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Abstract:  
This work investigated the environmental impact of ashes produced from combustion 

of various biomass wastes and one lignite, during experiments in a fluidized bed unit. 

Continuous leaching experiments were conducted in columns for the soil-ash mixtures. 

Solid materials were characterized by mineralogical and chemical analyses using X-

ray diffraction analysis and inductively coupled plasma mass spectrometer analysis. 

The leachates were analyzed for trace element concentrations and pH. According to 

the results, waste biomass ashes were rich in Cu, Zn, Sr, Mn and Cr, whereas the 

content of heavy metals in lignite ash was quite small. The bio-solid ash contained an 

elevated amount of Pb too. Toxic metal ions were released in low quantities through 

the soil, below the legislative limit values. The low extraction potential of the trace 

elements from the soil/ash mixtures was owned to the high alkalinity of the leachates, 

basically the presence of calcium minerals, as well as the mineralogical and chemical 

composition of the solids involved. The higher mobility of Sr and Cr from all ashes 

implies their potential association with exchangeables, carbonates, sulphates or 

organic matter. 
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1. Introduction 

Coal deposits constitute about 60% of fossil fuels worldwide, covering about 40% 

of electricity production [1]. Low rank coals are the indigenous fuels in many 

European countries. However, they are characterized by high ash contents, 

uncontrolled disposal of which may result in environmental pollution. Furthermore, 

these increase the consumption of fuels in combustion units. Thus, the use of 

alternative fuels, such as biomass waste materials as partial substitutes, is 

continuously increasing in recent years. Although woody materials of high quality and 

low ash are preferred, competition with the heating sector and regulations [2] for 

reduction of biodegradable wastes going to landfills (due to limited disposal sites, 
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high cost and environmental risk) push for thermal treatment of unconventional 

biomass materials, such as urban refuse, for power production. 

Fluidized bed combustion technology is considered one of the most advanced 

environmentally friendly methods for heat or power generation with many advantages. 

These are simple design and scaling-up potential, fuel flexibility, low operation 

temperature, minimal slagging/fouling or corrosion phenomena, low gaseous 

emissions, especially of SO2 and NOx, whereas high efficiency [1,3]. Different types 

of coals, solid wastes, or mixtures of them, have been successfully burned, or gasified 

in fluid bed systems [4,5,6,7,8,9].  

Nevertheless, like all combustion systems, fluidized beds produce fly and bottom 

ash residues, the amount and composition of which depend on feedstock type, plant 

configuration and operational conditions, as well as emission control devices [1,3,10]. 

Some minerals in ashes could become soil amendments upon their disposal [11,12,13], 

while most heavy metals may pose serious environmental problems through leaching 

into soil and ground waters, threatening plants, animals and humans [3,14]. 

The characterization of fly ashes from agricultural residues, or municipal solid 

wastes has been the subject of many previous investigations [3,15,16]. However, there 

is limited information on the leachability of the various elements through soils 

associated with the chemistry, the mineralogy, the pH and other factors of the 

materials involved [17,18]. Also, there is lack of data on solubility of toxic metals 

from lignite fly ashes [14] and their comparison with alternative fuels, in the context 

of co-firing applications.  

Therefore, the objective of this work was firstly to evaluate and compare both fly 

and bottom ashes obtained from the combustion of one lignite and agricultural, 

forestry and municipal wastes in a fluid bed system, by conducting chemical and 

mineralogical analyses. Secondly, to assess the environmental impact of these ashes 

upon disposal through continuous column leaching experiments, simulating field 

conditions. 

2. Materials and Methods 

2.1. Production of Ash Materials and Characterization 

The raw materials selected for this study were olive pruning (OP) and sewage 

sludge (SS) from the liquid waste treatment plant of Chania in Crete and a forest 

residue (FR) and a lignite (LP) from the area of Ptolemais in North Greece. 

Fly ashes were produced from combustion experiments in a fluidized bed unit, 

described in a previous work [19] (Figure 1). The bed material was NaAlSi3O8 and 

the minimum fluidization velocity was 0.12m/s. Feed rate was 0.72kg/h, particle size 

1-3mm, excess air ratio 1.4 and maximum temperature attained within the bed was ~ 

870°C. All ashes, after reactor cooling, were collected from the cyclone, weighed and 

subjected to unburned carbon analysis at 300°C overnight. In continuation, they were 

characterized by mineralogical and chemical analyses using X-ray diffraction analysis 

(XRD) and inductively coupled plasma mass spectrometer analysis (ICP-MS) Figure 

2, as well as by pH measurements. Mineralogical analysis of crystalline compounds 

was conducted with an XRD model D8 Advance of Bruker AXS, while chemical 

analysis of trace elements in the ashes was performed by an an ICP-MS 7500cx, 

coupled with an Autosampler Series 3000, by Agilent Technologies. The pH of the 

samples was measured using a Crison pHmeter from 5:1 water to solid slurries. 



