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Abstract

The chemical and mineralogical composition of fly ash samples collected from different parts of a laboratory and a pilot scale CFB
facility has been investigated. The fabric filter and the second cyclone of the two facilities were chosen as sampling points. The fuels used
were Greek lignite (from the Florina basin), Polish coal and wood chips. Characterization of the fly ash samples was conducted by means
of X-ray fluorescence (XRF), inductive coupled plasma-optical emission spectrometry (ICP-OES), thermogravimetric analysis (TGA),
particle size distribution (PSD) and X-ray diffraction (XRD). According to the chemical analyses the produced fly ashes are rich in
CaO. Moreover, SiO, is the dominant oxide in fly ash with Al,O3; and Fe,O; found in considerable quantities. 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 anhydrite. The ICP-OES analysis showed rather low levels of trace elements, especially for As and Cr, in

many of the ashes included in this study compared to coal ash from fluidised bed combustion in general.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Despite 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 cir-
culated fluidised bed (CFB) technology, continuously gains
ground. Moreover, this technology has another important
advantage in comparison with the conventional technolo-
gies; it is able to burn low quality fuels, such as lignite,
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alternative fuels such as biomass (wood chips) as well as
blends of these fuels.

Fly ash can be either an industrial waste material and
ecological nuisance, or a valuable raw material. For the lat-
ter 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 elucidating their
chemical, physical, mineralogical and technical properties
as an incentive to their utilization.

A result of the continuous development of the CFB
technologies is that the amounts of combustion by-prod-
ucts such as fly ash are steadily increasing [1]. This material
has found limited applications in the cement and concrete
industry and in land reclamation and restoration.
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The characteristics of fly ash such as type of particles,
size distribution and chemical composition are of para-
mount importance with a view to their potential applica-
tions. Fly ash particles may differ, depending on the
mineral matter content of the coal and on the way the com-
bustion process is conducted [2].

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. Investigation has been accomplished
through XRF, PSD, XRD and ICP.

The combustion experiments were carried out at the
50 kW lab scale boiler of VIT Technical Research Centre
of Finland, and the 12 MW pilot scale boiler of the Chal-
mers University of Technology (CUT) in Sweden. The
experimental facilities are following the flow chart as pre-
sented in Fig. 1.

2.2. Analytical methods

The experiment was carried out using Greek lignite, a
Polish bituminous coal and wood chips from Swedish coni-
fers, and various blends of these three feeds.

Combustion was accomplished at a temperature of
900 °C in both facilities without the use of limestone.

The proximate and ultimate analyses of the used fuels,
as well as their heating values are presented in Table 1.

Table 1

Average characteristics and energy contents of the feed fuels

Parameter Polish bituminous  Greek Wood

coal lignite chips

Proximate analysis (wt% dry basis)

Moisture 1.9 36.5 4.6

Volatiles 29.33 41.67 80.10

Ash 12.96 38.36 1.14

Fixed carbon 57.71 19.97 18.76

Ultimate analysis (wt% dry basis)

Carbon 68.42 32.29 48.77

Hydrogen 391 3.42 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 d.b. 29,171 17,887 25,154
(kJ/kg)

Net heating value d.b. 28,330 17,150 23,899
(kJ/kg)

During the above mentioned experiments, fly ash sam-
ples from the same part of each facility (the fabric filter
and the second cyclone) were collected. These samples,
the feed fuels combusted and the sampling point are stated
in Table 2.

2.2.1. Bulk chemical analysis

The major elements of the solid residues were deter-
mined with a Spectro X-Lab 2000 Energy Dispersive
X-ray fluorescence (XRF) spectrometer applying the sam-
ples in a pressed powder form.

