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Abstract

The chemical and mineralogical composition of fly ash samples collected from dif-
Jerent parts of two Circulating Fluidised Bed (CFB) facilities has been investigated.
The fuels used, were Greek xylite/subbituminous coal (from the Florina basin), Pol-
ish coal (from the Catowice region - Poland) and wood chips (Swedish conifer). The
characterisation of the fly ash samples included chemical analyses, particle size dis-
tribution and X-ray diffraction. According to the chemical analyses the produced fly
ashes are rich in CaO. Moreover, SiO; is the dominant oxide in fly ash with ALO;
and Fe;O; found in considerable quantities. Finally, results obtained by XRD
showed that the major mineral phase of fly ash is quartz, while other mineral phases
that are occurred are maghemite, hematite, periclase, rutile, gehlenite and arhy-
drite, while the aforementioned mineral phases were identified by scanning electron
microscope (SEM).
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MepiAnwn

2Ty mapoboa spyaocio eCETGOTHKE 1 YHUIKH KOl 0pLKTOLOVIKY OUGTAGH ITTQUEVOY TE-
PPy wov ovlAEYBray ard 0Ho diapopeticés teyvoioyiss pevatootepeds kiivis. Tu
KQDOHIG TOD YPHOLLOTOINENKAY KOTA THY OIGPKELR TWV TEIPAUTTOV KADOHS HTAV EA-
Apviicog Coiitng, moiwvikog Aiyvitng ko Siopdlo. O yapoaxthpionos Ty ImTouevoy
TEPPAV TEPLEAGUPOVE YNUIKES AVOIDOEIS, KOTAVOUF HEYEBOVS GwuOTIOIWY Kol TEp!-
Blaciopetpia axtivwyv X, Zoupwva pe Tc ynpikés avalioels of TOpayOUEVES TEQPES
eivar mhovaiec oe CaQ. Emimiéov, 1o SiO; eivai 10 0leidio mov emikpatel oe dla 1
Sefyuora twv teepey, pali pe ta oleivio A1,O5 kar Fe,O; mov fpébnrov og onuovu-
Ké¢ moootnrec. Télog ta anoteAéouata e mepiBlacioustpiac édeifay 6t n kbpia o-
PUKTH QG0N TV ITTGUEV®Y TEPPAY eival 0 yodaliag, eve gupavifoviar kal GAAES o-
PUKTEC QAOEIC 08 LIKPOTEPT OWES CUYVOTHTO OTWS &ival 0 paykeuitys, aipatitng, me-
pIKAaaTO, povtiiio, yKeAeviTng kai avudpitng, i trapdn twv omoimv embefoinbinice
KOl e v eCETAON GT0 NAEKTPOVIKG [IKPOCKOTIO TGPOICHG.

Aééeig kherdid: imrauevn téppa CFB, Brrovivikog Arpvityg, foditne, froudlea.
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1. Introduction

In spite the fact that combustion of solid fuels using conventional combustion technologies is and
will probably continue to be an important part of the heat and power generation systems,
combustion of solid fuels applying more environmental friendly technologies, such as the
Circulated Fluidised Bed (CFB) technology, continuously gains ground. Moreover, this
technology has an other important advantage in comparison with conventional technologies; it is
able to bum low quality fuels, such as lignite (xylite/subbituminous coal), altemative fuels such as
biomass (wood chips) as well as blends of these fuels.

A result of the continuous development of the CFB technologies is that the amount of combustion
by-products is steadily increasing. Fly ash can be either an industrial waste material and ecological
nuisance, or a valuable raw material. For the latter purpose, its properties need to be defined
precisely and controlled so that a uniform and reproducible material can be supplied. This paper
describes a comprehensive study of some fly ash samples, with the intention of etucidating their
chemical, physical, mineralogical and technical properties as an incentive to their utilization.

2. Materials and analytical methods
2.1. Sampling

The fly ash samples examined were produced from the combustion of different solid fuels in
laboratory and pilot scale CFB boilers. Analyses of fly ash were carried out by means of XRF,
partiCle size distribution, XRD, ICP and SEM. Finally the properties of the samples were related
to the US standards (ASTM specifications).

The combustion experiments were carried out in the 50 kW lab scale boiler of VTT (Technical
Research Ceutre of Finland), and the 12 MW pilot scale boiler of Chalmers University (Sweden).
The experimeutal facilities are following the flow chart as presented in Figure 1.

