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a b s t r a c t

In this paper, the waste lignite bottom ash from power station was used as a source material for mak-
ing geopolymer. Sodium silicate and sodium hydroxide (NaOH) were used as liquid for the mixture and
heat curing was used to activate the geopolymerization. The fineness of bottom ash, the liquid alka-
line/ash ratio, the sodium silicate/NaOH ratio and the NaOH concentration were studied. The effects of
the additions of water, NaOH and napthalene-based superplasticizer on the workability and strength of
eywords:
ottom ash
eopolymer
apthalene-based superplasticizer
orkability

trength

the geopolymer mortar were also studied. Relatively high strength geopolymer mortars of 24.0–58.0 MPa
were obtained with the use of ground bottom ash with 3% retained on sieve no. 325 and mean particle size
of 15.7 �m, using liquid alkaline/ash ratios of 0.429–0.709, the sodium silicate/NaOH ratios of 0.67–1.5
and 7.5–12.5 M NaOH. The incorporation of water improved the workability of geopolymer mortar more
effectively than the use of napthalene-based superplasticizer with similar slight reduction in strengths.
The addition of NaOH solution slightly improves the workability of the mix while maintaining the strength

rs.
of the geopolymer morta

. Introduction

Bottom ash (BA) is a solid waste from the combustion of coal.
he annual output of lignite bottom ash at Mae Moh power plant
n the north of Thailand is around 0.8 million tons and is disposed
f as landfill near the power plant as shown in Fig. 1. The bottom
sh contains several toxic elements, such as lead (Pb), zinc (Zn),
admium (Cd) and copper (Cu) [1]. These toxic elements can leach
ut and contaminate soils as well as surface water and groundwater
2]. Several researches on the utilization of coal bottom ash for use
s cementitious material have been conducted. The bottom ash has
o be ground to increase the pozzolanic activity and used to partially
eplace Portland cement [3,4]. The utilization of bottom ash as a
ementitious replacement material has not yet been well received
s it needs grinding and only a partial replacement of cement is
ossible. Moreover, the bottom ash itself is porous and increases the
ater requirement of the mix [3]. On the other hand, the grinding
f coal bottom ash results in a prolonged setting time and causes a
eduction in the workability of the paste [5].

Geopolymer materials are alkali-activated aluminosilicates,

ith a much smaller CO2 footprint than traditional Portland

ements, and display very good strength and chemical resistance
roperties as well as a variety of other potentially valuable char-
cteristics [6,7]. Geopolymerization processes can, therefore, be
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applied to utilize solid waste and by-products containing silica
and/or alumina. It is environmentally friendly and need moderate
energy to produce. It also provides a mature and cost-effective solu-
tion to many problems where hazardous residue has to be treated
and stored under critical environmental conditions [8].

Fly ash is a good source material for making geopolymer owing
to its high content of silica and alumina [9–11]. The fly ash geopoly-
mer can totally substitute the use of normal Portland cement.
Similar to fly ash, bottom ash contains high contents of silica and
alumina and should be suitable for use as source materials in
making geopolymer. Its use to totally replace the Portland cement
system is therefore very attractive. The physical characteristics and
phase properties of the bottom ash are, however, different to fly ash
even from the same source. For example, bottom ash is composed of
large angular fragments with only a small amount of semi-spherical
particles [12] and less glassy constituent phase [13].

Workability and strength are two important properties of the
mortar, concrete and geopolymer. Water can be used to effec-
tively increase the workability of the geopolymer mortar with a
slight reduction in strength [14]. It has also been shown that super-
plasticizer can be used to increase the workability of geopolymer
concrete [10]. The limited study on the effects of superplasticizer on
alkali-activated slag paste and mortars, however, shows that several

superplasticizers except the naphthalene-based lose their fluidity
properties in mortar activated with NaOH as a result of the change
in their chemical structures in high alkaline media [15].

