
Introduction

The necessity of limiting CO2 emissions coming 
from the production of electric power and heat makes 
us produce more and more energy from renewable 
resources. Fossil fuels such as hard coal and lignite can 
be partially (co-firing) or wholly replaced by biomass 
or various waste fuels. The kind of combusted biomass 
mainly depends on the occurrence of wood industry 
and agricultural industry, special energy plantations and 
transport costs. Usually the applied biomass includes: 
wood, bark, wood chips, corn straw, rape straw, olive 
pulp, olive kernel, herbaceous biomass, sewage sludge, 
and animal wastes [1-4]. The co-fired wastes include 
(among others): coal tailings, petroleum coke, RDF, or 
tire-derived fuel [1, 5-7]. 

The application of biomass instead of coal changed 
physical and chemical properties of the by-products 
formed during combustion. This is the result of the 
change in chemical composition of the fuel itself, as 
well as adjusting the technology for its combustion. The 
main mineral components of the ashes coming from 
the combustion of coal are: silicon-aluminium glaze, 
quartz, alumina, iron oxide, mullite, and calcium. Apart 
from this, they contain many trace elements such as: Ba, 
Cl, Cr, Cu, F, Mn, P, Pb, Ti, Zn, Zr, and V. Comparing 
the properties of ash from the combustion of coal and 
biomass in energy combustion, one should state that in 
the qualitative term the basic composition of elements 
is the same. Differences occur in the percentage of 
individual chemical elements [8-11].

The formed by-products of coal combustion in 
the form of fly ash and bottom ash as well as their 
mixtures with the residues from the processes of flue-
gas desulfurization for years have been widely applied 
in fields such as (among others) in the building industry, 
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mining, engineering, and agriculture [9, 12]. This is a 
result of their physical and chemical properties, fulfilling 
technical requirements defined in branch standards, as 
well as environmental requirements mainly related to 
the protection of water and ground. Biomass ash, like 
ash coming from coal, can be applied as raw material for 
the production of cement, concrete, ceramic materials, 
fertilizers, or soil amendments, or stowing materials used 
in mining, which are the subject of numerous studies [2, 
13-19].

Compared to coal, biomass is characterised by higher 
content of alkaline compounds (K, Ca), phosphorus, and 
chlorine [20]. This results in the occurrence of increased 
high-temperature corrosion of the heating surface of 
boilers. Other unfavourable phenomena are slagging 
and fouling of ash residues in the boiler as a result of the 
reduction in ash melting points, which can also intensify 
corrosion [3, 20-23]. The result is reducing the lifespan 
of the equipment, damage to burner components, 
and a decrease in combustion efficiency. To prevent 
these unfavourable phenomena, protective coatings 
are applied, as well as additives limiting the corrosive 
impact of chlorine and the phenomena of slagging and 
fouling of the fluidized bed. The most frequently applied 
additives are sulphur or its compounds (sulphates of 
ammonium, aluminium, and iron) and aluminosilicates 
(kaolin). Additives containing Ca and P are also studied 
[24]. Adding sulphur or its compounds to the hearth 
causes the emission of SO3 and then sulphation of KCl. 
For instance, adding ammonium sulphate in the amount 
of 5 l/h diminished the amount of gaseous KCl from 40 
to 15 ppm [25]. As a result, K2SO4 is formed. This is 
a compound of higher melting point than KCl, which 
makes it less corrosive [24-26]. On the other hand, the 
application of the sulphur-containing additives means 
that its content in ash is higher than could be indicated 
by its content in biomass. Thus a significant change 
in chemical properties of the formed ash can occur, 
which can impact the possibilities of their use. Thus the 
application of biomass in the energy industry requires 
research not only on its fuel parameters (heating value, 
humidity) and the composition of elements in biomass 
(especially the content of sulphur, chlorine, and alkaline 
metals) but also the impact of the kind and amount of 
applied anti-corrosion additives on the properties of solid 
residues (fly ash and bottom ash).

The article presents the results of the properties of fly 
ash and bottom ash from the biomass combustion in the 
bed of the fluidized boiler, to which sulphur is introduced 
as an anti-corrosive additive. The obtained results are 
used for assessing changes in the properties of the ash. 
Moreover, the information contained in the article can 
be significant in defining the method of limiting the 
corrosion phenomenon in hearths, and – in case of the 
application of additives – can also be used in defining 
the impact of their amount and kind on the formation of 
ash of the properties allowing their use, which will limit 
their landfilling. 