Loss-on-ignition (LOI) tests were performed as follows:
moisture, volatile matter, ash and fixed carbon measure-
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Fig. 1. Schematic diagram of the fluidised bed set-up.
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Table 2
Classification of the fly ash samples collected at VTT’s and CUT’s facility

Sample Composition of Sampling ALO; + SiO + Fe,O; CaO
feed fuels point/
facility
F1 100% Greek Fabric 70.03 12.53
lignite filter/VTT
F2 50% Wood chips— Fabric 62.65 12.68
50% Polish coal filter/VTT
F3 100% Wood chips Fabric 56.85 15.04
filter/VTT
F4 100% Polish coal  Fabric 45.11 8.67
filter/CUT
F5 50% Polish coal-  Fabric 41.57 18.13
50% Wood chips  filter/CUT
F6 100% Wood chips Fabric 18.46 41.70
filter/CUT
Cl 100% Greek Second 80.98 5.73
lignite cyclone/
VTT
Cc2 50% Wood chips— Second 50.86 14.19
50% Polish coal cyclone/
VTT
C3 100% Wood chips  Second 52.72 19.59
cyclone/
VTT
C4 100% Polish coal ~ Second 27.76 9.58
cyclone/
CUT
C5 50% Polish coal-  Second 33.22 13.76
50% Wood chips  cyclone/
CUT
C6 100% Wood chips Second 31.69 41.16
cyclone/
CUT

ments were conducted by a LECO TGA 501 Thermogravi-
metric Analyzer. The results were obtained on a dry basis.
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. At this temperature the moisture content was
received. After the moisture is determined, the chamber
was 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 major and trace elements a
microwave-assisted acid digestion (MW-AD) followed by
an inductively coupled plasma-optical emission spectrome-
try (ICP-OES) was applied. A combination of HNO; HCI
and HF is employed in the MW-AD followed by H3;BO;
addition, for the removal of HF from the reaction mixture.

The microwave digestion was carried out by using a
CEM MDS 2000 oven. ICP-OES measurement was per-
formed using a Perkin—Elmer Optima 4300 DV.

The particle size of the ashes was measured with a Mal-
vern Mastersizer-S particle size analyzer using the wet dis-
persion method in water.

The mineralogical composition of the fly ash samples
was examined by XRD using a Siemens D-500 spectrome-
ter with copper Ko radiation.

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 [3] defines three classes:

e Class N which includes raw of calcinated natural pozzo-
lans with at least 70% SiO,, Al,Oz and Fe,Os;.

e Class F comprising ash produced from anthracite or
bituminous coal combustion with at least 70% SiO,,
A1203 and F€203.

e Class C comprising ash produced from lignite or sub-
bituminous coal combustion with at least 50% but less
than 70% Si0O,, Al,O3; and Fe,Os.

Class F fly ashes usually contain less than 5% CaO,
while fly ashes belonging to class C contain a large propor-
tion of CaO (10-35%).

From the chemical point of view the analysed ash sam-
ples are rich in CaO, while the sum of the oxides Al,Os3,
SiO, and Fe,O5 is over 50% but less than 70%. This
sum as well as the concentration of CaO is shown in
Table 2. According to the ASTM standard, the fly ashes
are classified as class C, except of sample C1 (lignite),
which is associated with class F. It is also worthwhile to
mention that the bituminous coal produces fly ash of class
C.