The objective of this research is, therefore, to study the effects
of fineness of bottom ash, sodium hydroxide solution, sodium

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:prinya@kku.ac.th
dx.doi.org/10.1016/j.jhazmat.2009.01.120
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Fig. 1. Fresh bottom ash and landfill of bottom ash at Mae Moh power plant. (a) Fresh bottom ash and (b) landfill of bottom ash.
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ratio, the concentration of NaOH solution, the water/ash ratio, and
the additions of 10 M NaOH solution and NSP on workability and
strength of mortars. The details of the mixes are shown in Table 1
and the initial molar ratios of Al2O3, SiO2, H2O and Na2O are shown
in Table 2.
Fig. 2. SEM of as-received bottom ash and ground botto

ilicate solution, water and naphthalene-based superplasticizer
NSP) on workability and strength of the geopolymer mortar. The
ork would lay a foundation for the future utilization of bottom

sh in the geopolymer mortar and concrete products instead of
reating the bottom ash as waste material.

. Experimental details

.1. Materials

Lignite bottom ash came from the Mae Moh power station in
he north of Thailand. The as-received BA particles were relatively
arge and very irregular showing agglomeration of some spherical
articles and other fragments with observable pores as shown in
ig. 2(a). The ground BA particles were angular in shape with much
ess pores in comparison to those of the as-received BA as shown in
ig. 2(b). The chemical compositions of BA were 39.3% SiO2, 21.3%
l2O3, 13.5% Fe2O3, 2.1% K2O, 16.5% CaO, 1.0% Na2O, and 1.4% loss
n ignition. The XRD pattern of BA as shown in Fig. 3 shows sub-
tantial amorphous phase in its structure with the peaks of crystals
f quartz, anorthite, augite, magnetite and hematite. The ash was
round until 3, 18 and 33% retained on sieve no. 325 (45 �m) were
btained with the corresponding mean particle sizes of 15.7, 24.5
nd 32.2 �m and Blaine finenesses of 5000, 3400 and 2100 cm2/g,
espectively.

Sodium silicate solutions with 13.8% Na2O, 32.2% SiO2 and 54.0%
2O, and 5, 7.5, 10, 12.5 and 15 M NaOH were used. Local river

and with specific gravity of 2.62 and fineness modulus of 2.85 in

aturated surface dry condition was used for making geopolymer
ortar. Distilled water, 10 M NaOH and NSP, solution were incor-

orated to the mixes to study their effects on the workability of the
ix. The NSP was selected as other superplasticizers were reported

o lose their fluidity properties in mortar activated with NaOH [15].
. (a) As-received bottom ash and (b) ground bottom ash.

2.2. Mixes of bottom ash geopolymer mortar

2.2.1. Effects of BA fineness
This series was designed to test the effects of fineness of BA on

the workability and strength of geopolymer mortars. Bottom ashes
with 3, 18 and 33% retained on sieve no. 325, liquid alkaline/ash
ratio of 0.597, 10 M NaOH, and sodium silicate/NaOH ratio of 1.5
were selected.

2.2.2. Effects of different compositions
Based on the result of Section 2.2.1, BA with 3% retained on sieve

no. 325 was selected. Five series of mixtures were designed to test
the effects of the liquid alkaline/ash ratio, the sodium silicate/NaOH
Fig. 3. The XRD pattern of ground bottom ash. A—anorthite,sodian,intermediate:
(Ca,Na)(Si,Al)4O8; F—magenetite: Fe3O4; H—haematite: Fe2O3; Q—quartz: SiO2;
U—augite, aluminian Ca(Mg,Fe,Al)(Si,Al)2O6.
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Table 1
Weight ratios of mixtures of bottom ash geopolymer mortars.

