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Highlights:
e Heavy metal containing FBC fly ashes as artificial aggregate precursor
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e Selectively soluble SiO2 and Al>O3 had major effect on the aggregate strength

e Barium was effectively immobilized
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Abstract

The increasing amount of fluidized bed combustion (FBC) ash is putting pressure on researchers to
invent novel methods for utilizing the ash. The low reactivity and heavy metal content constrict the
use of FBC ash in the same way as coal ash from pulverized combustion. Four FBC fly ashes from
different power plants were granulated with sodium silicate solution in order to produce artificial
aggregates. All aggregates matched the definition for lightweight aggregate according to the EN
13055-1 standard. The strongest aggregates were produced from fly ashes that had the highest X-
ray amorphous material content and the highest amount of selectively soluble SiO; and Al2O:s.
However, the same leaching problem (leaching of the anionic species) as with coal fly ashes was
observed with the FBC fly ashes. The simultaneous high shear granulation and alkali activation of
FBC ashes showed that artificial aggregates with satisfactory physical properties, such as density

and strength, can be obtained even from low-reactive fly ashes that contain heavy metals.
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1. Introduction



The European Union’s 20-20-20 policy target [1] encourages the use of biomass and waste in
energy production. Biomass is sustainable because it takes up a large amount of carbon dioxide
during its lifetime [2]. Biomass is often co-combusted with peat or waste materials in fluidized bed
combustion (FBC) boilers. The combustion temperature is lower in FBC techniques (800-900 °C)
than in pulverized coal-firing boilers (>1400 °C), which makes it possible to reduce NOx and SO>
emissions in flue gas. The stable combustion condition in FBC enables the use of various solid
fuels.

Due to the lower combustion temperature, variations in fuel, and possible use of
desulphurization sorbents, FBC ashes have significantly different physical, chemical, and
mineralogical composition compared to coal ash. The lower content of the glassy phases and the
heavy metal content originating from the fuel make the utilization of FBC ashes challenging and are
the reason why most is still deposited in landfills. Therefore, novel solutions for using FBC ash are
needed.

Alkali activation as a waste utilization method is rapidly increasing. In alkali activation,
aluminum- and silicon-containing solid precursors are dissolved in an alkaline solution to produce a
three-dimensional structure consisting of AlO4 and SiO4 units. Often, calcium also participates in
the formation of alumino-silicate structures. One beneficial property of alkali-activated materials
(AAMs) is the potential to immobilize heavy metals [3-9]. Studies on coal fly ash as alkali
activation precursors are numerous. However, studies on alkali activation of FBC fly ashes are
much less abundant [10-14].

As FBC ashes have lower glassy phase content and thus lower reactivity than coal ashes, it is
unlikely that high-strength products such as alkali-activated cements or concretes could be
manufactured from FBC ashes. Instead, manufacturing artificial aggregates from these ashes might
be a better solution. The utilization of ash as a precursor for artificial aggregates is economically

and ecologically sound because natural raw materials are saved, quarrying activities that damage the



environment are prevented, and waste is recycled into new products. Artificial aggregates can be
used in civil engineering applications and with concrete to replace natural aggregates.

There are two common methods for producing artificial aggregates: cold-bonding granulation
with a cementitious binder or high-temperature sintering. The second method has been studied and
utilized, but it has a downside since it has high energy consumption and certain wastes are
unsuitable for vitrification and sintering. Recently, artificial aggregates have been prepared by
granulation of powder wastes with cementitious binders [15-19]. The use of alkali activators as a
binder in the granulation process has shown promising results [14, 20], but to produce physically
and chemically stable products from waste, the raw materials must be carefully characterized.

This study utilizes four FBC fly ashes with high heavy metal content to manufacture alkali-
activated aggregates. The aggregates are produced by a combined high shear granulation—alkali
activation process. The fly ashes are thoroughly characterized in order to define the most important
properties that influence their performance as aggregates. The alkali-activated aggregates are
analyzed physically and mineralogically, and the environmental impact and their potential in civil

engineering are considered.

