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Preface

One of the most critical problems we face today is acid rain. One
of the main causcs is the burning of fossil fuels and, as a result, sulfuric
acid and carbon dioxidc arc added to the atmosphere. These pollutant
gases have detrimental effect on building materials. Thus there arc two
problems: 1) to decreasc the gas emission, and 2) to produce construction
material which is more durable to aggressive pollutant gases and acid
rain,

The environmental aspects involved in the production and use of
cement, concrete and other building materials arc of growing importance.
CO, emission, for cxample, is 0.8-1.3 ton per ton of cement production
in dry process. SO, emission is also very high, depending upon the type
of fuel used. Encrgy consumption is also very high at 100-150 kWT/ton
of cement produced. It is costly to erect new cement plants. It costs
approximatcly $230 US per ton of installed capacity in Europe and $230
US in developing countrics. Substitution of waste materials will con-
scrve dwindling resources and will avoid the environmental and ecologi-
cal damages caused by quarrying and exploitation of the raw materials
for making cement. To some extent, it will help to solve the problem
otherwise encountered in disposing of the wastcs. Partial replacement of
clinker or Portland cement by slag, fly ash, silica fume, and natural rock
minerals illustrates these aspects, Partial replacement by natural mate-
rials that rcquire littlc or no processing, such as pozzolans, calcined
clays, etc., saves energy and decreascs emission of gascs. The annual

vii



Preface

production of Portland cement is morc than 1000 M tons, while the output
of waste materials suitable as cement replacement (slags, fly ashes, silica
fumes, rice husk ash, etc.) is morc than double this amount.

These waste materials can partly be used, or processed, to
produce materials suitable as aggregates or fillers in concrete. These can
also be used as clinker raw materials or processed into cementing
systems. New grinding and mixing technology will make the use of these
sccondary matcrials simpler. Developments in chemical admixtures
(superplasticizers, air-entraining agents, ¢tc.) help in controlling produc-
tion techniques and in achieving the desired propertics in concrete.

The use of waste products is not only a partial solution to
environmental and ecological problems. [t significantly improves the
microstructure, and conscquently the durability properties of concrete,
which are difficult to achieve by the use of pure Portland cement. The aim
is not only to make the cements and concrete less expensive, but to
provide a blend of tailored propertics of waste materials and Portland
cements suitable for a specified purpose. This however requires a better
undcerstanding of chemistry and materials science.

There is also an increasing demand for better understanding of
material propertics, as well as better control of the microstructure
developing in the construction material, to increasc durability, The
combination of different bindcrs and modifiers to produce cheaper and
more durable building materials will be a factor in solving the ccological
and cnvironmental problems.

Goteborg, Sweden Satish Chandra
January, 1997
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NOTICE

To the best of our knowledge the information in this publication is
accurate; however the Publisher does not assume any responsibil-
ity or liability for the accuracy or completeness of, or conscquences
arising [rom, such information. This book isintended {or informational
purposes only. Mention of trade names or commercial products does
not constitute endorsement or recommendation tor use by the Publish-
er. T'inal determination of the suitability of any information or
product [or use contemplated by any user, and the manner of that
use, is the sole responsibility of the user. We recommend that
anyone intending to rely on any recommendation of materials or
procedures mentioned in this publication should satisfy himsclf as
to such suitability, and that he can meet all applicable safety and
health standards.
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1

PROPERTIES AND USE OF SOLID
RESIDUE FROM FLUIDIZED BED COAL
COMBUSTION

Jiri BrandStetr, Jaromir Havlica and Ivan Odler

INTRODUCTION

The combustion of coal is expected to be the most widely
used source of energy for the production of electricity at least in the
foreseeable future. In conventional power plants, the combustion of
the fuel takes place at temperatures between about 1200-1700°C and
the process is associated with the liberation of large amounts of sulfur
oxide in addition to CO,. Worldwide, millions of tons of nSO, are
generated in this way annually [1]. Thus, the necessity exists to
reduce the emission of SO, and to clean the produced flue gases.