Series NaOH concentration (M) Liquid alkaline/ash ratios Sodium silicate/NaOH ratios Water/ash ratios 10 M NaOH or NSP/ash ratios

A 10 0.325, 0.429, 0.518, 0.597, 0.709 1.50 0 0
B 10 0.597 0.4, 0.67, 1.0, 1.5, 2.5 0 0
C1 5, 7.5, 10, 12.5, 15 0.597 0.67 0 0
C2 5, 7.5, 10, 12.5, 15 0.597 1.50 0 0
D 10 0.429 1.50 0, 0.03, 0.06, 0.09, 0.15 0
E 10 0.429 1.50 0.03 0, 0.01, 0.03, 0.06, 0.09

Table 2
Initial molar ratios of Al2O3, SiO2, H2O and Na2O in mixtures.

Series Variables SiO2/Al2O3 Na2O/Al2O3 H2O/Na2O

A Liquid alkaline/ash ratios 0.325, 0.429, 0.518, 0.597, 0.709 3.63, 3.79, 3.93, 4.05, 4.23 0.44, 0.59, 0.71, 0.82, 0.97 12.27
B Sodium silicate/NaOH ratios 0.40, 0.67,1.00, 1.50, 2.50 3.57, 3.75, 3.90, 4.05, 4.23 0.96, 0.90, 0.86, 0.82, 0.76 11.65, 11.86, 12.05, 12.27, 12.56
C1 NaOH concentration (M) 5, 7.5, 10, 12.5, 15 3.75 0.62, 0.77, 0.90, 1.03, 1.17 18.75, 14.52, 11.86, 9.95, 8.42
C
D
E

2

3

4

5

2

2
e
p
a

2 NaOH concentration (M) 5, 7.5, 10, 12.5, 15 4.05
Water/ash ratios 0, 0.03, 0.06, 0.09, 0.15 3.79
10 M NaOH/ash ratios 0, 0.01, 0.03, 0.06, 0.09 3.79
NSP/ash ratios 0, 0.01, 0.03, 0.06, 0.09 3.79

1. Series A: To study the effects of the liquid alkaline/ash ratio, the
liquid alkaline/ash ratios were varied between 0.325 and 0.709
with the constant sodium silicate/10 M NaOH ratio of 1.5.

. Series B: To study the sodium silicate/NaOH ratio, the sodium
silicate/10 M NaOH ratios of 0.4, 0.67, 1.0, 1.5 and 2.5 were used.
The liquid alkaline/ash ratio was kept constant at 0.597 (based
on the result of series A).

. Series C: To study the concentration of the NaOH solution, 5, 7.5,
10, 12.5 and 15 M NaOH, and the sodium silicate/NaOH ratios of
0.67 (C1) and 1.5 (C2) were used (based on the result of series B).
The liquid alkaline/ash ratio was kept constant at 0.597.

. Series D: To study the water content, the water/ash ratios of 0,
0.03, 0.06, 0.09 and 0.15, the liquid alkaline/ash ratio of 0.429, and
the sodium silicate/10 M NaOH ratio of 1.50 were used (based on
the results of series A, B and C).

. Series E: To study of the improvement on workability, the sodium
silicate/10 M NaOH ratio of 1.50, the liquid alkaline/ash ratio of
0.429, and water/ash ratio of 0.03 were used as a control mix.
The mixes with the 10 M NaOH or NSP/ash ratios of 0, 0.01, 0.03,
0.06 and 0.09 were used. The samples of geopolymer mortars
were analyzed with energy-dispersive X-ray scanning electron
microscope.

.3. Mixing, flow and strength tests
All geopolymer mortars were made with sand to fly ash ratio of
.75. The mixing was done in an air conditioned room at 25 ◦C to
liminate the possible effect of temperature variation. The mixing
rocedure involved mixing of NaOH solution and BA for 5 min in
pan mixer. Sand and other liquids (water, NaOH and NSP) were

Fig. 4. Flow and strength of morta
0.63, 0.75, 0.82, 0.90, 0.99 16.96, 13.63, 12.27, 10.78, 9.50
0.59 12.27, 13.64, 15.00, 16.36, 19.08
0.59, 0.60, 0.64, 0.69, 0.75 13.64, 13.57, 13.44, 13.27, 13.12
0.59 13.64, 13.86, 14.32, 15.00, 15.68

then added to the mixture and the mixing was done for another
5 min. This was followed by the addition of sodium silicate solution
with a final mixing of 5 min. Right after the mixing, the flow value
of fresh geopolymer mortar was determined in accordance with
ASTM C1437 [16].

