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Abstract 

 
The development of blended cement and geopolymer is very important to the future of 

construction industry of Thailand. The process of manufacturing of Portland cement uses a large amount of 

energy and emits huge quantity of carbon dioxide. In making 1 ton of Portland cement, almost 1 ton of 

carbon dioxide is released. The use of blended Portland pozzolana cement can reduce the use of Portland 

cement. Pozzolans are materials containing silica and alumina as major oxides. In this research, fly ash 

bottom ash, calcined kaolin, rice husk ash, rice husk-bark ash, palm oil fuel ash, and bagasse ash were 

studied. The partial replacement of Portland cement with these pozzolans reduced calcium hydroxide in the 

mixture and resulted in the improvement of concrete durability. The resistance to chloride penetration, 

resistance to sulfate attack, and resistance to corrosion of steel reinforcement were improved.  The research 

and development of new binder called ‘geopolymer’ was undertaken. The source material available in 

Thailand was high calcium fly ash. Sodium hydroxide and sodium delicate were used as liquid for the mix. 

The results indicated that high calcium geopolymer gave good mechanical properties with high compressive 

strength, low shrinkage, and good resistances to sulfate and acid attack. Microsilica, nanosilica, zinc oxide, 

titanium oxide, and other composite oxides were incorporated into the binder system. The results showed 

that the incorporation of these oxides improved the electrical and magnetic properties of the cement 

composites but with some effects on the mechanical properties of the binder. The results obtained from this 

research can be used as important basic information for the utilization and development of the sustainable 

construction material industry in Thailand. 

Key words: cement,  geopolymer, carbon dioxide, pozzolans, silica, alumina, fly ash, bottom ash, calcined 

kaolin, rice husk ash, rice husk-bark ash, palm oil fuel ash, bagasse ash, durability, chloride 

penetration, sulfate attack, steel corrosion,  calcium hydroxide, sodium hydroxide, sodium 

silicate, microsilica, nanosilica, zinc oxide, titanium oxide, acid attack 

 

 

 

 

 



 
 

Executive summary 

 
This research, Development of Portland cement and geopolymer composite material, was funded by 

the Thailand Research Fund (TRF) under the TRF Senior Research Scholar Contract No.  RTA5480004. 

The project period is three years, 31 August 2011 – 30 August 2014, with the total budget of 7.5 million 

baht. The project was led by Professor Dr. Prinya Chindaprasirt, Department of Civil Engineering, Khon 

Kaen University with the support from 11 other researchers; two from Suranaree University of Technology,  

one from Burapha University, one from Rajamangala University of Technology Phra Nakhon, two from 

Chiang Mai University, one form MTEC and four from Khon Kaen University. The expertise covers both 

engineering and science including civil engineering, physics, material science, and industrial chemistry. 

The project studied the use of blended Portland pozzolana cements. Fly ash, bottom ash, calcined 

kaolin, rice husk ash, rice husk-bark ash, palm oil fuel ash, and bagasse ash were studied. The partial 

replacement of Portland cement with these pozzolans reduced calcium hydroxide in the mixture and resulted 

in the improvement of resistance to chloride penetration, resistance to sulfate attack, and resistance to 

corrosion of steel reinforcement. New binder ‘high calcium fly ash geopolymer’ was also developed with 

high compressive strength, low shrinkage, and good durability. The project also studied the incorporation of 

microsilica, nanosilica, zinc oxide, titanium oxide and composite oxides incorporated to the binder system. 

The results showed that the incorporation of these compounds improved the electrical and magnetic 

properties of the cement composites but with some effects on the mechanical properties of the binder.  

The project output is significant and can be summarized as follows: 

1. A total of 45 papers were published in the international peer-reviewed journal with impact factor 

of 0.362-3.398 (IF 2013).  

2. The number of researchers in this project was twelve including the project leader. Three master 

degree and three Ph.D. students obtained their degrees with the help with this project funding. 