Materials and Methods

The studied fly ash (marked as FAB) and bottom ash 
(marked as BAB) comes from the biomass combustion 
in circulated fluidized bed boilers. Biomass consisted 
of wood chips and pellets from sunflower shells, which 
were mixed together before being added to the boiler.  
The amount of wood chips was 70-80% of weight; the 
rest was the pellets from sunflower shells. Temperature 
in the bed is 730-760ºC. During biomass combustion, 
sulphur was added to the fuel in the form of granulate. 
The amount of added sulphur was regulated by SO2 
concentration in exhaust gasses to 22-24 kg/h. As a 
comparison, results of the ash from the combustion of 
coal in the fluidized bed boiler were also analysed. Fly 
ash from coal combustion was marked as FAC, while 
bottom ash as BAC.

Grain composition was marked with the use of 
sieve analysis (for bottom ash) and the laser diffraction 
method with the application of Analysette 22 made by 
Fritsch (for fly ash). The samples of ash, prior to chemical 
composition analysis, were digested using a mixture of 
HNO3/HCl in a microwave oven. The obtained solution 
was analyzed after dilution by inductively coupled  
plasma spectrometry/atomic emission spectroscopy 
(ICP-AES) and by inductively coupled plasma mass 
spectrometry (ICP-MS) with the use of a Perkin Elmer 
Elan 6100 apparatus. Leachability tests were conducted 
according to the EN 12457-2 standard. Distilled water, 
with a liquid-to-solid ratio (L/S) of 10, was used as a 
leaching solution. The suspension was agitated in a plastic 
flask for 24 hours, then the mixture was filtered through 
a 0.45 µm membrane filter. The resulting leachate was 
analyzed for pH and trace elements using ICP-AES and 
ICP-MS methods. The amount of chlorides was analyzed 
using the Volhard titration method. Phase composition 
was examined using a Philips APD PW 3020 X’Pert 
diffractometer.

Results and Discussion

Grain composition of ash is presented in Fig. 1. 
The vast majority of bottom ash grains from biomass 
combustion (BAB) are smaller than1 mm (about 94%), 
and the size of the biggest grains reached 10 mm. The 
size of the bottom ash grains BAB is connected with 
the grain composition of sand added to the bed, the 
minimum content of which in fraction 0.63-1 mm was 
60%. Compared to the results for bottom ash from 
coal combustion (BAC), the differences are visible in  
the content of grains below 700 µm, the content of  
which is much higher in bottom ash from coal 
combustion. The fly ash from biomass combustion 
(FAB) is characterized by definitely finer granulation 
(the biggest grains reached the size of 100 µm) than fly 
ash from coal combustion (FAC), which in about 45% 
of cases consisted of grains < 100 µm, and the size of  
the biggest grains reached 500 µm.
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The impact of adding sulphur into the boiler, in which 
biomass was burnt, is visible in the chemical composition 
of ash, as shown in Table 1. The content of SO3 in fly 
ash FAB was above 15%. It is significantly higher content 
than in fly ash from the combustion of the various types 

of biomass. According to Vassilev et al. [27], the content 
of SO3 in ash coming from the combustion of forest 
biomass originating from the bark of various tree species 
(beech, birch, spruce) and forest residues ranged from  
0.8 to 2.91% wt., and from sunflower shells it reached 

Fig. 1. Grain composition of the studied ash.

Symbol of ash
Chemical composition (% wt.)