In recent years a variety of "clean" technologies for coal
combustion were developed [2]. Out of these, technologies based on
fluidized bed combustion found greatest acceptance [4-6]. Here,
finely ground coal is burnt together with ground limestone, acting as a
sorbent of sulfur dioxide, in a fluidized bed at temperatures of
approximately 850°C. Under these conditions, the SO, produced in
the combustion process remains absorbed in the ash and additional
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cleaning of the flue gas is not necessary. It may be expected that
large fraction of newly built power plants, especially those with a
smaller or medium capacity will be based on this technology. Instead
of limestone also dolomite may be employed as a sorbent which,
however, is less suitable should the ash formed in the process be
utilized, rather than disposed.

The solid residue of the fluidized combustion of bituminous
or sub-bituminous coals differ distinctly in their chemical and phase
composition from ashes produced in conventional power plants and
due to their generally favorable properties the potential exists for their
large scale utilization [7-18]. In fact, at a site in the Netherlands,
solid mining residues are processed in a fluidized bed reactor to
produce a good quality inorganic binder, while the electricity,
produced simultaneously, is considered to be a by-product [19].

A factor supporting the general trend to utilize industrial
by-products [1,15,17,19-26] is the gradual depletion of high quality
raw materials in the world and the steadily increasing volume of
waste of all kinds which must be disposed, unless it is utilized in a
meaningful way. This necessitates the development of technologies
aimed at the utilization and/or recycling of secondary raw materials.

The permanently increasing number of power plants
employing fluidized bed combustion results in an increasing interest
in the utilization of the formed ashes whose composition and
properties may vary in a wide range, depending on the composition
of the fuel used, on the quality and amount of sorbent and on the
combustion technology employed.

Fluidized bed combustion may be done either under
atmospheric pressure (Atmospheric Fluidized Bed Combustion,
AFBC) or at elevated pressure (Pressurized Fluidized Bed
Combustion, PFBC). The latter approach, developed only recently,
is used only in three power plants of the world and there are no
published data on the properties of formed ashes so far.

New materials require new testing procedures to assess their
quality and possible utilization. Should they be used under industrial
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conditions, these methods must also be sufficiently simple to make
the testing procedure acceptable [27].

To attain a wide acceptance of new materials, it is essential to
publish information about their properties and potential uses. In the
case of fluidized bed ashes produced in flue gas de-sulfurization, the
steadily increasing costs of their disposal may also stimulate efforts
to utilize them in different applications.

The prevailing majority of papers on fluidized bed
combustion of coal published so far deals with the optimization of the
combustion process and on the equipment to be employed. Several
conferences were dedicated to these topics [4,5]. This chapter
provides information on the composition and properties of the solid
residue from fluidized bed combustion of coal using either the AFBC
or PFBC technologies. Also discussed will be the potential uses of
these materials. The aim of this report is to generate interest in these
materials whose volume is expected to increase steadily in the
coming years.

As products of fluidized bed combustion exhibit hydraulic
and/or pozzolanic properties, their use as a binder may result in a
reduced consumption of Portland cement whose production is
associated with a significant consumption of energy. This in course
may also contribute to a reduction of the CO, emission. A
cooperation of power plant operators, ccologists, material scientists,
civil engineers and also legislators will be required to achieve an
acceptance and a wide use of fluidized bed combustion ashes.

STARTING MATERIALS AND THE COMBUSTION
PROCESS
Solid fuel

Bituminous or sub-bituminous coal, lignite and even different
waste products from coal mining [19,28] may be employed as fuels

in the combustion process. It is obvious that the quality of the fuel
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and in particular the composition of its inorganic fraction determines
to a great degree the composition and quality of the produced ash.
Bituminous coal is the fuel used most widely in the industry. Its ash
content lies typically at around 8 to 15%. The sulfur content of
different coals may also vary greatly, which requires in most
instances a de-sulfurization, to keep the SO, content in the flue gas
low enough. Occasionally fuels with a content of inorganic
constituents of up to 50% are used which results in an increased
volume of produced ash. Up to several hundred tons of ash may be
produced per day in some units. On the other hand, a certain amount
of inorganic constituents in the fuel is necessary to assure the
formation of a fluidized bed.