After the flow test, fresh mortar was placed in the 50 mm cube
mould and compacted as described in the ASTM C109 [17]. This was
followed by an additional vibration of 10 s using a vibrating table
in the final step. The moulds with mortar specimens were wrapped
with vinyl sheet to prevent moisture loss. The specimens were left
standing for 1 h and then cured at 75 ◦C in the oven for 48 h. The
specimens were then left in the laboratory to cool down. Demould-
ing was done the next day and then kept in the 23 ± 2 ◦C and 50% RH
room. The compressive strengths of mortars were tested at the age
of 7 days in accordance with ASTM C109. The reported strengths
were the average of the three tests.

3. Results and discussions

3.1. Fineness of bottom ash

The effects of fineness of BA on the workability and strength
of mortar as shown in Fig. 4 indicated that ground BA could be
used as a source material for making geopolymer. The workability
and strength of mortars were improved with the increase in the

fineness of BA. The as-received BA particles were relatively large
and very irregular with observable pores and needed to be ground
to increase their surface area and the reactivity [18]. The workability
improved with the increase in the grinding since the pores were
destroyed by grinding. These pores could absorb the liquid of the

r with various BA finenesses.
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Fig. 5. Flow and strength of morta

resh mortar and lower the workability of the mixes. For the ground
oarse BA with 33% retained on sieve no. 325, the strength of the
ortar was reasonable at 43.0 MPa. However, the flow of the fresh
ortar was low at 16%. With the increase in finenesses of BA to 18

nd 3% retained on sieve no. 325, the flows improved to 25 and 49%
nd the strengths increased to 46.0 and 48.0 MPa, respectively. The
ortar made of BA with 3% retained on sieve no. 325 showed the

ighest workability and compressive strength.

.2. Liquid alkaline/ash ratio

The effects of different liquid alkaline/ash ratios are shown in
ig. 5. The workability of the mixes increased with the increase in
he liquid alkaline/ash ratio. The mortar was very stiff with no flow
alue at the liquid alkaline/ash ratio of 0.325. The mortar was not
omogenous and difficult to mix and compact. With the liquid alka-

ine/ash ratio of 0.429, the mortars became less stiff and a low flow
alue of 5% was obtained. The workable mortars with flow values
f 49 and 89% were obtained with the liquid alkaline/ash ratios of
.597 and 0.709, respectively. With an increase in fluid medium
ontent, particle to particle interaction of BA was less as a result of
larger interparticle distance and lower particle interference.

With regard to compressive strength, the mixes with liquid alka-
ine/ash ratios of 0.429–0.709 showed high compressive strength
f 42.0–52.0 MPa. The low compressive strength of 8.0 MPa was
btained with the very dry mix of liquid alkaline/ash ratio of 0.325
s a result of difficulties in compaction.

.3. Sodium silicate/NaOH ratio

In this test, the liquid alkaline/ash ratio was kept constant at
.597. The results as shown in Fig. 6 revealed that the workabil-

ty of the mixes reduced with an increase in the sodium silicate
ontent. This was expected since sodium silicate was more viscous

han sodium hydroxide. The concentration of NaOH solution was
onstant at 10 M. The sodium silicate/NaOH ratios of 0.4–1.5 pro-
uced workable mortars with flow values of 49–97%. However, the
ow of the mix with high sodium silicate/NaOH ratio of 2.5 was
ery low at 5%. As shown in Fig. 6, the strength was also affected

Fig. 6. Flow and strength with various s
various liquid alkaline/ash ratios.