P2O5 Mn2O5 SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3

BAB 1.01 0.22 75.80 6.24 3.95 3.58 1.11 1.95 0.10 0.61

FAB 7.69 0.76 21.70 8.34 2.33 19.75 6.47 16.71 0.19 15.20

BAC 0.11 0.02 53.30 9.01 2.84 24.08 0.53 0.04 0.04 8.56

FAC 0.30 0.04 59.90 4.25 1.08 23.32 1.09 0.57 0.44 8.14

Trace element content (mg/kg)
As Cd Cr Cu Hg Ni Pb Sr Ti Zn

BAB 9.33 1.48 21.91 344.39 0.07 21.10 175.27 95.35 186.89 3020.52

FAB 18.64 13.37 35.03 158.50 0.18 23.47 197.75 594.12 489.12 1407.22

BAC 10.58 0.31 7.70 4.55 0.10 8.92 5.16 150.63 115.46 43.74

FAC 13.78 0.43 12.34 29.68 0.38 9.99 25.44 237.73 270.21 74.42

Concentration in leachates (mg/dm3)
Cd Cr Cu Hg Ni Pb Zn SO4 Cl

BAB 0.0003 0.0190 0.0005 0.0019 0.0079 0.0002 0.0250 509.9 44.1

FAB 0.0004 0.4790 0.0015 0.0045 0.0070 0.0540 0.0770 8480.0 1094.0

BAC 0.0003 0.0002 0.0006 0.0018 0.0020 <0.0001 <0.002 613.1 2.4

FAC 0.0003 0.0310 0.0017 0.0018 0.0024 0.0130 <0.002 621.1 31.0

Polish standards 0.4 0.5 0.5 0.06 0.5 0.5 2.0 500 1000

Table 1. Ash chemical composition, trace element content, and leaching test.
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4.07% wt., whereas the contents of remaining  
compounds in ash FAB are typical for biomass. The 
amount of SO3 in the studied ash FAB is also higher 
than the content in fly ash from the combustion of 
coal in the fluidal boiler FAC, in which the amount of 
SO3 was 8.1%. Such a high content of sulphates will 
significantly limit or even disable the use of fly ash from 
biomass combustion in industries such as construction 
of buildings or roads. On the other hand, 16.7% of 
K2O content in ash FAB, at the content of 0.57% in 
ash FAC, indicated high participation of potassium 
contained in biomass and the need of the limitation of 
the impact of high-temperature corrosion of the heating 
surfaces of boilers. By the application of sulphur, 
K2SO4 (arcanite) was formed, the numerous presence of 
which was presented on a diffractometer (Fig. 2.). This 
mineral was not identified in the fly ash from coal FAC.  
Moreover, another sulphur-containing mineral phase 
was identified only in fly ash coming from biomass 
combustion (FAB): syngenite K2Ca(SO4)2·H2O. One 
should mention that both mineral ingredients can occur in 
ash from biomass or even biomass itself [28-29], but not 
in such amounts as found in FAB. Chemical and phase 
composition of the analysed ash coming from biomass 
combustion proves that the sulphur compounds were 
located mainly in fly ash; the content of SO3 in bottom 
ash BAB was 0.6%. In BAB the main ingredient is SiO2, 
the amount of which was above 75% (Table 1), which was 
also confirmed by the analysis of phase composition, as 
presented in Fig. 2. The presence of quartz in bottom ash 
BAB and BAC is typical for this kind of ash formed in 
fluidal boilers, because of the use of quartz sand as bed, 
and as an effect of getting sand and soil into the biomass 
in the process of collecting biomass. 

The presented chemical composition of the bottom 
ash BAB shows that the anti-corrosion measures do not 
negatively impact the chemical composition of the ash, 
thus it can be a potential material applied for utilisation 
in various areas. 

One of the significant aspects of the utilisation of 
wastes is environmental aspects, especially the impact 
of wastes on ground and water environments as defined  
by the investigation on leaching of chemical pollutants. 
The results of these studies are also presented in Table 1.

The effect of introducing sulphur to the hearth  
and getting its compounds into fly ash is very high 
leaching of sulphates, achieving 8480 mg/dm3. This 
amount significantly exceeds the maximum allowed 
content of sulphates in wastewaters that are allowed to 
get to ground and water environments (e.g., in Poland 
the maximum amount of sulphates in wastewaters is  
500 mg/dm3, the remaining Polish standards of 
contaminants in wastewater, according of Dz.U. 2014 
poz. 1800, are presented in Table 1). Thus the use of  
the fly ash coming from biomass combustion alone,  
or even as the component of blends with other materials, 
e.g., in agriculture, mining, construction, or land 
reclamation will not be possible or will be significantly 
limited due to the harmfulness to the ground and  
water environments, and its management would mean 
deposition on a landfill. In the case of bottom ash BAB 
the leaching of sulphates is much lower, thus using it 
as an ingredient of various materials, e.g., binder and 
aggregate blends used in the construction industry or 
land reclamation, should not cause any problem. The 
analysis of the leachates of other ingredients coming 
from the analysed ashes showed that, despite the fact 
that in the chemical composition the amount of heavy 

Fig. 2. X-ray diffraction of fly ash and bottom ash.
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metals in ash from biomass was higher than in ash  
from coal, the solubility of their compounds is very 
small and should not have a negative impact on the 
environment.

Conclusions

Biomass combustion, apart from the benefits such 
as getting green energy, is also connected with the 
possibility of the occurrence of technical problems in 
the work of the boiler. One of the reasons is chemical 
composition of the combusted biomass, especially the 
content of alkaline compound causing corrosion of 
the heating surface of boilers as well as slagging and 
fouling of the ash in the boiler. One possibility to limit 
these unfavourable processes is adding sulphur into the 
boiler. On the other hand, it significantly affects the 
properties of the formed fly ash. Studies have indicated 
that as a result of introducing sulphur into the boiler, 
its compounds are located mainly in fly ash in the 
form of arcanite and syngenite. The content of SO3 in 
fly ash exceeded 15% wt., at the content of 8.1% wt. in 
fly ash from the combustion of coal in fluidal boiler,  
and leaching of sulphates was almost 8500 mg/dm3. 
Thus the possibilities of using such fly ash are limited, 
and it turns out that further procedures with ash will 
be its deposition on a landfill. In the case of bottom 
ash, the application of sulphur to limit corrosion did not 
have a negative impact on its chemical properties, and 
consequently does not limit its use. 
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