2. Material and methods
2.1. Materials

The four FBC fly ashes chosen for this study were obtained from circulating and bubbling
fluidized bed combustion boilers from different power plants (Table 1). The fly ash samples were
collected from electrostatic precipitator (ESP) units or from silos. Two of the fly ashes (A and D)
were from the ESP-C, which collects the finest fraction of the fly ash and contains most of the
heavy metals [21, 22]. The other two fly ashes (B and C) were collected from silos, which means

that the samples contained fractions from all of the precipitator units. The alkali activator used in



this study was sodium silicate solution (Zeopol® 25) with a SiO2/Na,O molar ratio of 2.5, pH of

12.5, and water content of approximately 66 wt%.

2.2. Methods

The content of the main chemical components of the fly ashes was determined with Omnian
PANanalytical Axios Max 4 kV X-ray fluorescence (XRF) from a melt-fused tablet. The melt-fused
tablet was produced from 1.5 g of fly ash melted at 1150 °C with 7.5 g of X-ray Flux Type 66:34
(66% Li2B4O7 and 34% LiBOy). The trace element concentrations in the fly ashes were
characterized by microwave-assisted wet digestion using a 3:1 mixture of HNOz and HCI for 0.5 g
of fly ash, and determination was made using an inductively coupled, plasma-optical emission
spectrometer (ICP-OES; Thermo Electron IRIS Intrepid Il XDL Duo, Thermo Scientific). Each
sample was measured twice. The solubility of selectively soluble SiO2, Al.O3, CaO, and Fe2Oz to a
solution consisting of ethylenediaminetetraacetic acid (EDTA, C10H14N2Na20g*2H,0) and
triethanolamine (TEA, Ce¢H1sNO3) solutions with pH adjusted to 11.6 + 0.1 with the addition of
NaOH was determined [23-25]. The soluble content concentration was determined using the
inductively coupled plasma technique. The free CaO content was determined using the
methodology described in [26]. The free calcium oxide describes the dissolved amount of CaO in a
specified mixture of butanoic acid, 3-oxo-ethyl ester, and butan-2-ol during 3 h boiling time.

The particle size distributions of the fly ashes were determined with a Beckman Coulter LS
13320 using the Fraunhofer model and the wet procedure reported as a volumetric median size (d1o,
dso, and dgo). The specific surface area was determined with ASAP 2020 Micrometrics and was
based on the physical adsorption of gas molecules on a solid surface. The results were reported in
the form of a BET isotherm. Moisture-%, loss-on-ignition (525 °C and 950 °C), and CaCOs3 content

were determined using thermo-gravimetric analysis equipment (PrepAsh, Precisa).



The fly ashes were granulated with a high shear granulator (Eirich R01) in a process described
[27]. A granulator drum spun clockwise at a speed of 170 rpm in a 10° tilt angle. Inside the drum
was an impeller (10 cm diameter) spinning counter-clockwise at a speed of 1200 rpm. For each fly
ash, a suitable liquid-solid ratio was determined in order to obtain 2-4 mm granules. In short, the
granulation process was employed as follows: 1) Dry fly ashes were weighed, mixed, and added to
the drum. 2) The impeller and drum were switched on, and approximately 15 g of sodium silicate
solution was added to prevent dusting. 3) Sodium silicate was added by drops until the desired
granule size was achieved. Each alkali-activated fly ash granule batch was sealed in air-tight plastic
bags, and stored under ambient conditions for 28 days.

Water absorption, dry particle density, and apparent density were determined with the standard
[28], and the loose bulk density was determined with the standard [29]. The force required to break
granules that were 5 mm in diameter was measured with a Zwick, Z100 Roell testing machine. The
granules were placed between steel plates and loaded under a constant deformation rate of 0.01
mm/s. At least five granules from each batch were measured.

A leaching test [30] was used to determine the amount of leachable hazardous components in
the fly ashes and the alkali-activated aggregates. Deviating from the standard, a sample size of 17.5
g was used instead of 175 g, and the filter paper retention size was 1 um instead of 0.45 pm.
Duplicate samples of the fly ashes and alkali-activated aggregates were analyzed, and the averages
were calculated. Conductivity and pH measurements were conducted with the Denver Instrument
model 50.

The crystalline phases of the powdered samples were identified with a Siemens 5000 X-ray
diffractometer. The step interval, integration time, and angle interval used were 0.04°, 4 s, and 10—

70°, respectively.