The chemical composition of the produced ash is independent
on the employed combustion technology whereas the phase
composition may be affected considerably. The factor that affects
greatly the phase composition of an ash is the temperature of
combustion which in the case of fluidized bed technology lies at
around 850 °C. Another factor that also determines both the chemical
and phase composition of the final product is the quality and quantity
of the sorbent intermixed with the fuel.

The coal in fluidized bed combustion must be ground to a
fineness below 4 mm and the amount passing the sieve 0.5 mm is
typically around 20% . Finely ground limestone is the sorbent most
widely used for the sorption of sulfur oxide.

At the temperature existing in the fluidized bed, limestone
decomposes and converts to highly porous calcium oxide (lime)
which reacts with sulfur oxide produced in the oxidation of the fuel.
[t is assumed that sulfur oxide also reacts with ground limestone
directly in a topochemical reaction. The sorbent is being interground
with the fuel to an appropriate fineness. Sometimes water is added
to the mix to produce a slurry of desired consistency.

Alternatively, dolomite may also be used as a sorbent of SO,
instead of limestone. The selection of the sorbent is usually done
depending on the local availability of the material. Magnesium
carbonate present in dolomite together with calcium carbonate

4
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decomposes at a lower temperature, namely already at about 500 °C,
while calcium carbonate in limestone decomposes at 700 - 800 °C. At
temperatures existing in the fluidized bed, i.c. at 850 °C, magnesium
oxide looses its reactivity and tends to react with sulfur oxide only
incompletely. A significant fraction of it remains in the combustion
residue in non-reacted form as crystalline periclase. Thus the content
of free MgO in the product of combustion may often exceed 10% , if
dolomite is used as a sorbent. Contrary to that, the periclase content
of ashes produced by adding limestone to the coal rarely exceeds
2.5%. Periclase reacts in a very slow reaction with water yielding
magnesium hydroxide Mg(OH), (brucite). As this reaction is
associated with an expansion which may cause cracking of building
materials made from high periclase ashes, the potential of using such
ashes is limited. One area of possible uses of high MgO ashes is in
agricultural applications [29,30].

The combustion temperature of 850°C used in fluidized
combustion has been selected as at this temperature the absorption of
sulfur oxide by the added sorbent is most effective. Under these
conditions a separate de-sulfurization of the residual flue gas becomes
unnecessary. To attain a sufficient binding of sulfur, however, the
sorbent has to be added in an stoichiometric excess, to increase the
effectiveness of the sorption process. Obviously, the actual amount
of limestone that has to be introduced increases with increasing sulfur
content of the fuel. An addition of 4% of limestone is typical, if a coal
with a sulfur content of around one percent is used.

The extent to which the added sorbent affects the oxidic
composition of the produced de-sulfurization residue will depend on
the ash content of the fuel and also on the amount of sulfur present in
the fuel and thus on the amount of limestone that had to be added to
attain a sufficient de-sulfurization. Typically the amount of CaO +
MgO coming from the added sorbent represents about 8-15% of the
total amount of the solid de-sulfurization residue, if a coal with an ash
content of 15% is employed. If fuels are employed that contain a
significant fraction of calcium carbonate among its constituents, the
amount of added sorbent may be reduced accordingly. This may be
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the case especially in sub-bituminous coals which contain up to 10%
of calcium carbonate.

The Combustion Process

Most widely used technology at present in fluidized bed
combustion of solid fuels is the AFBC process (atmospheric fluidized
bed combustion). Another technology, the pressurized bed process
PFBC, that has been developed by the ABB company in Sweden [3]
is being employed presently only at three different sites worldwide.
In the recent approach the combustion takes place at a pressure of
around 1.2 MPa. This makes it possible to reduce the height of the
fluidized bed reactor significantly.