2nd Cyclone Filtex

& Q

Figure 1 - Schematic diagram of the fluidised bed set-up

Combustion experiments were conducted using Polish coal, which is the main fossil fuel in West-
Eastern Europe (Katowise region in Poland), Greek xylite/lignite (Florina basin), the main fossil
fuel in Greece, wood chips (Swedish conifer) as biomass, as well as blends of the aforementioned
fnels in different rates. The nitimate and proximate analyses of the nsed fuels are presented in
Table 1 and Table 2.
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Table 1 - Proximate Analysis of the fuels

Polish Bituminous Coal | Greek Xylite | Wood Chips
Moisture £.9 36.5 4.6
Volatiles (%, Dry Basis) 29.33 41.67 80.10
Ash (%, Dry Basis) 12.96 38.36 1.14
Fixed Carbon (%, Dry Basis) 57.71 19.97 18.76

Table 2 - Ultimate Analysis and Heating Values of the fuels (dry basis)

Polish Bituminous Coal | Greek Xylite | Wood Chips

Carbon (%) 68.42 37.29 48.77
Hydrogen (%) 391 342 5.85
Nitrogen (%) 1.32 1.33 0.45
Oxygen (%) 12.69 17.96 43.79

Sulphur (%) 0.7 1.64 0
Gross Heating Value (kJ/kg) 29171 17887 25154
Net Heating Value (kJ/kg) 28330 17150 23899

During the aforementioned experiments, fly ash samples from the same part of each facility were
collected. These samples, the fuels combusted, the sampling point with the respective temperature
are stated in Table 3 and Table 4.

Table 3 - Fly ash samples collected at VTT’s facility

Sample Composition of fuels Sampling Point Tem?oe(l:';l bre
C1 100% Greek xylite Second Cyclone 662
C2 50% Wood Chips - 50% Bituminous Coal | Second Cyclone 735
C3 100% Wood Chips Second Cyclone 738
F1 100% Greek xylite Fabric Filter 144
F2 50% Wood Chips - 50% Bituminous Coal Fabric Filter 161
F3 100% Wood Chips Fabric Filter 162

Table 4 - Fly ash samples collected at Chalmers’ facility

4 s . . Temperature
Sample Composition of fuels Sampling Point ©C)
C4 100% Bituminous Coal Second Cyclone 155
5 50% Wood Chips - 50% Bituminous Coal | Second Cyclone 155
Cé 100% Wood Chips Second Cyclone 155
F4 100% Bituminous Coal Fabric Filter 155
F5 50% Wood Chips - 50% Bituminous Coal Fabric Filter 155
F6 100% Wood Chips Fabric Filter 155
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2.2. Bulk chemical analysis

The major elements of the solid residues were determined with a Spectro X-Lab 2000 X-ray
fluorescence (XRF) spectrometer.

Loss-on-ignition (LOI) tests were performed as follows: moisture, volatile matter, ash and fixed
carbon measurements were conducted by a LECO TGA 501 Thermogravimetric Analyzer. The
results were obtained on a dry basis. 0.5-2.5 g of each sample was heated from room temperature
till 850 °C. During the first minutes of each test, the sample was heated till 107 °C at a rate of
15 °C/min in a nitrogen gas flow to stabilize the sample’s weight (Brown and Dykstra, 1995). At
this temperature the moisture content of the fly ash sample was received. The gas flow was
automatically switched from nitrogen to oxygen and the chamber was then heated at a rate of
25 °C/min until the sample reached 550 °C. At this temperature data for the volatile matter was
obtained. After that the temperature raised at 35 °C/min till 850 °C where the ash content of the
sample was received. )

For the determination of trace elements a microwave-assisted acid digestion (MW-AD) followed
hy an Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) was applied.

2.3. Particle Size Distribution

The particle size of the ashes was measured with a Malvern Mastersizer-S particle size analyvzer
using the wet dispersion method in water.

2.4. X-ray diffraction {XRD)

The mineralogical composition of the fly ash samples was examined by XRD using a Siemens D
500 spectrometer with copper Ka radiation.

2.5. Scanning Electron Microscopy

The morphology of the solid residues was observed using a JSM-6300 JEOL scanning electron
microscope (SEM) operated with the typical accelerating voltage of 20 kV. The microscope was
equipped with an Energy Dispersive X-ray Spectrometer with Oxford Link ISIS system.