3.2. Unburned carbon content

The loss-on-ignition (LOI), which measures the amount
of the unburned carbon remaining in the fly ash, is one of
the most significant chemical properties of the samples ana-
lysed. The maximum LOI determined in these experiments,
shown in Table 3, was F4 (coal) (32.93%) and C4 (coal)
(53.68%). The ASTM C-618 [3] standard has an upper limit
of 6%, concerning class C fly ash utilization as a pozzolan
in Portland cement. In 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 [4]. According to
the aforementioned specification, good results are obtained
by the fly ash samples F1 (lignite), F6 (wood chips) and
C1 (lignite), C3 (wood chips). In compliance with ASTM
C-618 [3], SO3; content should be lower than 5%. In this
case only the sample CI1 (lignite) from the second cyclone
meets this requirement.
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Table 3
Ash composition (%) of the samples as determined by XRF analysis
F1 F2 F3 F4 F5 F6 Cl1 C2 C3 C4 C5 C6
Sio, 40.33 36.58 32.96 23.35 22.81 13.39 47.80 28.05 29.20 14.57 1872 20.07
Fe,05 8.11 6.53 6.01 6.34 4.69 2.46 9.06 7.70 8.89 4.74 5.53 2.36
AlLO3 21.59 19.54 17.88 15.42 14.07 2.61 24.12 15.11 14.63 8.45 8.97 9.26
TiO, 1.34 1.06 0.90 0.77 0.69 0.03 0.98 0.48 0.39 0.29 0.27 0.05
CaO 12.53 12.68 15.04 8.67 18.13 41.70 5.73 14.19 19.59 9.58 13.76 41.16
MgO 4.10 3.58 4.18 4.71 5.81 8.10 3.64 5.00 5.70 2.99 3.89 4.47
SO, 8.09 7.51 8.98 3.37 5.86 10.08 3.80 9.65 13.23 3.82 4.81 4.02
P,Os 0.71 0.92 1.37 0.87 2.55 4.67 0.50 0.73 1.03 0.31 0.78 2.34
Na,O 0.30 0.63 1.23 2.17 0.88 2.75 0.28 1.46 1.95 1.10 1.82 0.63
K,O 2.25 2.05 2.26 1.65 6.41 12.08 3.13 2.23 2.96 0.91 3.07 5.57
LOI 1.10 9.34 9.51 32.93 18.15 2.17 1.19 16.24 2.64 53.68 33.36 10.51
Total 100.35 100.42 100.32 100.25 100.05 100.04 100.23 100.84 100.24 100.44 99.98 100.44
3.3. Chemical composition Table 4
Concentration (mg/kg) of trace elements in the fly ash
Al,O5 occurs in higher amounts in all samples except of ~ Sample As Cr Co

F6 (wood chips) and in all samples from the second cyclone  Fl1 36+35 190+17 31+3
(Table 3). This is also in accordance with literature review  F2 43+£4  182£16 43.6+4
[5]. The addition of coal in the fuel blend enriches the ash Ei i‘fji 2 }(8)8 i ;6 jg ;Ei 4
compositipn in. Fe. Oxides containing thig elerpent (Fe>03) Fs -5 11549 39544
were also identified by means of XRD. This oxide was pres- F6 <5 295+3 74407
ent as hematite or maghemite in almost all samples exam-  AFBC ash residues form coal 10-300 1-500 -
ined, except of F6 (wood chips) and C6 (wood chips), combustion [5]
which contained approximately only 2.5% of Fe,O;. On Cl <5 160£13 2342
the other hand wood fly ash is rich in phosphorous, as seen ~ C2 <5 14515 1842
in the aforementioned tables. This phosphorous originates €3 <3 180+16 22+2
from the wood chips used [5]. Consequently, P,Os was sig- o 3 3243 82208

, : 'P : quently, F50s & s <5 247 87408
nificant e;nrwhed in the fly 'ash .samples originating from ¢ <5 20+2 <5
wood chips. Moreover, calcium is also an important com- AFBC ash residues form coal 10-300  1-500 -

ponent 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.

In Table 4 the trace element concentrations determined
by ICP-OES are presented.

Compared to coal ash from fluidised bed combustion
described in the literature [5], 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 lignite fly ash is 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 [6] 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
sulphides.

Furthermore by increasing O, partial pressure, coal par-
ticles’ combustion temperature can be raised. Thus Cr con-

combustion [5]

centration is increasing by increasing O, concentration [7].
In addition boiler configuration and operation affect the
behaviour of Cr. Lower emissions of Cr are usually
detected at lower load [8]. The relatively high concentration
of Cr could also be due to the attrition of the power plant
equipment and the metallic nozzle of the probe used for
sampling. Thus the presence of Cr could be indicative of
contamination in association with stainless steel [9,10].