The cooperation among the researchers in Thailand was very good. In addition, the project also 

enabled the linkages with foreign experts. The collaborations were between our researchers and 

students with researchers overseas from CSIRO, Melbourne, School of Arts and Sciences 

(NSW), Mie University and Curtin University. 

3. The seminars organized at the end of the year during the project implementation were very 

helpful in getting the researchers to consult and to have discussions with the other interested 

parties.  



  

4. A book entitled ‘Cement and Geopolymer Composite Materials” was published as a result of the 

research of this project. It was distributed to all research and academic institutions in Thailand.    

It will serve as an important handbook on this subject. 

It can be concluded that the results obtained from this research and the output can be used as 

important information for the utilization and development of the sustainable construction material industry 

in Thailand. 
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a b s t r a c t

This paper presents an investigation of the compressive strength and the durability of lignite bottom ash
geopolymer mortars in 3% sulfuric acid and 5% sodium sulfate solutions. Three finenesses of ground bot-
tom ash viz., fine, medium and coarse bottom ash were used to make geopolymer mortars. Sodium sili-
cate, sodium hydroxide and curing temperature of 75 �C for 48 h were used to activate the
geopolymerization. The results were compared to those of Portland cement and high volume fly ash mor-
tars. It was found that the fine bottom ash was more reactive and gave geopolymer mortars with higher
compressive strengths than those of the coarser fly ashes. All bottom ash geopolymer mortars were less
susceptible to the attack by sodium sulfate and sulfuric acid solutions than the traditional Portland
cement mortars.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

It is known that 0.7–1.1 ton of CO2 is emitted for every ton of
cement produced. Approximately 50% of carbon dioxide emission
by cement industry is from the calcination of limestone and the
other 40% from combustion of fuel in the kiln, and 10% from trans-
portation and manufacturing operations [1]. In order to reduce the
amount of CO2 emission from the cement industry, the manufac-
turing process has been improved and the growth in the Portland
cement usage has to be reduced. For cement consumption, there
are several efforts to reduce the use of cement in concrete. These
include the utilization of supplementary cementitious materials
such as fly ash, blast-furnace slag, silica fume, metakaolin, natural
pozzolans, and biomass ash [2–4]. In the last decade, geopolymer
binders have emerged as one of the possible alternative to conven-
tional cement binders for concrete industry [5,6]. Geopolymer is an
inorganic binder material and can be produced by a geopolymeric
reaction of alkali activating solution with silica and alumina rich
source materials from geological origin or pozzolanic materials
such as metakaolin, fly ash, and rice husk ash [7]. Geopolymers
exhibit many excellent properties such as high early strength,
low creep, low shrinkage, and good resistance against acid and
sulfate attack in addition to its environment friendliness [8–12].

Bottom ash (BA) is a by-product of the combustion of pulverized
coal in the power plants. It is generated from the coagulation of the
melting fly ash particles. The BA particles are therefore relatively
large. The world production of coal ash was approximately
459 million tons in 1992 [13]. The BA comprises approximately
20% of the coal ash and almost all of it is disposed of as landfill.
The annual output of lignite BA at Mae Moh power plant in the
north of Thailand is about 0.8 million tons and is disposed of in
the landfill and ash ponds which causes an environmental prob-
lem. BA contains high silica and alumina contents similar to fly
ash. Several researchers [14,15] found that grinding of BA increases
its pozzolanic activity and makes it suitable for use as partial
replacement in Portland cement. In addition, BA is a suitable
source material for making geopolymer [16–18]. Previous
researches [19] studied the effects of fineness of BA, sodium
hydroxide, sodium silicate, water, and naphthalene-based superp-
lasticizer on workability and strength of geopolymer mortars. The
results indicated that the flow and strength of geopolymers were
improved with an increase in the fineness of BA.