The chemical and mineralogical analyses of the fly ash samples were carried out at the laboratories
of the Centre for Research and Technology Hellas (CERTH).

3. Results and discussion

3.1. Classification of the fly ash samples

Based on the ASTM standards fly ash is classified according to the content of its major elements
(Si, Al, Fe and Ca). ASTM C 618 defines three classes:

e (Class N which includes raw of calcinated natural pozzolans with at least 70 % Si0,, ALO5
and Fe,O5

e C(lass F which comprising ash produced from anthracite or bituminous coal combustion
with at least 70 % S10,, Al,0; and Fe; 05

e Class C which comprising ash produced from lignite or sub-bituminous coal combustion
with at least 50 % but less than 70 % SiO,, Al,O, and Fe,0,

Class F fly ashes nsually contain less than 5 % CaO, while fly ashes belonging to Class C contain
a large proportion of CaO (10 —35 %).

From the chemical point of view the analysed ash samples are rich in CaO, while the sum of the
oxides Al;O3, SiO; and Fe;O, is over 50 % but less than 70 %. This sum, as well as the
concentration of CaQO is shown in Table 5. According to the ASTM standard, the fly ashes are
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classified as class C, except of sample Cl (xylite), which is associated with class F. It is also
worthwhile to mention that the bituminous coal produces fly ash of class C.

Table 5 - Classification of fly ash samples

C1 C2 C3 C4 C5 Co6

AL O;+SiO+Fe,05 | 80.98 | 50.86 | 52.72 | 27.76 | 33.22 | 31.69

Ca0O 573 | 1419 | 1959 | 9.58 | 13.76 | 41.16

F1 F2 F3 F4 F5 Fo

AL O;+S10+Fe,05 | 70.03 | 62.65 | 56.85 | 45.11 | 41.57 | 18.46

CaO 12.53 | 12.68 | 15.04 | 8.67 | 18.13 | 41.70

3.2. Unburned carbon content

The loss on ignition (LOI), which is a measurement of the amount of the unburned carbon
remaining in the fly ash, is one of the most significant chemical properties of the samples analysed.
The maximum LOI determined in these experiments, shown in Table 6 and Table 7, was F4
(32.93 %) and C4 (53.68 %). The ASTM C-618 standard has an upper limit of 6 %, concerning fly
ash utilization as a pozzolan in Portland cement. [n general, low-carbon ashes are required because
carbon may interfere with air entrainment by adsorbing entrainment additives, although the carbon
content does not always have this effect (Foner ef al. 1999). According to the aforementioned
specification, good results are obtained by the fly ash samples originating from
xylite/subbituminous coal and wood chips (samples F1, F6 and C1, C3). In compliance with the
same ASTM standard, SO; content should be lower than 5 %. In this case only the sample CT from
the second cyclone meets this requirement.

3.3. Chemical composition

AlO5 occurs in higher amounts in all samples from the fabric filter except of F6 (wood chips) and
in all samples from the second cyclone (Table 6 and Table 7). This is also in accordance with
literature review (Steeuari and Lindgvist 1999). The addition of coal in the fuel mixture enriches
the ash composition in Fe. Oxides containing this element (Fe,03) were also identified by means
of XRD. This oxide was present as hematite or maghemite in almost all samples examined, except
of F6 (wood chips) and C6 (wood chips), which contained approximately only 2.5 % of Fe;03. On
the other hand wood fly ash is rich in phosphorous, as seeu in the aforementioned tables. This
phosphorous originates from the raw material (wood) used (Steenari and Lindqvist 1999).
Consequently, P,Os was significant enriched in the fly ash samples originating from this material.
Moreover, calcium is also an important component in wood. As expected, the Ca levels of fly ash
from co-combustion of wood with coal were lower than those of fly ash coming from the
combustion of wood. It is generally noticed that when the proportion of wood in the coal - wood
mixture is increased, the concentration of alkalis (Na and especially K) is also elevated.

