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ABSTRACT 
 
Coal bottom ash (CBA), one of the coal combustion 

byproducts, is a source material good enough for the 
synthesis of geopolymers considering its high silica and 
alumina contents, although it has not been used widely 
because of large particle size. We grind CBA to have a 
mean particle size of 44.57 μm, and synthesize the 
geopolymer by activating it with 14 M NaOH solution. To 
achieve a high compressive strength within a short time, we 
synthesize the geopolymer by following the procedure: (1) 
mix CBA with an adequate amount of activator NOT to 
make it flowable, and then mold it in 5 cm cube, (2) demold 
specimens and heat them in 75 °C oven below 36 hours, 
and then (3) irradiate 700 W microwave for several minutes. 
The compressive strength reaches to above 40 MPa by 
microwaving specimen for 3 minutes after oven curing for 
36 hours. Our experiment shows that high compressive 
strength can be achieved rapidly by employing microwave 
combined with conventional oven curing. 
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1 INTRODUCTION 
 
Geopolymers, which have attracted increasing attention 

over a few decades as a green alternative to Portland 
cements are inorganic binders composed of polymeric 
aluminosilicate frameworks [1-3]. The industrial wastes 
containing rich silica and alumina such as coal ash, mine 
tailings, and red mud are adequate source materials for the 
geopolymers [4]. The coal bottom ash (CBA), one of the 
byproducts from coal burning power plants has high 
contents of silica and alumina which make itself the high 
potential source material for the geopolymers. However, 
CBA has not been used widely due to the large and 
irregular particle shape and high impurity contents. 
Nevertheless, the previous researchers showed that CBA 
could be a suitable source material for the high strength 
geopolymers after the particle size of CBA was decreased 
by grinding [5, 6], and the negative effect of impurities 
could be reduced by lowering the amount of alkali activator 
[7]. In this study, in addition to lowering the alkali activator, 
we employed another method to develop a compressive 
strength of the CBA geopolymer rapidly; a microwave. The 
microwave has been reported as an efficient curing tool for 
the geopolymers [8, 9]. The geopolymer specimens are pre-
cured through conventional oven heating, and then 

microwaved with 700 W household microwave oven for a 
few minutes. The compressive strength was measured and 
the results according to each duration of oven curing and 
microwave irradiation are discussed. Also, SEM and FTIR 
analysis were performed to observe the morphology and 
bond structures to support the compressive strength results. 

 
2 EXPERIMENTS 

 
2.1 Materials 

The raw CBA was provided from Yeongheung Power 
Plant, South Korea. The CBA was crushed with hammer 
mill and sieved with No. 200 standard sieve to have a mean 
particle size of 44.57 μm. A chemical composition of 
ground CBA was determined by XRF analysis as shown in 
Table 1. The alkali activator used in this study was 14 M 
NaOH solution and it was prepared by dissolving NaOH 
pellets (purity ≥ 93 %) into the tap water. The activator was 
rested in the laboratory condition until the temperature 
dropped to the room temperature. 

 
Species wt.% Species wt.% 

SiO2 51.4 K2O 1.78 
Al2O3 20.6 MgO 1.58 
Fe2O3 11.2 TiO2 1.34 
CaO 7.76 LoI 0.79 
Na2O 1.84 Others 1.71 

 
Table 1: Chemical composition of ground CBA determined 

by XRF analysis as oxide wt.%. 
 

2.2 Synthesis Procedure 

The ground CBA and alkali activator (14 M NaOH 
solution) were mixed for 5 minutes to make a homogeneous 
geopolymer paste. The mass ratio of alkali activator to CBA 
(liquid/solid ratio) was fixed at 0.38 throughout the 
research; at this ratio, the geopolymer paste did not have a 
flowability, but showed an appearance like wet soil. The 
mixture was then molded in 5 x 5 x 5 cm3 triplicated cubic 
molds with being pressed. The press force was applied by 
hand press with capacity of 5 kN until the specimens were 
no longer compressed. After compression, each specimen 
was detached from mold and cured in 75 °C dry oven with 
being wrapped with plastic bag until the designated 
durations of 12, 24, and 36 hours. The hardened specimens 
were cooled down to the laboratory temperature by natural 
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cooling and then irradiated microwave by 700 W household 
microwave oven for several minutes. The duration of 
microwave irradiation ranged from 1 to 5 minutes with an 
interval of 1 minute; the cases of 6 and 7 minutes were 
additionally tested only for 12-hour-cured specimens 
because the compressive strength kept on increasing until 5 
minutes in that case, unlike others. 

 
2.3 Property Tests 

The compressive strength of each CBA geopolymer 
specimen was tested with compressive strength test 
machine (PL-9700H, Woojin Precision Co. Korea). SEM 
micrographs were observed with Nova Nano SEM 200 (FEI, 
USA) at 1.5 k magnification. Chemical bond characteristics 
were analyzed by FTIR analysis with Frontier FTIR 
Spectrometer (PerkinElmer, USA) within the range from 
4000 to 400 cm-1. 

 
3 RESULTS AND DISCUSSIONS 

 
3.1 Compressive Strength 

The compressive strength results are presented in Figure 
1. As shown in the graph, the longer oven curing time 
resulted in the higher compressive strength for all 
microwave times. Also, the maximal compressive strength 
attained from microwave irradiation was higher for the 
longer-cured specimen. The geopolymerization process is a 
long-time process composed of several steps, and the 
reaction evolves to higher degree with a time progress [10]. 
And the improvement of the geopolymerization results in 
the higher compressive strength [11]. The result in this 
study well conforms to the results from other researches 
[11-13] that the compressive strength of geopolymers cured 
in thermal condition of about 60-80 °C develops for several 
tens of hours. 