In this study, the effect of BA fineness on compressive strength
and the durability of BA geopolymer mortars in 5% sodium sulfate
and 3% sulfuric acid solutions were presented. The results were
compared to those of Portland cement mortar, and mortar contain-
ing 40% fly ash and ground BA. The obtained data of this work
would be beneficial for the utilization of BA in the geopolymer
mortar and concrete. This should lay a good foundation for the
increased use of BA and thus lead to the reduction in the cement
consumption and environmental problems.
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2. Experimental details

2.1. Materials

Materials used in this study consisted of Portland cement Type I
(OPC), fly ash (FA), and lignite bottom ash (BA) from Mae Moh
power plant in northern Thailand. The chemical and mineral com-
positions are summarized in Table 1 and Fig. 1, respectively and
the physical properties of these materials are shown in Table 2.

The specific gravity of cement was 3.18 with the median parti-
cle size (d50) of 17.3 lm. The major oxide (SiO2 + Al2O3 + Fe2O3) of
the FA was 74.7% which is higher than the minimum requirement
(70%) specified by ASTM C 618 [20] for Class F fly ash. The XRD pat-
tern of FA shows substantial amorphous phase with some peaks of
crystals of anhydrite, lime, magnesioferrite, quartz, and mullite. In
order to study the effect of BA fineness, three finenesses of ground
BA viz., fine BA (FBA), medium BA (MBA) and coarse BA (CBA) with
corresponding median particle sizes of 15.7, 24.5 and 32.2 lm and
Blaine finenesses of 5300, 3400 and 2100 cm2/g, respectively were
used. The mineral compositions of FBA, MBA, and CBA were similar
suggesting that the grinding of BA had little effect on the crystallin-
ity. Sodium silicate solution (NS) with 13.8% Na2O, 32.2% SiO2 and
54.0% H2O, and 10 molar (M) sodium hydroxide (NH) solution were
used as alkaline activators. A local river sand with specific gravity
of 2.62 and fineness modulus of 2.85 was used for making the
mortar.

2.2. Mix proportions and mixing

In order to study the resistance of lignite BA geopolymer mor-
tars on sulfuric acid attack and to compare the results to cement
mortar, three Portland cement mortars and three geopolymer mor-
tars were used. The mix proportions are shown in Table 3.

For cement mortar (PC, PFA40, and PFBA40), the ratio of a bin-
der material to fine aggregate was set at 1–2.75 by weight. The PC
mortar consisted of only OPC as cementitious materials. The PFA40
and PFBA40 mixes were Portland cement mortars with OPC re-
placed by FA and FBA at the dosage of 40% by weight of binder.
The mortars were mixed and the flows were determined in accor-
dance with the procedure given in ASTM C 1437 [21].

The BA to sand ratio of 1–2.75, liquid alkaline/BA ratio of 0.597
and NS/NH ratio of 1.50 were the geopolymer mortar mix propor-
tions used. GFBA, GMBA, and GCBA were geopolymer mortars
made from FBA, MBA, and CBA, respectively. The mixing of geo-
polymer mortar was done in a controlled room at 25 �C. The BA
was mixed with NH for 5 min to allow the leaching of silica and
alumina ions [22]. Sand was then incorporated and mixing was
done for 5 more minutes. This was followed by the addition of
NS with a final mixing of 5 min. After mixing, the flows of BA geo-
polymer mortars were tested.

2.3. Testing detail

2.3.1. Compressive strength test
The cement mortars were cast in 50 � 50 � 50 mm cube molds.

The specimens were cover with damped cloth and polyurethane
sheet for moist curing. They were demolded at one day and stored
in water at 23 ± 2 �C until the testing age. For geopolymer mortars,
they were placed into the 50 � 50 � 50 mm cube molds and
wrapped with cling film to avoid the moisture lost and left in the
laboratory for 1 h and then temperature cured at 75 �C for 48 h
[19]. The specimens were demolded and kept in the controlled
room at 23 ± 2 �C and 50% RH until the testing age. All samples
were tested for compressive strength at 7, 28, 90, 180 and 360 days
in accordance with ASTM C 109 [23]. The reported compressive
strengths were the average of three samples.