In both the AFBC and PFBC processes the combustion takes
place in a circulating fluidized bed in which the fuel returns
repeatedly into the reactor. Under these conditions the overall time in
which the combustion takes place may reach up to several hours. In
the course of combustion the primary formed sulfur dioxide SO, is
converted to anhydrous calcium sulfate CaSO,, anhydrite 1I. The
oxidation of S™ 1o S™is catalyzed by heavy metals present in the ash.

Due to the low burning temperature the reactors and cyclones
employed in the AFBC and PFBC processes do not require any
refractory linings. A cooling of the internal walls with water is
sufficient. Nitrogen oxides NO, are formed only from nitrogen
bound within the organic constituents of the fuel. Thus, both the SO,
and NO, content in the flue gas, produced in these processes is very
low, well below levels required by the existing specifications. Fine
solid constituents present in the flue gas are being separated by
appropriate gas filters and must be disposed to be utilized in a
meaningful way.

Burning in a circulating fluidized bed results usually in a
thorough oxidation of the organic constituents of the fuel, so that the
content of residual carbon may be easily kept below 1. Only if the
rate of combustion is intentionally reduced the carbon content in the
residual ash may increase. The greatest part of residual carbon in the

6
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ash is present in an amorphous form and exhibits a large specific
surface area. As a consequence of it the water requirement in the
production of mortar or concrete may be increased if a high volume
of fluidized bed ash with a significant carbon content is added to the
mix.

The particle size distribution of the residual material produced
in fluidized bed combustion varies in a wide range and fractions of
different granulometry are precipitated and separated at different
sites. The coarsest fraction is the bed ash which represents usually 30
to 40% of the total amount of the solids. About 60% of the solid
material is separated in cyclones whereas the fine fraction
precipitated in last electrostatic precipitators or hose filters rarely
exceeds 5%. Figures 1-3 show the particle size distributions of
different kind of ash fractions (PFBC, Finspong, Sweden). It is also
noteworthy to mention that different fractions differ not only in their
fineness, but also in chemical and mineralogical composition and thus
may be suitable for different applications. Compositions of various
ashes and fractions are given in Tables 1-3.

Different ash fractions exhibit also differences in their net and
bulk densities and specific surface areas. From a comparison of the
existing particle sizes and specific surface areas it is obvious that
different ash fractions differ also greatly in their porosities. The exact
values will depend on the quality of the employed fuel and the
quantity and quality of the sorbent employed.

Chemical Reactions and Phase Transformations in the Course of
Combustion

The main constituents of the inorganic part of bituminous and
sub-bituminous coals are clay minerals (illite, kaolinite,
montmorillonite, halloysite etc.) - up to 50% , quartz - up to 15% and
then iron oxides (hematite, limonite, magnetite), iron sulfides (pyrite,
markasite) and carbonates (calcite, dolomite, magnesite). The low
content of calcium sulfate varies. Minor constituents include various



Waste Materials Used in Concrete Manufacturing

25 100
20 . 80
A15 60
® ®
E g

o
10 40
"
5 20
¥ ﬂﬂﬂmﬂmmm dLE

1000
portlcle iameter ozy,m)

Figure 1. Particle size distribution (g3) and its integral curve (Q3)
of PFBC ground bed ash: 25% < 0.97 um, 60% < 5.00 pm,
specific surface 7.96 m*/g (BET), specific gravity 2718 kg/m".
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Figure 2. Particle size distribution (q3) and its integral curve (Q3) of
PFBC cyclone fly ash: 25% < 15.1 um, 60% < 53.6 um, specific
surface 4.72 m*/g (BET), specific gravity 2692 kg/m”.
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Figure 3. Particle size distribution (q3) and its integral curve (Q3)
of PFBC filter fly ash: 25% < 1.46 um, 60% < 3.46 um, specific
surface 6.39 m*/g (BET), specific gravity 2580 kg/m’.