Volume 3, 2019  ISSN: 2617-4553  

DOI: 10.31058/j.er.2019.33001 

Submitted to Energy Research, page 41-48                                                                                                             www.itspoa.com/journal/er 

 

Figure 1. Schematic diagram of fluidized bed system. 

  

Figure 2. XRD and ICP-MS analyzers. 

2.2. Leaching of Fly Ashes through the Soil  

The soil was collected from the area of Chania, Crete. It was sieved to a particle 

size of <2mm and analyzed for metals and mineral phases with the methods described 

above. Also, the ammonium acetate method was applied in order to measure its 

cation-exchange capacity [20]. 

 

Figure 3. Leaching columns. 
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The soil was mixed with each ash material at proportions 95:5, to simulate field 

conditions. The leaching experiments were performed in vertical columns with an ID 

of 2.5cm and a height of 20cm (Figure 3). About 100g of soil/ash mixture was 

introduced in the column and after soil saturation with purified water, the test was 

initialised. The hydraulic head was kept constant and the water was percolating 

through the column continuously (corresponding to the average annual quantity of 

rainfall in the area of Crete ~620mm). This configuration can predict the long-term 

leaching behaviour of the ashes upon deposition. The column effluent was collected in 

equal volume glass flasks, filtered through a micropore membrane filter and the pH of 

each extract was measured. The filtered leachates were prepared for chemical analysis. 

3. Results and Discussion  

3.1. Mineralogical Analysis  

Table 1. Mineralogical analysis of fluidized bed fly ashes. 

Mineral phases Soil 
Ptolemais 

lignite 

Forest 

residue 

Olive 

pruning 

Sewage 

sludge 

Quartz SiO2 +++ ++ + +++ ++ 

Calcite CaCO3   +++ ++ + 

Anhydrite CaSO4  ++ + +  

Lime CaO  ++    

Albite (Na,Ca)Al(Al,Si)3O8   + + ++ 

Muscovite 

KAl2(Si3AlO10)(OH)2 
+   + + 

Microcline KAlSi3O8    + + 

Paragonite 

NaAl2AlSi3O10(OH)2 
+     

Whitlockite 

Ca18Mg2H2(PO4)14 
    + 

Fairchildite K2Ca(CO3)2    +  

Hydroxyapatite 

Ca5(PO4)3(OH) 
   +  

Aphthitalite NaK3(SO4)2     + 

Hematite Fe2O3  + +  + 

Srebrodolskite Ca2Fe2O5     + 

Periclase MgO  +    

Gehlenite Ca2(Al(AlSi)O7)  ++    

Siderite FeCO3   ++   

Ferropargasite 

NaCa2Fe4AlSi6Al2O22(OH)2 
   +  

Monticellite CaMgSiO4  +    

+++: high intensity   ++: medium intensity   +: low intensity    

Table 1 shows that all ashes were dominated by Ca-based minerals in the forms of 

calcite (especially forest residue FR), anhydrite and to a lesser extent fairchildite, 

hydroxyapatite, ferropargasite, srebrodolskite and gehlenite. Quartz was abundant in 

olive pruning OP and the lignite LP, whereas albite, muscovite and microcline were 

remnants of elutriated inert bed material in the cyclone. Iron-base minerals were 

detected in considerable amounts in FR as hematite and siderite. Phosphorous was 

incorporated in whitlockite magnesian in sewage sludge SS ash and hydroxyapatite in 

OP ash, whereas potassium in aphthitalite in SS ash and fairchildite in OP ash. The 

soil was of quarzitic origin. The XRD spectra are illustrated in Figure 4. 
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Figure 4. XRD spectra of (a) soil, (b) Ptolemais lignite, (c) forest residue, (d) olive pruning and (e) 

sewage sludge fly ashes. 