3. Results and discussion



3.1. Fly ash characterization

Table 1 shows the main chemical components and physical properties of the fly ashes. The fly
ash samples displayed a large variation in chemical composition. All samples contained a
significant amount of calcium, which is typical for bio fly ashes [31] (it originates from the organic
matrix of the fuel). Sludge from the paper industry (fly ash C) has the highest calcium content. The
combined amount of silica and alumina, which are the most important elements in alkali activation,
was above 50 wt% only for sample B. This predicts low strength for the alkali-activated materials,
but the strength depends also on the soluble fraction of these elements. The fly ash also contained
significant but highly variable amounts of Fe;Oz. The selectively soluble leaching test showed that
fly ash C had the highest amount of soluble SiO2 and Al.Os. High amounts of selectively soluble
CaO were determined for all samples. Sample B had been wetted before storing in the silo, which
explains the high moisture content. Fly ash D showed a gain in mass at 950 °C indicating the
oxidation of some component. There was a large variation in the surface area of the fly ashes and
particle size distribution of the fly ash samples. Fly ashes A and D had the smallest particles as
these samples contained only the fraction from the ESP-C. Fly ashes B and C had the largest
particles as these samples also contained fractions from ESP-A and ESP-B. Sample B had the
largest surface area and sample C the smallest. Due to the high free CaO content, the samples

showed high pH values when suspended in water.



Table 1

Characterization of the FBC fly ashes.

Fly ash sample A B C D
Circulating  Bubbling Bubbling Bubbling
. . fluidized bed fluidized bed fluidized bed fluidized bed
Combustion technique . . . .
combustion  combustion combustion  combustion
(CFBC) (BFBC) (BFBC) (BFBC)
Peat 20 %, Bark  Wood 42%,
Fuel Peat 200_/0, Forest Sludge 54%, Wood 25%,
residuals 50%, Plastic Peat 75%
Biosludge 10% rejects 4%
Sample collection ESP-C Silo (ESP-ALL) ESP-ALL ESP-C
Ca0, XRF [%] 17.7 22.3 49.3 28.0
SiO2, XRF [%] 30.7 42.8 27.1 17.9
Al>;03, XRF [%)] 8.7 11.4 14.1 59
Fe203, XRF [%)] 23.9 5.6 1.7 7.6
Na20, XRF [%] 1.13 2.2 0.6 1.5
K20, XRF [%] 2.79 2.8 0.6 5.4
MgO, XRF [%] 3.77 4.2 3.1 5.2
P20s, XRF [%] 4.72 2.5 0.3 4.5
TiO2, XRF [%)] 0.23 0.4 0.7 0.3
SO3, XRF [%] 5.18 3.4 0.8 19.7
Cl, XRF [%] 0.15 0.1 0.5 0.3
Free CaO [%] 0.24 2.2 6.3 2.0
CaCOs by TGA [%] 1.10 1 4.8 0.0
Selectively soluble CaO [%] 4.7 14.4 36.0 25.2
Selectively soluble SiO2 [%)] 34 7.0 10.1 3.8
Selectively soluble Al>O3 [%] 1.0 2.0 55 1.9
Selectively soluble Fe;O3 [%] 1.3 0.9 0.6 2.0
Moisture [%] 0.2 8.7 0.03 0.0
LOI 525 °C [%] 0.7 3.1 -0.1 0.1
LOI 950 °C [%] 1.2 5.6 2 -2.7
BET surface area [m?%/g] 7.329 17.175 1.446 5.609
d1o [um] 1.2 19.3 23.1 1.2
dso [um] 9.4 61.9 226.4 8.1
doo [m] 29.7 305.1 525.0 22.0
pH 11.0 12 12.3 12.0




Table 2 shows the trace element content of the fly ashes. All samples had a significant heavy
metal content. Fly ashes A and D were from ESP-C, which collects the finest fly ash fraction, which
has the highest heavy metal content. In addition, the heavy metal content of fly ashes B and C was
high because the fuel combusted in those power plants contained waste materials. The Zn content in
particular was high for all samples. In addition, significant amounts of Pb and Cu were determined.

Table 2

Trace element content of the fly ash samples.