Table 6 - Ash composition (%) of the second cyclone samples as determined by XRF-analysis

C1 C2 c3 C4 C5 Cé
SiO; 47.80 28.05 29.20 14.57 18.72 20.07
Fe, 04 9.06 7.70 8.89 4.74 5.53 2.36
AlLO; 24.12 15.11 14.63 8.45 8.97 9.26
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TiO, 0.98 0.48 0.39 0:29 0.27 0.05
CaO 5.73 14.19 19.59 9.58 13.76 41.16

MgO 3.64 5.00 5.70 299 3.89 447
SO, 3.80 9.65 13.23 3.82 481 4.02
P,0s 0.50 0.73 1.03 0.31 0.78 2.34
Na,O 0.28 1.46 1.95 1.10 1.82 0.63
K,O 3.13 223 2.96 091 3.07 5.87

LOI 1.19 16.24 2.64 53.68 33.36 10.51
Total 100.23 100.84 | 100.24 | 100.44 99.98 100.44

Table 7 - Ash composition (%) of the filter samples as determined by XRF-analysis

F1 F2 F3 F4 F5 F6
SiO, 40.33 36.58 32.96 23.35 22.81 13.39
Fe,0; 8.11 6.53 6.01 6.34 4.69 246
AlLO; 21.59 19.54 17.88 15.42 14.07 2.61
TiO; 1.34 1.06 0.90 0.77 0.69 0.03
CaC 12.53 12.68 15.04 8.67 18.13 41.70
MgO 4.10 3.58 418 471 5.81 3.10
SO, 3.09 7.51 3.98 3.37 5.86 10.08
P,0; 0.71 0.92 .37 0.87 2.55 4.67
Na,O 0.30 0.63 1.23 2,17 0.88 2.7
K,O 2.25 2.05 226 1.65 6.41 12.08
LOI [.10 9.34 9.51 32.93 18.15 2.19
Total 100.35 100.42 10032 | 100.25 | 100.05 | 100.04

In the following table (Table 8) the trace element concentrations determined by [CP-OES are
presented:

Table 8 - Concentration (mg/kg) of trace elements in the fly ash samples

Cl C2 C3 C4 C5 Co6
AS <5 <5 <5 <5 <5 <5

Cr | 160£13 145+15 | 180£16 3243 72£7 2042

Co| 2322 | 1822 | 2062 |82t08[87:08] <5
Fl F2 F3 F4 F5 F6
As | 3635 | 43+4 | 2022 | <5 <5 <5
Cr | 190£17 | 18216 | 180+16 | 100+8 | 1159 | 29.5+3
Co | 3143 43.6+4 48+4 | 42.5+4 | 39.5+4 | 7.4+0.7

According to the literature (Steenari and Lindqvist 1999), the concentration of trace elements of
the coal ash from fluidised bed ranges between 1-300 mg/kg, while the concentration of Cr ranges
between 1-500 mg/kg. Co concentrations range in the same orders of magnitude. Therefore,
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compared to coal ash from fluidised bed combustion, the levels of As and Cr in many of the ashes
- included in this study seem rather low, especially the As content.

The concentration of As in xylite fly ash 1s attributed to the soil parent material, especially the
earth crust which is enriched in this element. In these samples the elevated amounts of As could be
due to the contact of fly ash with flue gases, the hydraulic conductivity (low in fly ash) and the
surface area.

It appears that (Baba and Usmen 2006) most of the As in coal is associated with pyrite. In the
majority of coals studied, As is primarily associated with massive or late-stage pyrite. In some
cases As is associated with fine-grained pyrite and other sulphide minerals (calcophiles)
(Martinez-Tarazona and Spears 1996). Furthermore, As is significantly concentrated in the small
sized particles and its concentration is increased with the increasing of the surface area (Martinez-
Tarazona and Spears 1996).

The concentrations of As, Cr and Co are similar in the second cyclones and in the fabric filters for
the combustion of the same fuels. The exception is As with higher concentrations in the fly ashes
from the VTT facility. This difference could be attributed to differences in the behaviour of the
flue gases in the two facilities compared.

Although some times the relatively high concentration of Cr could be metallic and associated with
stainless steel (Goodarzi 2006), in the present case is interpreted as original and related to the
geological setting of the coal deposits. Thus, it 1s known that the lignites from northern Greece are
enriched in Cr due to the influence of the high contents of this element in the ultrabasic rocks of
the area (Georgakopoulos et al. 2002a, 2002b).

