	
4 ± 0.1

	
b

	
32 ± 0.7

	
b

	
14 ± 0.2

	
b

	
29 ± 1.5

	
b

	
50 ± 2.0

	
b

	
3 ± 0.3

	
c

	
53 ± 1.7

	
ab




	
BM2

	
7 ± 0.2

	
a

	
37 ± 0.6

	
a

	
17 ± 0.4

	
a

	
41 ± 1.6

	
a

	
89 ± 9.3

	
a

	
11 ± 1.9

	
a

	
101 ± 11.0

	
a




	
Significance

	
***

	
***

	
***

	
***

	
***

	
*

	
*




	
Petunia multiflora ‘Damask Blue’




	
10:0

	
4 ± 0.2

	
c

	
32 ± 1.5

	
10 ± 0.5

	
c

	
26 ± 2.1

	
c

	
60 ± 4.8

	
b

	
5 ± 0.8

	
b

	
65 ± 4.7

	
c




	
9:1

	
4 ± 0.1

	
b

	
33 ± 1.5

	
11 ± 0.2

	
ab

	
31 ± 1.4

	
bc

	
73 ± 5.6

	
b

	
5 ± 1.2

	
b

	
78 ± 6.2

	
bc




	
8:2

	
4 ± 0.2

	
ab

	
34 ± 2.0

	
11 ± 0.4

	
bc

	
34 ± 1.9

	
b

	
80 ± 9.9

	
b

	
6 ± 0.8

	
ab

	
86 ± 10.1

	
b




	
7:3

	
4 ± 0.1

	
b

	
37 ± 1.0

	
12 ± 0.4

	
a

	
34 ± 1.0

	
b

	
80 ± 5.2

	
b

	
6 ± 0.5

	
ab

	
86 ± 5.3

	
b




	
6:4

	
4 ± 0.1

	
b

	
34 ± 1.4

	
11 ± 0.4

	
bc

	
32 ± 1.2

	
b

	
76 ± 5.3

	
b

	
6 ± 0.9

	
ab

	
83 ± 5.4

	
bc




	
BM2

	
5 ± 0.2

	
a

	
34 ± 1.0

	
12 ± 0.4

	
a

	
50 ± 2.5

	
a

	
135 ± 9.1

	
a

	
20 ± 3.0

	
a

	
155 ± 8.9

	
a




	
Significance

	
**

	
NS

	
**

	
***

	
***

	
*

	
***








Mean ± SE. Mean values with the same letter are not significantly different (p < 0.05), as per results based on the Fisher’s least significant difference test (n = 4). NS, not significant; *, **, ***, significant at p ≤ 0.05, 0.01, or 0.001, respectively.
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Table 5. The heavy metal contents in four bedding plants (Catharanthus roseus, Gomphrena globosa, Impatiens walleriana, Petunia multiflora) seedlings grown for 7 weeks in substrates mixed with coir dust and coal bottom ash (BA) and commercial germinating mixture BM2.
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Substrates

(Coir Dust:BA)

	
Cadmium (mg·kg−1)

	

	
Lead (mg·kg−1)




	
C. roseus

	
G. globosa

	
I. walleriana

	
P. multiflora

	

	
C. roseus

	
G. globosa

	
I. walleriana

	
P. multiflora






	
10:0

	
0.2 ± 0.01 a

	
0.4 ± 0.07

	
1.3 ± 0.40 a

	
0.6 ± 0.02 a

	

	
-

	
-

	
-

	
-




	
9:1

	
0.1 ± 0.02 b

	
0.1 ± 0.01

	
1.1 ± 0.06 ab

	
0.2 ± 0.02 c

	

	
-

	
-

	
-

	
-




	
8:2

	
0.1 ± 0.02 b

	
0.3 ± 0.10

	
1.3 ± 0.04 a

	
0.4 ± 0.05 b

	

	
-

	
-

	
-

	
0.2 ± 0.10




	
7:3

	
0.0 ± 0.01 c

	
0.3 ± 0.03

	
0.9 ± 0.04 ab

	
0.1 ± 0.05 d

	

	
-

	
-

	
-

	
-




	
6:4

	
-

	
0.2 ± 0.07

	
0.7 ± 0.01 ab

	
0.0 ± 0.03 d

	

	
-

	
-

	
0.0 ± 0.01

	
-




	
BM2

	
-

	
-

	
0.1 ± 0.02 b

	
0.1 ± 0.02 d

	

	
-

	
-

	
0.1 ± 0.04

	
-




	
Significance

	
***

	
NS

	
*

	
***

	

	

	

	
NS

	








Mean ± SE. Means with the same letter are not significantly different (p < 0.05) using Fisher’s least significant difference (LSD) test (n = 3). NS, not significant; *, ***, significant at p ≤ 0.05, or 0.001, respectively.
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