Fly ash sample A B C D
Ti, ICP [mg/kg] 500 1300 1400 880
S, ICP [mg/kg] 20600 12200 2900 50300
Ba, ICP [mg/kg] 1800 1200 800 2500
Mn, ICP [mg/kg] 7100 5800 300 12400
As, ICP [mg/kg] 62 10 9 160
Cd, ICP [mg/kg] 7.2 3.6 2.5 13.0
Cr, ICP [mg/kg] 110 72 77 93
Cu, ICP [mg/kg] 160 100 380 170
Hg, CVAAS [mg/kg] 1.9 0.2 0.2 1.0
Ni, ICP [mg/kg] 87 65 38 71
Pb, ICP [mg/kg] 170 35 460 130
Zn, ICP [mg/kg] 950 890 1440 2580
B, ICP [mg/kg] 130 160 56 330
Be, ICP [mg/kg] 1.1 <1 1.0 1.2
Co, ICP [mg/kg] 30 12 7 20
Mo, ICP [mg/kg] 7.8 9.8 1.3 51.0
Sh, ICP [mg/kg] <3 <3 <3 5.2
Se, ICP [mg/kg] 6.1 3.5 <3 7.7
Sn, ICP [mg/kg] <3 <3 11.0 5.9
V, ICP [mg/kg] 110 48 20 150

3.2. Physical properties of the alkali-activated aggregates

Table 3 presents the consumed amount of sodium silicate, water absorption, loose bulk density,
apparent and dry density, and crushing strength of the alkali-activated aggregates. The amount of
sodium silicate depends on the operation window (liquid-solid ratio) of the granulation [32, 33].
Samples A and C required significantly more liquid in order to produce desired size granules. The
water absorption of the aggregates varied between 17.8% and 35.6%. The densities easily surpassed
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the lightweight aggregate requirement in the standard [34] loose bulk density <1.20 g/cm? or dry
density <2.00 g/cmq). The highest crushing strength was observed for fly ash sample C with a 151
N crushing force. The crushing force correlated with the selectively soluble SiO; and Al.Os (Fig. 1).
This interpretation has its drawback as the pH in the selectively soluble method is 11.6, and the pH
of the alkali activator was 12.5. The soluble CaO may also change the pH during the process. Thus,
the conditions were not the same, and the amount of soluble components was most likely different.
In addition, the method is designed to determine the degree of reaction of fly ash in cement systems
and thus is not directly applicable for alkali-activated systems [23-25]. Therefore, the results for the
selectively soluble method should be taken only as an indication instead of as a quantitative
measure to determine the quantity of reactive components in the fly ashes. Nevertheless, the
correlation between the crushing strength and particularly the selectively soluble SiO: is notable.

Table 3

Water absorption, apparent, dry and loose bulk dry density, and crushing strength of the alkali-
activated aggregates. The crushing strength is the average of at least five granules, and the error

represents the confidence interval for means at the 95% confidence level.

Alkali-activated aggregate A B C D
:Sorgium silicate (g/200g of fly 200 120.5 1876 1912
Water absorption [%] 17.8 321 22.5 35.6
Apparent density [g/cm®] 2.82 2.81 2.91 2.96
Dry density [g/cm?] 1.64 1.37 1.60 1.02
Loose bulk density [g/cm?®] 0.97 0.68 0.88 0.61
Crushing strength [N] 2848 116+16 151+33 4012

The aggregate strength was also found to correlate with the particle size distribution of the fly
ashes. Larger fly ash particles yielded higher strength. However, in this case, the increase in
strength more likely originated from the higher amount of reactive material (see Section 3.4). In any
event, the primary particle size is well-known to affect the aggregate size and strength [35]. But
instead of the large particle size, wider particle size distribution can yield better results in

10



granulation as it enhances the packing of the particles. The particle size distribution width (dgo—d10)
was 285.5 um and 501.9 um for fly ashes B and C, respectively, whereas the width was only 28.5
pm and 20.8 um for fly ashes A and D, respectively.

It would be natural to presume that a larger surface area and smaller particles would result in a
higher amount of liquid required in the granulation process. However, no correlation was found.
This suggests that the reaction between the fly ash particles and the alkali activator starts instantly
thus changing the available liquid in the granulation, although the fly ash surface area also affects to
the process.