A potential benefit (Strock and Stehouwer 2004) of fly ash as a soil amendment is as a source of
nutrient elements for plant growth. Of the macronutrients (nitrogen, phosphorus, potassium,
calcium, magnesium, and sulphur), fly ash can supply sulphur, especially if it comes from the
combustion of wood chips.

Besides the geochemical characteristics of trace element distribution in coals, emission of trace
elements into the gaseous phase considerably depends on the condition of coal combustion
(especially temperature) and effectiveness of the cleaning systems of the gases emitted. It should
be noted thal most of the trace elements present in gaseous emissions are not in a true gas state, but
are retained on the surface of solid particles (in ash). As a result, many elements end up in silicate
melts or condense onto particle surface; only a few trace elements are likely emitted into the
atmosphere as gaseous compounds.

Furthermore, the distribution and concentration of trace elements in coal ashes as well as the
mechanism of their enrichment are also closely related to furnace type and combustion manner.
That is mainly because the combustion furnace type and comhustion manner are closely related to
the degree of coal combustion, combustion temperature, and comhustion sufficiency. If coal is
sufficiently combusted in the furnace, the contents of incompletely combusted coal particles would
be low in ashes, and hence the trace elements present in organic matter in coal would be released
as smoke dust during coal combustion in increasing amounts, their contents in ashes would be
reduced, and tbe concentrations of the trace elements entering into atmosphere would increase.

As a result the concentration of Cr and Co in sample C3 is higher compared to C6. Both originate
from the combustion of the same fuel (wood chips), but collected at different temperatures, C3 at
738 °C and C6 at 155 °C. Moreover they are produced at different corbustion furnace types.
Sample C3 was produced at a SO kW laboratory scale boiler and C6 at a 12 MW pilot scale boiler.

3.4. Particle Size Distribution

Particle size distribution (Gutierrez er al. 1993) of fly ashes is of particular interest when the
material is used as a substitute for a portion of cement in concrete and in soil-stabilization mixfures.
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Potential effects influenced by particle size distribution are related to: rheology, floe structure of
the cement paste, permeability of the hard paste aud rate of strength gain. Particle characterization
of fly-ashes is also important for the recovery of metals. Leachability of the smallest particles is
easier as they are more reactive, and in addition trace elements tend to concentrate in the finest
particles (Liu ef al. 2004). Taking into account that the upgrading of fly ashes has economic
limitations, a good characterization of the particle is essential to the process of metal recovery.

Particle Size Distribution of samples fly ash from second cyclone

Ct ----C2

C3

477 |7
4

3 -
Particle Diameter (um)

Figure 2 - Particle size distribution of samples from the second cyclone

The particle size distribution of fly ashes is usnally between 1 um and 200 pm, although coarser
particles may exist especially if the ashes come from lignite. Moreover, according to the literature
(Jankowski et al. 2005), the fly ashes derived from CFB technologies contain smaller particle than
the fly ashes coming from conventional combustion technologies.

Particle Size Distribution ol samples fly ash from filier
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Figure 3 - Particle size distribution of samples from the filter

Figure 2 and Figure 3 present the mean particle size distribution of the filter and second cyclone
samples. The results show that the particle size distribution of the fly ashes ranges between 1 pm
and 200 pm. Moreover a second peak occurs in the size distribution of all samples, in the range
between 0.1 and 1 pm.
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Concerning the composition of fuels used, it is remarked that when the proportion of biomass
{(wood chips) in the fuel mixture was increased, the peak shifted to a smaller particle size (Fig. 2).
This fact leads to the conclusion that, the size of fly ash particles is reduced when the proportion of
biomass in the fuel mixture is increased.

Figure 3 depicts the particle size distribution of ashes from the fabric filter. As it can be seen
samples F1, F2, F3 have a coarser particle size than F4, F5 and F6. This result is due to the
different combustion temperatures applied (Table 3 and Table 4) and the different fuel blends used.

In general, most naturally existing elements can be fouud in fly asb and a number of researchers
agree that many of the trace elements in fly ash show a definite concentration trend with
decreasing particle size. Concentrations of arsenic, cadmium, copper, gallium, molybdenum, lead,
sulphur, antimony, selenium, thallium and zinc have been reported to increase with decreasing
particle size. This is why the samples F1, F2 and F3 which are of a smaller particle size than Cl,
C2 and C3, all coming from the same combustion facility, have an elevated amount of As, Cr and
Co, as already described in the former section concerning the trace elements.