by the increase in the sodium silicate/NaOH ratio. The optimum
sodium silicate/NaOH ratio was 1.5 and the maximum strength of
48.0 MPa was obtained. An increase in the sodium silicate/NaOH
ratio from 0.4 to 1.5 increased the strength. However, when the
sodium silicate/NaOH ratio was 2.5, the strength started to drop due
to the difficulty in compaction. As shown in Table 2, the mixes con-
tained initial SiO2/Al2O3 molar ratios of 3.57, 3.75, 3.90, 4.05, 4.23
and Na2O/Al2O3 ratios of 0.96, 0.90, 0.86, 0.82, 0.76 were within
the normal range of geopolymer [6,20,23]. It should be noted here
that NaOH cost less than sodium silicate and the mix should there-
fore contain low sodium silicate/NaOH ratio while still giving the
required strength and workability.

3.4. Concentration of NaOH solution

The results of the concentration of NaOH solution are shown
in Fig. 7. The workability decreased while the strength increased
with the increase in the NaOH concentration. The NaOH concentra-
tion of 5, 7.5, 10, 12.5 and 15 M corresponded to mixes with initial
SiO2/Al2O3 molar ratios of 3.75 and Na2O/Al2O3 ratios of 0.62, 0.77,
0.90, 1.03 and 1.17, respectively. Mixes with 5 M NaOH had high
flow values of 92–123%, whereas those with 15 M NaOH had low
flow values of 34–56%. The increase in the concentration of NaOH
increased the stiffness of the fresh mortars. The strength increased
with the increase in NaOH concentration mainly through the leach-
ing out of silica and alumina with the high concentration of NaOH
[19] and high Na2O/Al2O3 ratios. The increased NaOH concentra-
tion increased Na ions in the system which was important for the
geopolymerization as Na ions were used to balance the charges and
formed the alumino-silicate networks.

3.5. Water/ash ratio

The effects of various water/ash ratios are shown in Fig. 8.

Incorporation of water, as expected, improved the workability of
geopolymer mortars. Water/ash ratios of 0, 0.03, 0.06, 0.09 and 0.15
corresponded to mixes with initial SiO2/Al2O3 molar ratios of 3.79,
Na2O/Al2O3 ratio of 0.59 and H2O/Na2O ratios of 12.27, 13.64, 15.00,
16.36 and 19.08, respectively as shown in Table 2. The water/ash

odium silicate/10 M NaOH ratios.
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Fig. 7. Flow and strength with various NaOH concentrations.
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Fig. 8. Flow and strength of m

atios of 0.09–0.15 produced mixes with flow of 50–103% which
as highly desirable. The strengths of these mixes were also high

t 38.5–46.0 MPa. The incorporation of water effectively improved
he flow of fly ash geopolymer mortar with some reductions in
trength [14]. The H2O/Na2O ratios of mixes with water/ash ratios
f 0.09 and 0.15 were rather high at 16.36 and 19.08. Excess water
lso diluted the liquid and thus slowed down the dissolution and
eaction of the geopolymer. Similar reduction in strength with the
ncrease in H2O/Na2O ratio was reported [20]. The large improve-

ent in workability with a small reduction in strength was very
ttractive.

.6. Additions of 10 M NaOH and NSP solutions

The additions of 10 M NaOH and NSP were done to test the effect
f other liquids other than water on the workability and strength of
eopolymer mortars. The results are shown in Fig. 9. The incorpo-
ation of 10 M NaOH solution improved the flow while maintaining

he strength of mortar. The 10 M NaOH addition reduced the sodium
ilicate/NaOH ratio and increased the liquid content of the mix and
hus resulted in improved workability. In addition, the NaOH solu-
ion contains Na ion and water molecules which were the basic
ngredients for the geopolymerization [21,22] and thus had no neg-

Fig. 9. Flow and strength of mortar with v
with various water/ash ratios.

ative effect on the strength. The incorporation of NSP/ash ratios
of 0.01–0.03 slightly improved the flow to 16–17% while main-
taining the high strengths of 54.0–57.0 MPa. However, the addition
of NSP/ash ratios of 0.06–0.09 resulted in slight decreased in the
strengths of mortar. At NSP/ash ratio of 0.09, the strength of the
mortar reduced to 40.0 MPa. The effect of incorporation of NSP was
similar to the incorporation of water in term of strength, but the
workability of the mixes with the addition of water was much bet-
ter. The use of NSP in the geopolymer system activated with NaOH
and sodium silicate solutions was not effective. The improvement
in the workability was a result of the increase in the water content
of the mix from the NSP solution.