The crushing strength results were compared to those in the literature by calculating the

compressive strength with Eq. (1) and Eq. (2):

__ (2.8xF)
s=C20 6], (1)

S = % [37], )

where F is the fracture load (N), and d is the average granule diameter (5 mm in this study). The
conversion from newtons to megapascals with Eq. (1) gives compressive strength of 1.0 MPa, 4.1
MPa, 5.8 MPa, and 1.4 MPa for the fly ash aggregates A, B, C, and D, respectively. Eq. (2) gives
slightly higher compressive strengths (1.4 MPa, 5.9 MPa, 8.4 MPa, and 2.0 MPa) because the
coefficient is larger in the equation. The compressive strength results are in line with those in
previous studies [14, 27] in which artificial aggregates were prepared with the same method from
FBC peat-wood fly ash and FBC recovered fuel-biofuel fly ash. In studies conducted by Bui et al.
[18], Cioffi et al. [14] , Colangelo et al. [15], Ferone et al. [16], and Gonzélez-Corrochano et al.
[38-40], artificial aggregates were prepared from several different precursors (class F fly ash, rice
husk fly ash, ground granulated blast furnace slag, mining and industrial wastes, washing aggregate
sludge, used motor oil, and other wastes) with a cement- or alkali activator—based pelletization
process or by sintering in a rotary kiln. The results show that the aggregate strengths are very

11



similar in all studies although the raw materials and the aggregates preparation methods are
different. [18] reported that the compressive strength of lightweight expanded clay aggregate Leca®
was between 0.7 and 4.5 MPa, depending on the granule size. It shows that a sufficient mechanical
performance for lightweight aggregates can be easily obtained even from waste materials prepared
by the granulation and pelletization processes and could replace it in the civil engineering
applications if leaching of hazardous components can be kept below the threshold values stipulated

by the standards used.

3.3. Leachable components from fly ashes and alkali-activated aggregates

Leachable components and the legal leaching limits from fly ashes and alkali-activated
aggregates are presented in Tables 4 and 5. The deviation from the standard [30] amount of leachate
in the first step (liquid-solid ratio of 2) was too low to determine the hazardous component content.
Instead, the leachate sample slurry was transferred immediately to the second step. The results are
shown with a total liquid-solid ratio of 10. The hazardous leachable elements from the fly ashes
were Ba, Cr, Mo, Se, Cl, and SOg.

After alkali activation, lower leaching was observed for Ba and Cl in all samples. Especially the
immobilization of Ba in fly ash C was significant (95.7 mg/kg > 0.07 mg/kg). However, higher
leaching was observed for As, Cu, and V. For samples B and C, the leaching of Cr, Mo, Zn, and
S04 was higher after alkali activation. Sample D was different from the others since decreased
leaching was observed for Cr, Cu, and Mo. Thus, this sample had the most positive performance in
alkali activation in the environmental sense. In addition, the conductivity was lower after alkali
activation for sample D; thus, the total amount of leachable ions decreased.

Increased leaching of As, Cr, Mo, and V in alkali activation has been observed for coal fly ashes
as well [7, 41-43] and is explained by the formation of oxyanionic species that are leachable at high

pH. However, the pH of the fly ashes was high even before the alkali activation, which contradicts
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this theory. Similar behavior has been observed [14, 44]. Apparently, the alkali activator liberates
more elements than the leaching solution, and these elements are not bound strongly to the
geopolymer matrix because there is no place or need for anions. Thus, these elements will remain
loosely bound and therefore leach out easily. The extent of the liberation of the elements is most
likely dependent on the FBC fly ash chemistry and morphology, and is not related to the total
amount of the element (Table 2). The formation of FBC ash depends mainly on the combustion
conditions and fuel [45, 46].

Comparing leachable hazardous elements to the limits set in the legislation, most elements are
below the limit for paved structures. However, the leachable sulfate exceeds this limit. This
problem could be solved by washing the fly ash before experiments in order to remove soluble
chlorides and sulfates with the method described by [47]. In addition, the leaching of vanadium

exceeds the paved structure limit for all ashes except for fly ash A.