2.3.2. Sulfate resistance
In order to determine the durability of geopolymer mortar, the

expansions of mortar bars immersed in sodium sulfate solution
were tested. Mortar bars with 25 � 25 � 285 mm in dimension

Table 1
Chemical composition of materials.

Chemical composition (%) OPC FA FBA MBA CBA

SiO2 21.5 38.7 39.3 40.3 35.5
Al2O3 4.5 20.7 21.3 17.4 16.8
Fe2O3 3.1 15.3 13.5 13.6 15.1
CaO 62.7 16.6 16.5 11.8 13.3
MgO 1.1 1.5 2.6 7.6 8.4
Na2O 1.5 1.2 1.0 2.8 3.8
K2O 0.7 2.7 2.1 1.5 1.8
TiO2 0.1 0.4 0.4 0.3 0.3
P2O5 – 0.2 0.2 0.2 0.2
SO3 3.5 2.6 1.5 – –
LOI 1.3 0.1 1.4 4.4 4.7

FA 

FBA 

MBA 

CBA 

Fig. 1. The XRD pattern of materials; D-anhydrite; CaSO4; O-lime: CaO; A-anorthite,
Na-rich intermediate: (Ca,Na)(Si,Al)4O8; F-magnetite: Fe3O4; H-hematite: Fe2O3; Q-
quartz: SiO2; U-augite, Al-rich: Ca(Mg,Fe,Al)(Si,Al)2O6; I-Mullite: 3Al2O3.2SiO2.

Table 2
Physical properties of materials.

Sample Specific
gravity

Median particle
size, d50 (lm)

Blaine
fineness
(cm2/g)

Retained on a
sieve No. 325 (%)

OPC 3.18 17.3 3400 9
FA 2.51 37.1 2100 33
FBA 2.89 15.7 5000 3
MBA 2.87 24.5 3400 18
CBA 2.86 32.2 2100 33
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were prepared in accordance with the procedures given in Section
2.3.1 and ASTM C 1012 [24]. The mortar bars were immersed in 5%
sodium sulfate solution and were tested for expansions. The sulfate
solution was replaced with fresh solution after the immersion of 7,
14, 28, 56, 84, 120 and 240 days.

2.3.3. Sulfuric acid resistance
The sulfuric acid resistances of mortars were tested by modified

test method B in accordance with ASTM C 267 [25]. The 50 � 50 �
50 mm cube mortar specimens were immersed in 3% sulfuric acid
solution. After immersed time of 7, 14, 28, 56, 84, and 120 days in
the sulfuric acid, the samples were brushed softly under water
with a nylon brush to remove loose surface debris before weight-
ing. The weight losses of specimens after immersion in the acid
were evaluated. The sulfuric acid solution was replaced with fresh
solution after the immersions of 7, 14, 28, 56, 84, and 120 days.

3. Results and discussion

3.1. Compressive strength

The results of the compressive strength tests of mortars are
summarized in Table 4 and Fig. 2. The compressive strength of
cement mortars (PC, PFA40, and PFBA40) increased with the curing
age in accordance with the strength development of Portland
cement. For example, the compressive strengths of PFBA40 mortar
at 7, 28, 90, 180, and 360 days were 31.5, 43.5, 63.5, 68.5, and
71.5 MPa, respectively. The strength development of geopolymer
mortars (GFBA, GMBA, and GCBA) increased at a lower rate com-
pared to those of Portland cement mortars. This was due to the fact
that the curing at temperature of 75 �C for 48 h increased the early
age compressive strengths [26].