3.5. X-ray diffraction {XRD)

Mineralogical analyses of the fly ash samples were accomplished with the identification of
crystalline phases using XRD. Although the samples are principally composed of glassy material,
several distinct peaks were observed and the following minerals identified: quartz, hematite
anhydrite and periclase. Some additional peaks on the diffractograms were attributed to maghemite
portlandite, gehlenile, magnesioferrite, lime, sylvite and rutile, which occurred in some samples.

>

The results of the mineralogical composition of these samples, obtained from the X-ray patterns,
are presented in table 9.

Table 9 - Mineral phases in the fly ash samples

Mineral Phases F1 | F2 [ F3 | F4 | F5 | F6 | Cl1 [C2 | C3|C4|C5|Cé6
Quartz — SiOp X X | X X[ X | X | X | X

Maghemite - Fep03

Hematite - Fe203 X
Anhydrite - CaSO4 X

Periclase - MgO X | X | X | X X | X | X | X | X

Portlandite -
Ca(OH)2 < e X

Gehlenite -
CazAl(ALSi)207

Pl el el e
el e
>
>4

bl I Il e

>

>

>

>

Magnesioferrite -
MgFe204

Lime — CaO X X
Sylvite - KCl X
Rutile - TiO, X

“X” denotes that the corresponding crystalline phase was identified using XRD

WYnoeiakn BiBAI0BAKN Oed@pacTog - TuAua MewAoyiag. A.lNM.O.

-867-



3.6. Phase-mineral composition and genetic features

According to the aforementioned table (Table 7) almost all ash samples contain quartz, which is a
mineral that can be considered as primary, especially in cases where ash samples originate from
fuels such as bituminous coal and xylite/subbituminous coal, which contain large amounts of silica
dioxide. In addition, the presence of quartz in samples originating from wood chips can be justified
by the use of sand as a bed material in the CFB boiler.

Except of quartz, the majority of the samples contain hematite which is also a mineral that can be
considered as primary, especially in cases where bituminous coal is used. This type of coal has
higher percentages of ferric oxide in comparison with xylite/subbituminous coal and the wood
chips used (Table 6 and Table 7). Moreover, hematite can be considered as a secondary mineral
since it can be formed from calcite-pyrite reactions. Therefore, its presence in samples could either
be due to the fuel used or to the reactions occurring during the combustion process.

In contrast to hematite, maghemite (secondary origin) is not present in all fly ash samples. It is
formed through the oxidation of magnetite at low temperatures and its presence in the fly ash
should be correlated to the occurrence of magnetite in the raw material.

Another mineral, which is present in the majority of the samples, is anhydrite. Anhydrite is a
mineral that is formed by dehydration of bassanite (CaSO, 1/2H,0}) which is of primary origin or
formed by calcite — pyrite reactions at temperatures higher than 300 °C. Although the fly ash from
wood chips is abundant in calcium, anhydrite is absent from these samples. This is probably
attributed to the low concentration of sulphur or to the participation ot calcium in the formation of
other minerals, such as lime or portlandite. In contrast to the other minerals (quartz, hematite and
maghemite) anhydrite 1s soluble and will react with water to form gypsum or ettringite, a non-
desirable mineral in the cement or concrete production.

In the case where the samples do not contain anhydrite, portlandite is present. This mineral appears
at low or medium combustion temperatnres (above 675 °C) via calcite heating, which can be
considered as a primary mineral.

Another mineral identified by XRD is periclase (secondary mineral) which is formed from the
decomposition of dolomite (CaMg(COjs),) through magnesite. It does not appear in samples which
originate from xylite/subbituminous coal. Analysing the fuels, dolomite was identified by XRD
only in the bituminous coal; therefore the formation of periclase in the respective fly ash samples
1s possible. In addition, the presence of periclase in these samples is confirmed by the elevated
concentration of MgO (Table 6 and Table 7).

Only the sample derived from the combustion of bituminous coal (F4) contains magnesioferrite.
The presence of hematite in combination with the presence of periclase could lead to the formation
of this mineral. On the one hand, tbe absence of hematite may be due to its participation in the
formation of magnesioferrite. On the other hand the presence of periclase in the same sample may
be due to the high amount of this mineral which did not fully participate in the formation of
magnesioferrite.