Table 4
Leachable hazardous components from fly ashes with a liquid-solid ratio of 10 as determined with
the standard [30]. The national legal limit for components are shown for covered and paved

structures set in [48].

Covered Paved

Fly ash sample A B ¢ D structure  structure

pH 9.5 12.5 12.7 12.2

Conductivity [uS/cm] 4.3 5.5 7.2 10.9

As [mg/kg] <0.15 <0.15 <0.15 <0.15 0.5 15
Ba [mg/kg] 1.6 2.6 95.7 1.5 20 60
Cd [mg/kg] <0.02 <0.02 <0.02 <0.02 0.04 0.04
Cr [mg/kg] 1.1 0.4 <0.1 5.7 0.5 3
Cu [mg/kg] <0.05 <0.05 <0.05 0.06 2 6
Mo [mg/kg] 2.70 2.62 0.06 22.54 0.5 6
Pb [mg/kg] <0.15 <0.15 <0.15 <0.15 0.5 15
Ni [mg/kg] <0.05 <0.05 <0.05 <0.05 0.4 1.2
V [mg/kg] <0.05 <0.05 <0.05 <0.05 2 3
Zn [mg/kg] <0.1 <0.1 <0.1 <0.1 4 12
Cl [mg/kg] 2087 617 951 4822 800 2400
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S04 [mg/kg] 25867 471 42 55720 1000 10000

F [ma/kg] <10 <10 17 <10 10 50
Sb [mg/kg] <0.15 <0.15 <0.15 <0.15 0.06 0.18
Se [mg/kg] 0.9 <0.15 <0.15 0.9 0.1 0.5
Table 5

Leachable hazardous components from alkali-activated aggregates with a liquid-solid ratio of 10 as
determined with the standard [30]. The national legal limits for the components are shown for covered
and paved structures set in [48]. If the values increased more than double compared to the values in
Table 4, they are bolded and in italics. If the values decreased more than half compared to the values
in Table 4, they are underlined.

Covered Paved

Alkali-activated aggregate A B C D structure  structure
pH 11.2 12.1 12.7 11.6

Conductivity [uS/cm] 6.4 6.1 10.2 7.5
As [mg/kg] 2.2 0.8 2.4 1.4 0.5 1.5
Ba [mg/kg] 0.25 0.54 0.07 0.47 20 60
Cd [mg/kg] 0.06 0.03 <0.02  <0.02 0.04 0.04
Cr [mg/kg] 0.6 15 11.3 15 0.5 3
Cu [mg/kg] 0.11 0.16 0.16 0.05 2 6
Mo [mg/kg] 0.89 2.69 1.08 6.75 0.5 6
Pb [mg/kg] 1.25 0.40 <0.15  <0.15 0.5 1.5
Ni [mg/kd] 0.08 <0.05 <0.05  <0.05 0.4 1.2
V [mg/kg] 2.10 3.13 3.13 4.54 2 3
Zn [mg/kg] <0.1 0.25 0.11 <0.1 4 12
Cl [mg/kg] 532 256 814 1072 800 2400
SO4 [mg/kg] 11931 16984 4933 34886 1000 10000
F [mag/kg] <10 <10 <10 10 10 50
Sb [mg/kg] <0.15 <0.15 0.47 <0.15 0.06 0.18
Se [mg/kg] 1.7 1.0 <0.15 0.4 0.1 0.5

3.4. Mineralogical characterization
Fig. 2 shows the X-ray diffractograms of fly ashes A-D and their alkali-activated aggregates.

One immediate observation is the high amount of crystalline phases present. This is due to the low
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combustion temperature in which most of the inorganic minerals will not melt. In pulverized coal-
fired combustion, the temperature is above the melting point of most minerals present, which yields
a higher glassy phase content upon quenching and higher reactivity in alkali activation.

According to the XRD analysis, fly ash A contained mainly magnesioferrite ((Mg,Fe)Fe204)
quartz (SiO>), albite (NaAlSiz0s), anhydrite (CaSO4), and hematite (Fe2Oz), with probably some
brownmillerite (Caz(Fe,Al)20s), hydroxylapatite(Cas(PO4)3(OH)), microcline (KAISizOs), calcite
(CaCO0s3), gehlenite (Ca2Al2SiO7), and lime (CaO) as the crystalline phases. During alkali activation
(Fig. 2a), most of the anhydrite and hydroxylapatite phases disappeared. The proportion of the
amorphous phases increased, and new crystalline phases were not formed.