The development of compressive strength was also affected by
the BA fineness. The use of FBA in geopolymer mortar seemed to
give higher compressive strengths than those of the coarser ones.
Since, the BA with high finenesses and high surface areas could
dissolve more silica and alumina [19] and thus resulted in the in-
crease in geopolymerization and compressive strength. In addition,
a large portion of as-received BA particles were porous and con-
tributed to the low strength of geopolymer mortars [12]. Grinding
helped destroy the pores of BA particles and thus improved the
strength of geopolymer mortars [19]. The compressive strengths

of GFBA mortars at 7, 28, 90, 180 and 360 days were 48.5, 54.5,
51.5, 61.5 and 55.5 MPa, respectively. For the coarser BA, the com-
pressive strengths of GCBA mortars at the same ages were 43.0,
40.0, 32.5, 35.0 and 36.5 MPa, respectively.

3.2. Resistance to sodium sulfate attack

The results of the length change of mortars bars subjected to 5%
Na2SO4 solution are shown in Fig. 3. The early-age expansions of
PFA and PFBA mortars immersed in sodium sulfate solution were
higher than that of OPC mortar due to the lower strengths of the
PFA and PFBA mortars compared to that of OPC mortar. After
105 days of immersion, the expansions of PC mortar exceeded
those of the PFA40 and PFBA40 mortars. This was due to the incor-
poration of pozzolanic materials in the mixture which helped

Table 3
Mix proportions of mortars.

Mix Type of fly ash OPC (g) FA (g) BA (g) NS (g) NH (g) Water (g) Sand (g) Flow (%)

PC – 100 0 0 0 0 47 275 114
PFA40 FA 60 40 0 0 0 47 275 146
PFBA40 FBA 60 0 40 0 0 47 275 112
GFBA FBA 0 0 100 35.8 23.9 0 275 62
GMBA MBA 0 0 100 35.8 23.9 0 275 51
GCBA CBA 0 0 100 35.8 23.9 0 275 35

Note: 10 M of NH, liquid alkaline/BA = 0.597, NS/NH = 1.50.

Table 4
Compressive strengths of mortars.

Mix Compressive strength (MPa)

7 D 28 D 90 D 180 D 360 D

PC 44.7 47.4 54.0 68.0 68.5
PFA40 23.0 44.5 57.5 58.5 71.5
PFBA40 31.0 43.5 63.5 68.6 71.5
GFBA 48.5 54.5 51.5 61.5 55.5
GMBA 46.0 48.0 46.5 49.5 39.5
GCBA 43.0 40.0 32.5 35.0 36.5
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decrease the amount of Ca(OH)2 and the total amount of calcium in
the matrices of the PFA40 and PFBA40 mortars.

In case of the geopolymer mortars, the BA geopolymer mortars
gave excellent resistance to sodium sulfate attack. After exposure
to 5% Na2SO4 solution for 360 days, the length changes of geopoly-
mer mortars were only 65–121 microstrain, while those of the

PFA40 and PFBA40 mortars were 595 and 648 microstrain, respec-
tively. The PC mortar exhibited the highest expansion of
7600 microstrain. The high deterioration of cement based mortars
were due to the reaction of sulfate with calcium hydroxide and cal-
cium monosulfoaluminate to form gypsum and ettringite which
could lead to strength loss, expansion, cracking, and scaling of

(a)

(b)

(c)

(d)

Fig. 4. SEM image and EDX spectrum of mortars after 270-day immersion in 5% Na2SO4 solution.

V. Sata et al. / Cement & Concrete Composites 34 (2012) 700–708 703



the surface layers in mortar [27,28]. The geopolymermortars, how-
ever, exhibited a different mechanism. The main geopolymeriza-
tion products were different from Portland cement hydration
products and were less susceptible to sulfate attack compared to
the normal cement hydration product. Bakharev [10] found the
good performance of fly ash based geopolymer in sodium andmag-
nesium sulfate solutions and attributed this to a more stable cross-
linked aluminosilicate polymer structure.