For each oven curing time, the compressive strength of 
the specimens rose rapidly with the irradiation of the 
microwave for several minutes. The compressive strength 
of 36-hour-cured specimen increases more than 3 fold from 
12.8 to 41.5 MPa just with 3 minutes of microwave; in the 
case of 12-hour-cured specimen, furthermore, microwave 
irradiation for 5 minutes makes the compressive strength 
rise to 34.9 MPa which is about 24 times higher than before 
to be microwaved. The development of compressive 
strength is due to the evaporation of water. Water is a 
reactant during initial stages of the geopolymerizations; 
however, the water is released from the following 
polycondensation steps [14]. Therefore, removing water by 
microwaving might accelerate further geopolymerization by 
eliminating reaction product, which improves the 
mechanical strength of the geopolymer [15]. 

There are two observations worth noting in the 
compressive strength result: (1) after a few minutes of 
microwave, the compressive strength starts to decrease, and 
(2) the time when the strength begins to decrease is shorter 

as the curing time is longer. The deterioration of the 
strength is probably due to cracks; although the cracks are 
not apparently observed in this study, it has been reported 
that the prolonged microwave irradiation causes cracking in 
micro- or macro-scale because of rapid evaporation of 
water [8]. Also, a water content of specimen is so critical 
for the geopolymer properties that higher or lower amount 
of water causes poor mechanical performances [16]. In this 
study, a bulk density of specimen is solely dependent on the 
water content because the mix ratio was keep constant over 
the experiment. The bulk densities of the specimens which 
showed the highest compressive strength for each oven 
curing time were similar each other (1.67-1.72 g/cm3). It 
means that the specimens with maximal strength for each 
oven curing time have the most appropriate water content.  

 
3.2 SEM and FTIR analysis 

The SEM micrographs show the morphology of each 
specimen as presented in Figure 2. Unreacted bottom ash 
particles are observed in 12-hour-cured specimens, and the 
matrix becomes denser over time with dissolving unreacted 
particles in the oven (Figure 2 a-c). The dense matrix 
contributes to the higher compressive strength. A lot of 
microcracks are observed in the specimen cured in the oven 
for 24 hours without being microwaved (Figure 2 d). These 
cracks disappear with microwave irradiation, which also 
contributes the higher compressive strength (Figure 2 b, d-
f). This crack recovery phenomenon might be due to the 
additional polycondensation as aforementioned. However, 
the cracks did not recur at the prolonged microwave time 
(Figure 2 b and c), which were suggested as a cause of 
deterioration of strength in the previous section. 

 
Figure 1: Compressive strength results of coal bottom 

ash (CBA) geopolymers according to each duration of 
75 °C oven curing and 700 W microwave irradiation. 

 

216 TechConnect Briefs 2018, TechConnect.org, ISBN 978-0-9988782-3-2



 
The bond structure and characteristics were analyzed by 

FTIR, and the results of the specimens which are identically 
microwaved for 5 minutes are illustrated in Figure 3. The 
peaks associated with free water (3500 and 1645 cm-1) are 
not detected [17]; it is because the microwave irradiation 
for 5 minutes evaporates almost all of the free water from 
the specimens. The peaks near 1450 cm-1, which represent a 
carbonation of excess NaOH are detected from all 
specimens [17]. However, the intensity of this peaks 
decreases with oven curing time, indicating the higher 
degree of reaction due to the more consumption of NaOH 
[18]. The broad and intense peaks in a range of 800-1200 
cm-1 is a major fingerprint of geopolymers, which are 
resulted from Al-O and Si-O asymmetric stretching 
vibrations [17, 19]. The peak moved to low wavenumber 
from 957 to 943 cm-1 along with an increase of the oven 
curing time. The shift to low wavenumber in the 
geopolymer fingerprint peak is interpreted as an 
incorporation of aluminum into the silicate backbone [20]. 
The transformation of the matrix contributes to the 
development of compressive strength. FTIR analysis was 
also performed for the specimens which were microwaved 
for 0-5 minutes after oven curing for 24 hours, though the 
results are not presented here. Although it was identified 
that the free water was evaporated through microwave, the  
 

 
transformation of the bond structure resulted from 
microwave was not observed well from the data. 

 
Figure 3: FTIR spectra of the specimens which are cured in 

oven for 12, 24, and 36 hours and microwaved for 5 
minutes. 

Figure 2: SEM micrographs of specimens which are cured in the oven for 12, 24 and 36 hours and microwaved for 5 minutes 
((a)-(c)), and which are cured for 24 hours and microwaved for 0, 2 and 4 minutes ((d)-(f)). The first two digit numbers in each 

specimen name mean oven curing hour, and the following single number is microwave irradiation time in minutes. 
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4 CONCLUSIONS 
 

In this study, we synthesized coal bottom ash based 
geopolymer employing microwave energy for the rapid 
development of compressive strength. The geopolymer 
specimens were pre-cured in 75 °C dry oven for 12, 24, or 
36 hours, and then microwaved with 700 W household 
microwave oven below 7 minutes. The results showed that 
the longer oven curing time resulted in the higher 
compressive strength incorporating aluminum into silicate 
backbone with forming denser geopolymeric matrix. 
Microwave irradiation increased compressive strength of 
the specimen rapidly only within a few minutes through 
controlling water content in the specimens. Just with 3 
minutes of microwave irradiation, the compressive strength 
higher than 40 MPa was achieved with the specimen which 
was cured in the oven for 36 hours in advance. A prolonged 
microwave irradiation, however, caused deterioration of the 
compressive strength. The results suggested that bottom ash 
geopolymer could achieve high compressive strength 
through the microwave irradiation following conventional 
oven curing with time- and cost-efficient manner. 
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