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a b s t r a c t

Fluidized bed coal combstion (FBC) is extensively used in small self-generation power plants. The fly ash
obtained from this FBC process contains high quantity of calcium and sulfate compounds which hinders
its use in the construction industry. In addition, its reactivity is low and additional source material or
additive is, therefore, needed to increase the reaction. This research studied the use of Al(OH)3 and high
concentrations of NaOH to control ettringite formation in the FBC fly ash geopolymer. Two replacement
levels of 2.5 wt.% and 5.0 wt.% of Al(OH)3 and three NaOH concentrations of 10, 12 and 15 M were used in
the study. Results indicated that the NaOH concentration affected the ettringite formation and strength of
the FBC geopolymer. No ettringite was formed at high NaOH concentration of 15 M which helped the dis-
solution of calcium sulfate and formed the additional calcium hydroxide. The subsequent pozzolanic
reaction led to strength gain of the geopolymer. For 15 M NaOH, the addition of 2.5 wt.% Al(OH)3 pro-
moted the reaction and formed a dense matrix of alumino silicate compound. Relatively high 7-day com-
pressive strength of 30 MPa was obtained.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Fluidized bed combustion (FBC) is an efficient and environmen-
tally-friendly technique for coal combustion process. This FBC
technology is growing particularly in small enterprises due to the
reduction of SO2 and NOx gasses released in flue gas [1]. Generally,
the bed is operated at 800–900 �C, the low temperature prohibited
the formation of nitrogen oxides (NOx) from the combustion air.
The FBC system also permits the removal of sulfur dioxide (SO2)
from the combustion of high-sulfur fuels by the addition of sulfur
absorbents such as limestone in the bed. A wide range of fuels
including high-ash or high-moisture content fuels could be han-
dled and efficiently burnt using the FBC process. The fly ash from
fluidized bed combustion (FBC) contains high amount of CaSO4

and CaO due to the use of lime for the SO2 capture. These com-
pounds hindered the use of FBC fly ash in construction since con-
crete with high CaSO4 is prone to unsoundness [2]. Substantial
amount of FBC fly ash is, therefore, disposed at landfill sites and
thus needed to be utilized.

Ettringite formation, after the concrete had hardened, can pro-
mote concrete deterioration [3]. Ettringite is basically a hydrated
sulfate of calcium and aluminum (Ca6Al2(SO4)3(OH)12�26H2O) and
exists in various forms, particularly as parallel needles of differing
sizes in pores [4]. Ettringite is formed from the reaction between
the anhydrite (CaSO4) and residual dehydroxylated mineral

(alumino-silicate) found in coal. This growth can lead to a delete-
rious effect on the mechanical properties of the material. For the
FCB fly ash where sufficient CaSO4 and alumino-silicate are pres-
ent, its utilization as binder can lead to the formation of ettringite
within the solidified matrix resulting in a significant structural
problem. The needle-like crystals of ettringite growth exerts sub-
stantial internal stresses resulting in microcracking, swelling, and
eventual failure [5]. However, in environments of high alkali
hydroxide concentration, the formation of ettringite can be de-
terred [6].

Many researches indicate that the FBC-fly ash can be used as a
source material for making geopolymer [7–9]. The geopolymer is
an alumino-silicate compound prepared by incorporating high
alkaline and sodium silicate solutions under low heat curing. This
alumino-silicate cementitious compound possesses good mechan-
ical properties viz., high compressive strength and stability at tem-
perature up to 1400 �C [10].

Addition of alumina in geopolymer system resulted in increased
aluminate (AlðOHÞ�4 ) species leading to a faster rate of condensa-
tion [11]. In the presence of sufficient quantity of calcium, calcium
alumino-silicate hydrate (C–A–S–H) is formed [12,13]. FBC fly ash
contains significant amount of calcium and sulfate, it is expected
that addition of the alumina results in the formation of both C–
A–S–H and ettringite. Formation of ettringite plays an important
role in the FBC fly ash geopolymer system.

Since the calcium compounds (CaSO4 and CaO) in FBC fly ash
could result in the formation of ettringite in the geopolymer, this
research attempted to control the formation of the ettringite by
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preparing the FBC-fly ash geopolymer with various NaOH concen-
trations and addition of Al(OH)3. Al(OH)3 is commercially available
and when dissolved it produces strong alkali solution forming alu-
minate ion, AlðOHÞ�4 . This ion can react with silica to form addi-
tional alumino-silicate compound, and it reacts with calcium
compounds present in FBC fly ash to form calcium aluminate hy-
drate (C–A–H). This would result in the geopolymer formation with
strength gain and good physical properties.

2. Experimental procedure

2.1. Materials

FBC-fly ash obtained from a small power plant in Thailand was
used as a source material for geopolymer synthesis. Typical chem-
ical composition of this FBC fly ash determined by X-ray fluores-
cence (XRF) is shown in Table 1. The major compounds were
lime (CaO), quartz (SiO2), alumina (Al2O3) and anhydrite (CaSO4).
The FBC-fly ash contained high CaO content of 42.2% due to the
addition of lime to extract sulfate oxides. This fly ash had the par-
ticle size (D50) of 24 lm with a specific gravity of 2.34. The FBC-fly
ash reactivity was low and the glassy phase content was also low
owing to the low burning temperature of 900 �C. Aluminum
hydroxide (Al(OH)3) was also used as the additional source of alu-
minum compound for making geopolymer. Sodium hydroxide
(NaOH) pellets were dissolved with distilled water to provide the
NaOH solutions of 10, 12 and 15 M concentrations. The sodium sil-
icate solution (Na2SiO3) with 9% Na2O and 30% SiO2 by weight was
used as the external source of SiO2. River sand with specific gravity
of 2.65 and fineness modulus of 2.8 was employed to prepare the
mortar for strength test in accordance with ASTM C109.