The microstructures of the matrices near the external surface of
mortars after 270 days of immersion in 5% Na2SO4 solution were
studied using Scanning Electron Microscopy (SEM) and Energy-
Dispersive X-ray Analysis (EDX) and the results are shown in
Fig. 4. The SEM of cement based mortars (Fig. 4a) showed some
cracks and the presence of ettringite in the samples. The EDX spec-
trum at area 1 showed the existence of the ettringite which could
be observed in substantial quantity. The EDX spectrum at area 2
showed the background of the normal hydration products of cal-
cium silicate and calcium aluminate hydrate. The sulfate attack
on the cement matrix was associated with the ettringite and gyp-
sum formation and the decalcification. At pH of 12–12.5 only
ettringite formation took place and at pH of 8.0–11.5 gypsum for-
mation and decalcification occurred [29]. For the PFA40 and
PFBA40mortars (Fig. 4b and c), the needle-like crystals of ettringite
were not easily seen. The mass of hydration products of calcium
silicate and aluminate hydrates remained intact. The contents of
Ca were slightly lower at around 10.3–11.6% as compared to the
values of 14–19.7% for the normal Portland cement hydration
products. The attack on the Ca(OH)2, calcium sulfoaluminates,
and the CSH with a high C/S ratio in hardened PC paste resulted
in a very porous layer whereas the attack on the low C/S CSH
resulted in a protective layer of silica gel [30]. The Portland cement
mortars containing pozzolans such as fly ash and rice husk ash
with low calcium content, therefore, were more durable to the
sulfate attack than the conventional Portland cement mortars [31].

The microstructure of BA geopolymer mortars are shown in
Fig. 4d–f. The EDX spectrum showed the presence of unreacted
BA particles (with the usually observed Al, Si, Fe, O, Ca, Mg, and

Table 5
Weight change of mortars after immersion in 3% of H2SO4.

Mix Weight loss (%)

0 D 7 D 14 D 28 D 56 D 84 D 120 D

PC 0.0 �9.8 �23.1 �42.2 �66.5 �85.9 �95.7
PFA40 0.0 �1.7 �7.7 �26.1 �48.4 �71.7 �91.8
PFBA40 0.0 �0.1 �1.4 �7.3 �28.5 �52.5 �77.2
GFBA 0.0 �1.2 �2.0 �2.5 �2.8 �3.2 �3.6
GMBA 0.0 0.0 �0.4 �0.9 �1.0 �1.3 �1.7
GCBA 0.0 �0.1 �0.4 �0.8 �0.9 �1.1 �1.4
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Fig. 5. Weight loss of mortar specimens after 120-day immersion in 3% H2SO4

solution.
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Fig. 4 (continued)
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Na elements) embedded in the geopolymer matrix. These elements
were the basic elements of the source BA. As compare to Portland
cement mortar, this system contained significantly lower Ca con-
tent. The needle-shape like particles were also presented but only
in a limited amount and could be observed in the some of the avail-
able space as shown in Fig. 4f. These needle-shape like particles
were from the calcium presented in the source material as the
BA was a high calcium lignite coal ash. The results confirmed that
the main geopolymerization products were less susceptible to
sulfate attack compared to the normal Portland cement product.

3.3. Resistance to sulfuric acid attack

Table 5 and Fig. 5 show the relationship between the weight
change due to sulfuric acid attack on mortars and the immersed
time. As for cement based mortars, their weight losses were due
primarily on the reaction between calcium hydroxide (Ca(OH)2)
presented in the specimens and the acid, which can induce tensile
stress, resulting in cracking and scaling of mortar. Among the
cement based mortars, the PFA40 and PFBA40 mortars exhibited
higher acid resistance than that of PC mortar. After 120 days of
immersion in sulfuric acid solution, the weight loss of PFA40 and
PFBA40 mortars were 91.8% and 77.2%, respectively, while that of
PC mortar was 95.7%. The small particles of these ashes allowed
a denser packing of the mixture. In addition, the siliceous com-
pounds in FA and FBA reacted with free lime to form a more stable
product of C–S–H that further filled the pores in mortars [32].
Therefore, mortars containing FA and FBA yielded lower weight
loss than PC mortar.