3.2. Chemical Analysis  

Trace element concentrations in ashes are illustrated in Figure 5. Heavy metal levels 

of great environmental concern, such as As, Hg, Co and Cd, were omitted from the 

graphs, as they ranged from <0.4ppb to 4ppm. Waste material ashes were rich in Cu, 

Zn, Sr, Mn and Cr, in contrast to the lignitic ash. Forest residue ash was very rich in 

Mn (2123ppm) and Cu (1390ppm). On the other hand, sewage sludge ash was rich in 

Zn (1511ppm) and contained an elevated amount of Pb too (156ppm). The rather high 

concentration of Cr in fly ashes was attributed to furnace configuration, i.e some 

contamination with attrite of stainless steel inside the cyclone. This phenomenon has 

also been reported by previous investigations [21]. Heavy metal values were below 

the upper limit for disposal in landfills, in accordance with EU directives [22]. 
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Figure 5. Chemical analysis of fly ashes in trace elements. 

3.3. Leachability of Fly Ashes through the Soil 

The cumulative concentrations of trace elements leached through the soil/fly ash 

blends are summarized in Table 2. Cr and Sr were extracted in higher amounts from 

all ashes (Cr up to 7.4 mg/kg from SS ash and Sr up to 1.4 mg/kg from OP ash), while 

Mn and Zn were leached in elevated levels from FR (4.1 mg/kg and 0.5 mg/kg, 

respectively) and LP (4.2 mg/kg and 0.6 mg/kg, respectively) ashes. Nevertheless, all 

values were below the upper limits stipulated by the European Community directives 

[23]. The highest concentrations measured in the liquid extracts during the tests were 

obtained soon after the experiments were initialized. As Figure 6 shows, these values 

decreased rapidly with time of leaching.  

The leachability behaviour of present samples can be explained by the 

physicochemical properties of the soil, the pH and the mineralogical and chemical 

composition of the solid materials involved. The soil used could not adsorb any of the 

heavy or toxic substances, as its cation exchange capacity was found to be very low 

(4meq/100g). Furthermore, the pH of both solids and leachates was alkaline 

(pHsoil=8.2, pHOP=8.2, pHFR=10.9, pHSS=11.4, pHLP=11). According to Table 1, the 

ashes of the materials studied were enriched in alkaline minerals, mainly carbonates 

and hydroxides of calcium. These were released and dissolved in water, upon leaching 

of soil/ash mixtures, thus raising the pH. Figure 7, which represents the variation of 

leachates pH as a function of time, illustrates that the basic species were extracted in 

water at the beginning of the tests. The higher mobility of Sr and Cr through the soil 

implies their potential association with organic matter, exchangeables, carbonates or 

sulphates. On the other hand, the low migration of Ni, Cu and Pb indicates that these 

metals were partly adsorbed on stable oxide surfaces, or bound in aluminosilicates.  

Table 2. Cumulative trace element concentrations (ppb) in the leachates and relative mass 

leached (%). 

Sample Cr Ni Cu Zn Sr Mn pH 

Soil - - - - 
111.3 

(1.3)
* 

0.45 

(0.004) 
8-9.2 

Soil/OP 
747.0 

(8.8) 

0.3 

- 

71.4 

(2.4) 

49.9 

(0.37) 

1405.7 

(4.8) 

1.4 

(0.008) 
9.4-11 

Soil/FR 
287.0 

(3.0) 

60.0 

(0.8) 

251.0 

(2.4) 

510.0 

(6.6) 

930.0 

(3.0) 

4100.0 

(8.1) 
9.2-10.8 

Soil/SS 
7402.0 

(20.4) 

116.0 

(0.7) 

26.3 

(0.11) 

13.3 

(0.008) 

1007.0 

(2.0) 

8.0 

(0.002) 
8-8.7 

Soil/LP 
453.0 

(6.7) 

110.0 

(2.0) 

92.0 

(3.1) 

589.0 

(8.5) 

560.0 

(1.9) 

4184.0 

(10.5) 
9-10.5 
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*Values in parenthesis represent cumulative mass leached (%) 

 

Figure 6. Concentration of Cr leached from soil/fly ash mixtures as a function of time. 

 

Figure 7. Variation of leachates pH as a function of time. 

4. Conclusions 

Waste material fly ashes were rich in Cu, Zn, Sr, Mn and Cr, in contrast to the 

lignitic ash. Sewage sludge ash contained an elevated amount of Pb too. Toxic metal 

ions were released in low quantities through the soil, below the legislative limit values. 

The low leachability of the elements was attributed to the high alkalinity of the 

extracts basically due to Ca-bearing minerals, as well as the mineralogical and 

chemical composition of the solids involved. The higher mobility of Sr and Cr from 

all ashes and of Mn and Zn from the lignite and forestry waste ashes implies their 

potential association with exchangeables, carbonates, sulphates or organic matter. 
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