Microstructure images of the control BA geopolymer mortar
obtained with the water/ash ratio of 0.03 are shown in Fig. 10(a).
The mortar appeared as a dense geopolymer matrix with a high
strength of 58.0 MPa. The physical and mechanical properties of
geopolymers were a function of the SiO2/Al2O3 and Na2O/Al2O3
ratios [23]. The samples of the matrix with SiO2/Al2O3 ratios of 2.1

and 2.7, and Na2O/Al2O3 ratios of 1.30 and 1.34 confirmed the pres-
ence of continuous mass of strong geopolymer. For the addition of
10 M NaOH/ash ratio of 0.09, the dense matrix was also obtained as
shown in Fig. 10(b) with corresponding high strength geopolymer
mortar of 53.0 MPa. The maintaining of high compressive strength

arious 10 M NaOH or NSP/ash ratios.
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Fig. 10. Microstructure of geopolymer mortars. (a) Control m

ortar with the addition of NaOH was due to the alkali roles for
proper charge balancing resulting in a stable and dense geopoly-
er networks. The samples of the matrix with SiO2/Al2O3 ratios

f 1.5 and 2.2 and Na2O/Al2O3 ratios of 0.7 and 1.0 were identi-
ed in this system. The addition NaOH played a role in the attack
f alumino-silicate material leading to lower values of SiO2/Al2O3
nd Na2O/Al2O3 ratios than the control mix.

With the addition of NSP/ash ratio of 0.09, the matrix was less
ense with noticeable pores in the geopolymer texture as shown in
ig. 10(c). The strength of the mortar was, therefore, affected and
eopolymer mortar with lower strength of 40.0 MPa was obtained.
n this case the samples of the matrix with reduced SiO2/Al2O3

atios of 1.0 and 2.0 and the significantly reduced Na2O/Al2O3
atios of 0.3 and 0.7 were identified. The results suggested the
hifting from the normally molecular bonded geopolymers to
he characteristic of particulate solid such as zeolite material
24].
) 10 M NaOH/ash ratio of 0.09 and (c) NSP/ash ratio of 0.09.

4. Conclusions

Based on the obtained data, the BA can be used as a source
material for making good geopolymer. The flow and strength of
the geopolymer are improved with an increase in the fineness
of BA. The grinding increases the surface area and the reactivity,
and also destroys the pores in the as-received BA particles. Rel-
atively good workability and strength are obtained using ground
BA with 3% retained on sieve no. 325. The workability increases
with the increase in the liquid alkaline/ash ratio owing to the larger
interparticle distance and lower particle interference. The workable
range of liquid alkaline/ash ratios is between 0.429 and 0.709. The

workability, however, decreased with the increases in the sodium
silicate/NaOH ratio and the NaOH concentration owing to the high
viscosity of sodium silicate and NaOH. The workable ranges of
sodium silicate/NaOH ratios and NaOH concentration are between
0.67–1.5 and 7.5–12.5 M, respectively.
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The flow and strength are also affected by the additions of water,
0 M NaOH solution and NSP. The incorporations of these liquids
ncrease the workability of the geopolymer mortars. The addition
f water is found to be the most effective resulting in substantial
ncrease in the flow with small reduction in strength. The incor-
oration of 10 M NaOH solution slightly improves the flow while
aintaining the strength of the geopolymer mortar. Water and Na

ons are an integral part of the geopolymer system and thus are
equired for the geopolymerization process. The incorporation of
SP is not effective in improving the flow of geopolymer mortars.
he improvement in the workability is due mainly to the increase
n the water content from the NSP solution.
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