Compared to the cement based mortars, the weight losses of all
of geopolymer mortars were much lower. After 120 days of immer-
sion, GFBA, GMBA and GCBA mortars had lost only 3.6%, 1.7%, and
1.4% of their weights, respectively. The geopolymer mortars had
low weight loss under acid attack due to the low water absorption
of these binders and also to their low calcium (Ca) contents com-
pared to those of cement based mortars [33]. This result conformed
with that of Thokchom et al. [34] who reported that after exposure

in sulfuric acid solution for 18 weeks, the fly ash based geopolymer
mortars showed a very low weight loss in the range from 0.41% to
1.23% of the initial weight. In addition, Bakharev [9] studied the
resistance of fly ash geopolymer materials against 5% acetic and
sulfuric acids up to 5 months exposure and found that geopolymer
materials had better resistance than cement based specimens.
Fig. 6 shows the physical appearance of the mortar specimens after
120 days of immersion. The cement mortars were severely deteri-
orated, while the geopolymer mortars seemed to be slightly dam-
aged at the surface and around the edges of specimens.

The SEM and EDX spectrum of mortars after 120 days of immer-
sion in 3% sulfuric acid solution are shown in Fig. 7. The EDX spec-
trums at areas 1 and 2 of Fig. 7a–c revealed the presence of
elongated crystalline structures of gypsum (CaSO4 � 2H2O) as indi-
cated by the large presences of Ca, O, and S. The PC mortar had soft
white depositions on the surface and became very porous after
exposure to sulfuric acid. In the PFA40 mortar after the acid attack
(Fig. 7b), abundant gypsum crystals could be seen in the morpho-
logical features similar to PC mortar. For the PFBA40 mortar
(Fig. 7c), the results confirmed that the low calcium hydration
products were more durable in the acid environment compared
to that of high calcium hydration products in PC mortar.

The geopolymer mortars showed some delaminations at the
surface, but the damage was significantly less than the cement
based mortars as shown in Fig. 7d–f. The presence of CaSO4 was
also observed at the surface. The geopolymer mortars showed bet-
ter performance than the cement based mortars when exposed to
sulfuric solution due to difference in chemical and phase composi-
tions [35]. The major components from the EDX spectrum of geo-
polymer mortars in the deterioration area were Si, Ca, Al, Mg,
and O. The ratios of SiO2/Al2O3 and Na2O/Al2O3 varied between
11.5–15.7 and 0.2–0.3, respectively. The high SiO2/Al2O3 and low
Na2O/Al2O3 ratio after deterioration were due to the leaching of
Al and Na from geopolymer structure in the presence of sulfuric
acid solution. This result conformed to the work of Bakharev [9]
which reported that after the exposure to sulfuric acid, there was
an increase of the Si/Al ratio in the fly ash based geopolymer.

(a) PC mortar (b) PFA40 mortar 

(c) PFBA40 mortar (d) GFBA mortar 

(e) GMBA mortar (f) GCBA mortar 

Fig. 6. Physical appearance of mortar specimens after 120-day immersion in 3% H2SO4 solution.
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Among geopolymer mortars, GCBA mortar performed significantly
better than the others and showed the lowest SiO2/Al2O3 ratio of
11.5. The fine BA with high surface area was more susceptible to
the attack in sulfuric acid solution and thus GFBA mortar seems

to deteriorate more as compared with GMBA and GCBA mortars.
It is likely that the coarse BA underwent less geopolymerization
and less hydration associated with the calcium as compared to
those of the fine BA as indicated by the strength results. The

Fig. 7. SEM images and EDX spectrum of mortars after 120-day immersion in 3% H2SO4 solution.
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calcium hydration product was susceptible to the attack of the acid
solution and if present in large quantity should cause the deterio-
ration of the mortar. Hence the coarse BA geopolymer mortars per-
formed better in the acid solution as compared to the fine BA
geopolymer mortars. The good performance of Portland cement
mortars containing coarse fly ash immersed in sulfuric acid as
compared to that containing fine fly ash was also reported [36].