Table 1. Chemical Analysis of Individual Fractions of PFBC Ground
Bed Ash (Finspong, Sweden). *L.0.1. = loss on iginition

Percent Fraction, mm

<0.040 0.040-0.090  0.090-0.125 >0.125
Sio, 234 40.3 425 49.8
CaO 34.0 212 18.6 13.5
MgO 2.0 2.3 2.6 2.5
ALO, 9.4 13.7 15.5 17.0
Fe,O, 3.0 43 3.8 3.8
TiO, 0.7 0.8 0.9 0.9
P,0, 0.2 0.2 0.3 0.2
MnO 0.1 0.1 0.1 0.1
Na,0 0.7 0.9 0.8 0.8
K,0 0.9 1.6 1.7 2.1
C 4.4 2.9 2.4 12
S 3.7 1.5 1.4 1.8
L.O.L*

(1000°C) 18.8 12.5 10.9 7.7
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Table 2. Chemical Analysis of Individual Fractions of PFBC
Cyclone Fly Ash (Finspong, Sweden).

Percent Fraction, mm

<0.040 0.040-0.090  0.090-0.125 0.125-0.200

SiO, 36.8 37.0 33.7 317
Ca0 17.3 21.6 26.6 29.5
MgO 3.7 3.5 3.3 29
AlO, 18.3 14.3 11.6 10.5
Fe,O, 72 6.3 5.5 4.2
TiO, 1.1 1.0 0.8 0.7
P,O; 0.3 0.3 0.2 0.1
MnO 02 0.2 0.2 0.1
Na,O 1.0 0.9 0.6 0.6
K,0 1.7 1.5 1.3 1.3
C 2.3 3.3 4.2 4.9
S 24 1.5 1.3 1.1
L.O.IL

(1000°C) 7.9 11.2 14.9 17.5

Table 3. Chemical Analysis of Individual Fractions of AFBC Fly
Ash (Trinec, Czech Republic).

Percent Fraction, mm

<0.040 0.040-0.063 >(.063

Si0, 44.8 48.4 56.1
Ca0 7.9 8.9 5.4
MgO 3.4 43 32
ALO, 22.5 21.0 22.6
Fe,0, 74 6.3 5.3
TiO, 1.3 1.0 1.2
P,0, 0.7 0.5 04
MnO 02 02 02
Na,0 0.7 07 0.7
K,0 2.4 2.6 2.4
C 43 0.9 0.2
S 11 1.7 0.7
L.O.L

(1000°C) 7.5 1.5 0.8
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phosphates, chlorides, humic acids and also free and chemically
combined water.

The following chemical reactions take place in the course of
coal burning in a fluidized bed in the presence of limestone: First,
free water evaporates, followed by the escape of water bound within
the clay minerals. The temperature of decomposition varies in
different clay minerals: The interlayer water of halloysite escapes
already at around 140°C, whereas its dehydroxylation starts at 450°C.
Kaolinite looses its bound water at 500-650°C and converts to
metakaolinite, which is an unstable highly reactive (x-ray amorphous)
aluminum silicate with a large specific surface area.
Montmorillonitic clays (bentonites) lose their water present in
interlayer spaces at around 150°C; at this temperature the dehydration
of sodium and potassium ions proceeds. At somewhat higher
temperatures this is followed by an irreversible escape of water
combined with cations of alkaline earths. Finally, at 600-700°C water
bound as a constituent of the crystalline lattice is liberated. Illitic
clays behave similar to montmorillonite, however, their
decomposition proceeds more slowly and is often incomplete. The
amorphous aluminosilicate phases and amorphous silicone dioxide,
formed in the thermal decomposition of clay minerals, are responsible
for the hydraulic and/or pozzolanic reactivity of the ashes seen after
mixing them with water and other constituents.

Magnesium carbonate MgCO, decomposes at temperatures
above 500°C and calcium carbonate CaCO,above 700°C. The rate of
decomposition is accelerated if alkali ions are present. Pyrite
decomposes at around 400-500°C and its decomposition is associated
with an oxidation of the present sulfur and iron.