2.2. Geopolymer preparation

The effect of NaOH concentration on the ettringite formation
was studied by varying the NaOH concentration. For preliminary
study, 15 M NaOH was selected to prepare the Al(OH)3-FBC fly
ash blend geopolymer as it was reported that there was no ettring-
ite formation [5]. 2.5 wt.% and 5.0 wt.% Al(OH)3 were incorporated
to make the FBC fly ash geopolymer [14]. The Na2SiO3-to-NaOH
mass ratio of 2 was used for the study. The NaOH and Na2SiO3 were
thoroughly mixed together and then added to the powdery raw
material. Owing to the high water absorption of the sample, the
high powder-to-liquid mass ratio of 1.5 was used. The mix propor-
tion is tabulated in Table 2. The mixture was continuously mixed in
a pan mixer for 2 min before casting in 5-cm cubic acrylic mold and
vibrated for 10 s to remove the air bubbles. The specimens were
then covered with clingfilm and cured at 60 �C for 24 h.

For the geopolymer mortar strength test, sand was added to the
paste mixture with the sand to powder ratio of 2:1 (by weight) and
mixed for another 2 min. Casting and curing condition were similar
to the paste preparation. Compressive strength test was performed
at the ages of 7, 30 and 90 days. The results were reported as the
average of three samples.

2.3. Geopolymer testing

The geopolymer pastes were prepared for the XRD, TGA and
SEM analyses. In addition, the degree of reaction was determined
both on geopolymer and starting materials. This method was based
on the dissolution of the powdery sample in 2 M HCl and 3 wt.%
Na2CO3 [14–16]. 2 M HCl was used to dissolve CaO and MgO from
the hydrated product, and 3 wt.% Na2CO3 was then employed to
dissolve SiO2, Al2O3, and Fe2O3. The remaining portion was the
unreacted fly ash residue. The degree of reaction was calculated
from the following equation:

Degree of reaction ¼ msample �mresidue

msample
� 100 ð1Þ

where msample is the weight of powdery sample (g); mresidue the
weight of dried residue (g).

The degree of reaction of the ‘‘blank’’ (raw materials before mix-
ing with alkali solutions) was also determined. The degree of reac-
tion of blank was then subtracted from those of geopolymers to
obtain the corrected degree of reaction. The results were reported
as an average of three samples.

3. Results and discussion

3.1. Morphological study of geopolymer pastes

The effect of NaOH concentration on ettringite formation was
presented in XRD pattern as shown in Fig. 1. The XRD of FBC fly
ash showed numerous sharp peaks of crystalline phases. Calcium
and silica were the main compounds detected in the ash. Low reac-
tive FBC fly ash could be converted to a more amorphous material
by the geopolymerization process. The broad peaks and peak shift
were found with the geopolymer pastes at 24–38� 2h, indicating
that the geopolymerization reaction resulted in the highly disorder
material in the form of amorphous gel with some crystalline prod-
ucts [7,8]. This corresponded to the detection of aluminosilicate in
the geopolymer matrix. New compounds of ettringite, calcium-sil-
icate, and calcium-alumino-silicate were also formed. Ettringite
was found quite readily in the sample with NaOH concentration
of 10 M at 41� and 43� 2h. Less ettringite was formed for the con-
centration of 12 M NaOH with the presence of peak at only 43� 2h.
For the highest concentration of 15 M NaOH, ettringite could not
be detected and the peaks at 41� and 43� 2h disappeared. It was
previously reported that difficulty of ettringite formation was
found in the presence of high alkali hydroxide concentration [6].
The high NaOH concentration could reduce the amount of gypsum
in the FBC fly ash system resulting in the gypsum dissolution via
the double decomposition reaction as shown in Eq. (2)[17].

CaSO4 � 2H2OðsÞ þ NaOHðaqÞ ! 4CaðOHÞ2ðsÞ þ Na2SO4ðaqÞ ð2Þ

Sodium hydroxide, thus, promoted gypsum dissolution and the
formation of calcium hydroxide. As gypsum dissolved in the NaOH
solution, the concentration of both calcium and sulfate ions in-
creased leading to the precipitation of calcium hydroxide
(Ksp = 7.9 � 10�6). Therefore the amount of calcium hydroxide
formed could limit the ettringite formations and thus allowing
the formation of other phases [17].

From the result, 15 M NaOH was selected as the alkali solution
to prepare the Al(OH)3-FBC fly ash blend geopolymer. Al(OH)3 was
then incorporated to the FBC fly ash geopolymer. Two dosages of
2.5% and 5.0% of Al(OH)3 by weight were blended with FBC fly
ash and used as the source materials for making geopolymer. The
results of XRD pattern of blend geopolymer pastes are shown in
Fig. 1. The incorporation of Al(OH)3 resulted in the formation of
the alumino-silicate compound at 34� 2h. At high Al(OH)3 content

Table 1
Chemical composition and LOI of FBC fly ash.

Chemical composition (wt.%)

SiO2 21.0
Al2O3 8.1
Fe2O3 6.9
CaO 42.2
SiO3 14.8
Other oxides 6.0
Loss on ignition (LOI) 1.0
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