A potential benefit [11] 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, espe-
cially 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 [12,13]. It
should be noted that 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
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onto particle surface and unburned carbon (char); only a
few trace elements are likely emitted into the atmosphere
as gaseous compounds [12,14].

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 process [12,15]. That is mainly because
the combustion furnace type and combustion process are
closely related to the degree of coal combustion, combus-
tion temperature and combustion efficiency. If coal is effi-
ciently combusted in the furnace, the carbon content in
fly ash will be low; hence some of the elements associated
with organic matter will be released into the flue gas [12].

3.4. Particle size distribution

Particle size distribution [2] of fly ashes is of particular
interest when the material is used as a substitute for a por-
tion of cement in concrete and in soil-stabilisation mix-
tures. Potential effects influenced by particle size
distribution are related to: rheology, floe structure of the
cement paste, permeability of the hard paste and rate of
strength gain [16]. 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 [12]. Taking into account that the upgrading
of fly ashes has economic limitations, a good characteriza-
tion of the particle is essential to the process of metal
recovery.

The particle size distribution of fly ashes is usually
between 1 um and 200 pm although coarser particles may
exist especially in ashes from lignite [17]. Moreover,
according to the literature [18], the fly ashes derived from
CFB technologies contain smaller particles than the fly
ashes coming from conventional combustion technologies.
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Figs. 2 and 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 um and 200 um. Moreover a second peak occurs
in the size distribution of all samples, in the range between
0.1 and 1 um.

Fig. 2 depicts the particle size distribution of ashes from
the fabric filter. As it can be seen samples F1 (lignite), F2
(wood chips/coal), F3 (wood chips) have a coarser particle
size than F4 (coal), F5 (wood chips/coal) and F6 (wood
chips). This result is due to the different combustion tem-
peratures applied (Table 2) and the different fuel blends
used.

The particle size in fly ash from a blend containing wood
chips decreases with increasing percentage of wood chips.
This is possibly due to the ease of combusting wood chips
(Fig. 3).

Fly ash contains most elements found in the periodical
table [19] and a number of researchers agree that many
of the trace elements in fly ash show a definite concentra-
tion 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 [9]. This is evident by comparing the elemental
content of fly ash collected from fabric filters to that of
cyclones (Table 4).

3.5. X-ray diffraction (XRD)

Evaluating the XRD patterns, 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, gehlenite, magnesioferrite, lime, sylvite and
rutile, which occurred in some samples.

Particle Size Distribution of samples fly ash from filter

F1 F2

%

0.05
0.08

76.3
121 |
191 |
302
477
754

Particle Diameter (lum)

Fig. 2. Particle size distribution of samples from filter.
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Particle Size Distribution of samples fly ash from second cyclone
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Fig. 3. Particle size distribution of samples from second cyclone.

The results of the mineralogical composition of these
samples, obtained from the X-ray patterns, are presented
in Table 5.

3.6. Phase-mineral composition and genetic features

Almost all ash samples contain quartz, which is a min-
eral that can be considered as primary, especially in cases
where ash samples originate from fuels such as bituminous
coal and lignite, which contain high amounts of silicon
dioxide (Table 3).

The fly ashes from high sulphur coals have higher
amounts of iron-bearing minerals compared to the fly ash
from low sulphur coals. Formation of iron oxides is par-
tially due to the decomposition of pyrite, which increases
the SO, content of the system and provides the basic cation
for nucleation of hematite/magnetite, which then leads to
the formation of magnetite microspheres [17].

Except of quartz, the majority of the samples contain
hematite, especially in cases where bituminous coal is used.
This type of coal has higher percentages of ferric oxide in
comparison with lignite and the wood chips used (Table 3).

Table 5
Mineral phases in the fly ash samples

Hematite was frequently accompanied by anhydrite, which
probably forms from reactions between pyrite sulphur and
calcite. According to literature review it was found that
anhydrite and hematite began to form at 500 °C and were
major phases through 800 °C [20].