Fly ash B was composed mostly of quartz, anorthoclase ((Na,K)AISiz0s), albite,
magnesioferrite, calcite, and anhydrite with maybe some hydroxylapatite, microcline, cristobalite
(Si0y), akermanite (CazMg(Si20y)), ettringite (CasAl2(SO4)3(OH)12-26H20), ferrohornblende
(CazFe?*4Alo 75Fe3*0.25(SizAlO2) (OH).), portlandite (Ca(OH)2), lime, and calcium aluminium iron
carbonate hydroxide hydrate (CagAl.Fe2012CO3(OH). -22H20) as the crystalline phases. The
presence of ettringite and portlandite is due to the wetting of the ash during storage. During alkali
activation (Fig. 2b), ettringite, portlandite, and calcium aluminum iron carbonate hydroxide hydrate
disappeared. The disappearance of anorthoclase was probably not due to the reaction during alkali
activation. There were a few larger-than-average anorthoclase grains, and they just accidentally
were not captured in the particular XRD sample.

Fly ash C contained gehlenite, quartz, larnite (Ca2SiOs), lime, mayenite (Ca12Al140z33), calcite,
brownmillerite, albite, and anhydrite as crystalline phases. Alkali activation (Fig. 2¢) consumed
most of the larnite, mayenite, anhydrite, and lime phases. Based on the XRD analysis, instead of
new crystalline phases, only amorphous material was formed.

Besides of anhydrite, gehlenite, quartz, calcite, and srebrodolskite (CazFe2Os), fly ash D

contained some hydroxylapatite, lime, albite, cristobalite, maghemite (Fe2O3), hematite, and
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periclase (MgO) as the minor crystalline phases. During alkali activation (Fig. 2d), practically all of
the anhydrite and lime and most of the hydroxylapatite phases disappeared. The proportion of the
amorphous phases increased. New crystalline phases were not identified.

The high crushing strength for the aggregates prepared from fly ashes B and C was most likely
caused by the higher reactive material content than in fly ashes A and D. The results for the
selectively soluble method (Table 1) and XRD (Figure 2) indicated that reactive silicon was mainly
present in the amorphous phase. The reactive aluminum and calcium originated from several
crystalline phases, but was also likely present in the amorphous phase. As no new phases were
identified, the reactive components formed nanocrystalline zeolite-type structures [49] or Na-(Ca)-

Al-Si-hydrates depending on the amount of calcium available [50].

4. Conclusions

The increasing amount of FBC ashes is putting pressure on researchers to invent novel methods
for utilizing the ash. Low reactivity and heavy metal content constrict FBC ash utilization as
extensively as coal ash from pulverized combustion. In this study, artificial aggregates were
prepared from FBC fly ashes by simultaneous granulation and the alkali activation method.

The results of this study show that artificial aggregates with satisfactory physical properties can
be obtained even from low-reactive fly ashes that contain heavy metals. The bulk density was
between 0.61 and 0.97 g/cm?®, which surpasses the LWA definition (loose bulk density <1.20
g/cm?®). The water absorption of the artificial aggregates varied from 17.8% to 35.6%. The crushing
strength of a single aggregate up to 8.4 MPa was obtained. The strongest aggregates were produced
from fly ashes that had the highest amount of selectively soluble SiO; and Al,Os. In addition to the
amorphous phase, anhydrite, hydroxyapatite, ettringite, lime, mayenite, larnite, and periclase were
reactive phases during alkali activation. The fly ashes contained significant amounts of Ba, Pb, and

Zn, but several other heavy metals were also present. After alkali activation, effective stabilization
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of Ba was observed for all ashes. However, increased leaching was observed especially for anionic

heavy metal species.
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Fig. 1. Correlation between the crushing strength of the aggregates and selectively soluble SiO> and
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Fig. 2a-d. XRD diffractograms for fly ashes A, B, C, and D (lower graph in each) and their alkali-
activated counterparts (upper graphs). For clarity, only the phases that changed after alkali

activation are marked.

22