The calcium oxide produced in the decomposition of
limestone exhibits a large surface and reacts readily with sulfur oxide
formed in the combustion process in the temperature range 700-
850°C. In the presence of excessive amounts of oxygen, anhydrite 11
(calcium sulfate, CaSQ,) rather than calcium sulfite CaSO; is formed
as the final product of reaction. The excessive amount of the sorbent
which was added to attain an effective de-sulfurization of the flue

11
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gases, remains in the ash in the form of free lime (in the AFBC
process) or calcium carbonate (in the PFBC process). To maintain
a high reactivity of the produced fluidized bed ash it is important
not to exceed significantly the combustion temperature of 850°C.

This low temperature assures a higher specific surface area and thus
a greater reactivity of this type of ashes as compared to ordinary fly
ashes formed at combustion temperatures reaching 1600°C, when a
liquid melt is formed. The final conventional fly ash consists mostly
of spherical particles that contain, besides of the glass phase, also
crystalline constituents such as mullite, anorthite or spinel. The
pozzolanic reactivity of this ash is mainly due to the glass phase,
whereas the majority of the formed crystalline phases is
nonreactive. If coals containing calcium carbonate are utilized, also
here calcium oxide is formed in its decomposition and reacts with
SO, and O,, yielding CaSO,;. However, non-reacted CaO stays in
the ash as dead burnt lime. This phase, as well as free MgO, are
undesirable constituents of fly ashes as they may react slowly with
water, yielding hydroxides. This reaction may be associated with
an expansion and cracking of materials produced from such ashes.

THE CHEMICAL AND PHASE COMPOSITION OF AFBC
AND PFBC ASHES

The solid residue formed in the AFBC and PFBC processes
may be considered to be blend of the inorganic fraction of the
employed fuel, the compound of sulfur produced in the de-
sulfurization reaction and of the excessive sorbent. Their oxidic
composition may be estimated from the composition of the fuel, of
the interblended sorbent and their mutual ratio. The chemical
composition is similar to that of fly ashes received by conventional
high temperature combustion of the same coal, except higher CaO
(or MgO) and SO; contents (see Table 4).

The chemical composition of the ash alone does not suffice
for assessing the quality and thus the potential uses of the material.
In addition to the overall amount of present CaO it is important to

12
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Table 4. Chemical Composition (in oxides) of Bed Fly Ash [11,43].
(Compared to Ignited Samples).

Bituminous Coal Sub-bituminous Coal
Slag-tap  Atmo- Pressurized fluidized Slag-tap Atmospheric
boiler  spheric PFBC solid residue boiler AFBC
fluidized Finspong solid residue
bed FA
Bed Cyclone Filter Bed FA
ash FA FA ash

t,°C >1300 <90 <900 <%0 <%0 >1300 <900 <900

Si0, 40-50  33-48 354 37.09 38.48 20-70 7-17 80

ALO, 2335 13-20 12.88 15.63  23.39 1-15 4-6 0.5
Fe, 0, 4-17 5-10 334 6.02 6.86 1.5-20 8-10 1
Ca0 1-8 8-18 23.49 20.29 10.12 8-40 36-47 11
MgO 0.8-48 12 1.62 2.7l 270 0570 89 1
K,O 1555 24 1.57 1.64 2,12 0.1-1.5 0.3-0.7 0.1

Na,0 0.1-3.5 0.4-0.7 0.60 0.8% 1.82 0.1-2.0 0.1-0.2 0.2
SO, 0.1-20 3-12 1059 566 11.63 1.5-15 10-13 1.3
TiO, 0.5-1.3 0.5-1 0.60  0.60 1.39 0.1-1 - -

distinguish between the amount present in the form of free lime and
those bound within the existing calcium sulfate, calcium carbonate or
clay mineral decomposition products. It also does not suffice to
know the loss on ignition (as determined at 975°C in line with EN
196-2) as this value includes the amount of residual carbon, combined
water and CO, bound within the present calcium or magnesium
carbonate. It may also be important to distinguish between the
divalent Fe*" and trivalent Fe** forms of iron as the oxidation of the
former is associated with an undesired expansion [43].
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