Anhydrite is a mineral that is formed by dehydration of
bassanite (CaSOy - 1/2H-0) or formed by calcite-pyrite
reactions at temperatures higher than 500 °C [21]. It is sta-
ble at temperatures up to 990 °C.

Bassanite, which is formed by dehydration of original
gypsum, is another important source of calcium in the sys-
tem. Bassanite is stable at 400 °C, and in rare cases traces
of it persist at 500 °C. During dehydration, which begins
at 400 °C in some cases, anhydrite develops. This is a major
phase through 1000 °C in some cases [20].

Maghemite is an oxidation product of magnetite
(Fe»03), an inverse spinel structure mineral and the ther-
mal decomposition product of pyrite in coal [22]. It can
be found almost in all samples blended with lignite.

Portlandite appears at low or medium combustion tem-
peratures, by calcite heating [23]. Only the wood chips sam-
ples F6 (wood chips), C3 (wood chips) and C6 (wood

Mineral phases Fl1 F2 F3 F4

F5 Fé

a

C2 C3 C4 C5 C6

Quartz - SiO, X
Maghemite — Fe,O5

Hematite — Fe,O3 X
Anhydrite — CaSO,4 X
Periclase — MgO

Portlandite — Ca(OH),

Gehlenite — CazAl(Al,Sl)207
Magnesioferrite — MgFe,O4 X
Lime — CaO

Sylvite — KCl

Rutile — TiO, X

XK KX

e

XX KX
XXX X
XX AR K K
XXX X
XXX X
ol >

“X” denotes that the corresponding crystalline phase was identified using XRD.
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chips) include this mineral. In general, wood chips are
abundant in calcium and probably containing calcite.

Periclase [21] is a secondary mineral and it is formed
from the decomposition of dolomite (CaMg(COs3),)
through magnesite. It does not appear in the samples which
originate from lignite (F1, C1).

The presence of hematite in combination with the pres-
ence of periclase leads to the formation of magnesioferrite
(MgFe,0,). This mineral appears in sample F4 (coal). So,
the 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 partic-
ipate in the formation of magnesioferrite.

Lime forms due to the decomposition of calcite or from
dolomite through calcite [21] and occurs only in sample C5
(coal/wood chips).

Gehlenite originates from carbonate-silicate-spinel reac-
tions and appears only in sample F5 (coal/wood chips).
This result leads to the assumption that calcium from wood
chips and silicon dioxide from coal in this proportion is
able to form this mineral.

Sylvite appears only in sample F6 (wood chips) and is
possibly formed due to the high alkaline content of wood
chips.

4. Conclusions

Compared to fly ash from combustion of wood chips,
the co-combustion ashes studied had lower contents of cal-
cium, potassium and magnesium. The blend of coal and
wood chips adds aluminium and iron to the ash and the
trace element 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 (lignite)
and F2 (lignite/wood chips), which in addition are of small
particle size. As aforementioned, many of the trace ele-
ments in fly ash show a definite concentration trend with
decreasing particle size.

Fly ash deriving from the combustion of pure lignite and
pure wood chips has a low LOI level. If the SO3 content is
taken additionally into account (SO3 < 5%), then the most
attractive fly ash to the cement industry is C1 (lignite), col-
lected at the second cyclone.

Moreover, the particle size distribution of the examined
fly ashes is related to the fuels burned. The higher the per-
centage of biomass in the blends, the smaller the ash parti-
cle size.

The mineralogical composition of the fly ashes depends
on the components of the blends and the combustion tem-
perature. 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 con-
tains 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 chemical characteristics of the blend of biomass-
coals depend on the system of combustion and the fly
ash capturing mechanism. That is mainly because the com-
bustion furnace type and combustion process are closely
related to the degree of coal combustion, combustion tem-
perature and combustion efficiency.
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