In addition, only sample F1 (xylite) contains rutile, wbich is a mineral of secondary origin. This is
corroborated by the XRF analysis (Table 7) which shows that F1 contains a relatively higher
concentration of Ti,O in comparison to the other samples.

Finally, sample F5 contains gehlenite, which originates from carbonate-silicate-spinel reactions,
while sample F6 contains sylvite. The presence of gehlenite leads to the assumption that calcium
from wood chips and silica dioxide from coal in this proportion is able to form this mineral, while
the presence of sylvite is confirmed by the high amounts of potassium in the same sample (Table
7).
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13,7. Scanning Electron Microscope (SEM)

‘Representative samples were analysed by SEM EDX. This technique gives the location of

elements in the region being scanned. The distribution of each element can be easily detected in
the fly ash samples.

Each sample was mounted into specimen holders, carbon coated and analysed taking backscattered
- as well as secondary electron images. The chemical composition of the particulates and the
homogenous groundmass is determined from the collection of the energy dispersive spectra (EDX)
of the X-rays that are generated from the particle by the electron beam.

Figure 4 - Mapped region of fly ash sample C2

Morphology, texture and chemistry of the samples were analysed. Examination under the scanning
electron microscope showed that the fly ash samples are different in comparison with the
conventional fly ash. The morphology of conventional fly ashes such as the presence of
cenospheres and plerospheres varies within the examined fly ashes. Moreover, the majority of the
quartz orystals remains and is present as angular particles due to the relatively low temperature in
the Circulating Fluidised Bed furnace. In addition the CFB fly ashes are presenl as subangular

forms as they contain bi-mineral and multi-mineralogical phases and quartz is mixed with calcium
and aluminosilicate phases.

Figure 4 shows a secondary electron image of a specified mapped region followed by nine

elements chosen (Na, Mg, Al, Si. S, K, Ca, Ti and Fe) such that the fly ash particles could be
identified in the SEM photos.
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The majority of mineral phases, which were identified by XRD, were also examined by SEM.
Some of the most common mineral phases are shown in Figure 5.

Figure 5a - The mineral quartz in sam-  Figure 5b - The mineral bematite in sam-
ple C3 ple C1

4. Conclusions

Compared to fly ash from combustion of wood chips, the co-combustion ashes studied had lower
contents of calcium, potassium and magnesium. The admixture of coal to the wood fuel adds
aluminium and iron to the ash. The trace metal levels were generally in the same ranges as for
wood fly ash. The trace elements which may cause some concern are As and Cr in the case of
sample F1 (xylite) and F2 (xylite/wood chips), which in addition are of small particle size. As
aforementioned, many of the trace elements in fly ash show a definite concentration trend with
decreasing particle size.

On the other hand fly ash deriving from the combustion of pure xylite/subbituminous coal and
pure wood chips has a low LOI level. If the SO; content is taken additionally into account
(SO3<5 %), then the most atiractive fly ash to the cement industry is C1 (xylite), collected at the
second cyclone.

Moreover, the particle size distribution of the examined fly ashes is related to the fuels bumed.
Tbe higher the percentage of biomass in the blends, the smaller the ash particle size.

Regarding the mineralogical composition of the fly ash samples, it appears that the composition of
the samples depends both on the used fuels and the combustion temperature. The presence of
minerals such as anhydrite and portlandite is more possible when the used fuels contain calcium;
therefore fly ash derived from wood chips contains the aforementioned minerals. Also, the
occurrence of minerals such as sylvite is noticed when the fly ash derives from the combustion of
biomass, due to the higher concentration of alkalis in this fuel.

The resuits obtained in this study showed that fly ash from co-combustion of wood with other
fuels such as xylite/subbituminous coal and bituminous coal may have chemical characteristics
depending on the furnace type, the combustion manner as well as the effectiveness of the cleaning
system of the gases emitted. That is mainly because the combustion furnace type and combustion
manner are closely related to the degree of coal combustion, combustion temperature, and
combustion sufficiency.

It is likely that ash from xylite/subbituminous coal, apart from its utilization in the cement industry,
can be applied in soil fertilizing in moderate doses. However, the quality of xylite/subbituminous
coal ash as well as xylite/wood ash must be monitored closely before its use in order to ensure that
the levels of toxic trace elements are not too high.
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