4. Conclusions

This study presents the investigations of the resistance on sul-
furic acid and sulfate solutions of OPC and FA mortars, and BA geo-
polymer mortars. Based on the results, the following conclusions
can be drawn.

(1) The compressive strengths of BA geopolymer mortars were
improved with increasing the fineness of BA.

(2) The BA geopolymer mortars were less susceptible to the
attack by 5% sodium sulfate solutions compared to the Port-
land cement based system.

(3) The deterioration of BA geopolymer mortars immersed in 3%
sulfuric acid solution also showed better performance than
those of PC mortars and mortars containing 40% of FA and
FBA. All BA geopolymer mortars showed weight loss less
than 3.6% at 120 days.

(4) The better performance of the geopolymer mortars in the
sulfate and sulfuric solutions were due to the more stable
cross-linked aluminosilicate polymer structure as compared
to the normal Portland cement hydration structure.
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Abstract This study investigates the effect of silica and

alumina contents on setting, phase development, and

physical properties of high calcium fly ash (ASTM Class

C) geopolymers. The characteristic rapid setting properties

and, hence, limited workability range of high calcium fly

ash geopolymers has restricted both development and

potential application of these binder systems compared to

conventional geopolymer binders derived from bituminous

coal, i.e., (ASTM Class F) sources or from calcined kaolin

feedstocks. For this study, control of setting and hardening

properties were investigated by adjusting SiO2/Al2O3 ratio

of the starting mix, via series of mixes formulated with

varying SiO2 or Al2O3 contents to achieve SiO2/Al2O3 in

the range 2.87–4.79. Foremost is the observation that the

effect of varying silica and alumina in high calcium fly ash

systems on setting and hardening properties is markedly

different from that observed for traditional Class F geo-

polymer systems. Overall, increases in either silica or

alumina content appear to shorten the setting time of high

calcium-based systems unlike conventional geopolymer

systems where increasing Al2O3 accelerates setting. The

setting process was associated primarily with CSH or

CASH formation. Furthermore, there appears to be a pre-

vailing SiO2/Al2O3 ratio that prolongs setting, rather than

Ca2? ion content itself, while NASH primarily contributes

to strength development. SiO2/Al2O3 ratios in the range of

3.20–3.70 resulted in products with highest strengths and

longest setting times. These results suggest that initial

predominance of Ca2? ions and its reactions effectively

help maintaining a SiO2/Al2O3 ratio at which amorphous

geopolymer phase is stable to influence setting and initial

strength development.

Introduction

Fly ash is the fine portion of coal combustion by-products

produced at power generating stations and collected from

flue gases by electrostatic precipitators [1]. In Thailand, the

annual output of lignite fly ash from Mae Moh Power

Station is around 3.0 million tons. Around 1.2 million tons

are left over and discarded at landfill sites as a waste

material [2]. Nevertheless, the chemical composition and

reactivity of fly ash makes it suitable for many new product

development applications, especially as a cementitious

material. Since the major components of fly ash are silica

(SiO2, 60–65 wt%) and alumina (Al2O3, 25–30 wt%) [3], it

is being considered as the main raw material for inorganic

polymer (geopolymer) synthesis.

Geopolymers are obtained by alkaline activation of alu-

mino-silicate materials. A vast number of researches have

been published on fly ash-based geopolymer systems. The

effect of parameters such as particle size [4–6], reactive

SiO2, and Al2O3 content of fly ash [7–9], concentration and

type of alkaline activator [8, 10, 11, 13], curing conditions
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[10–12, 14] on the physical and chemical properties of fly

ash-based geopolymers has been studied in detail.

Depending on the composition of original coal, fly ash

can sometimes contain considerable high amount calcium

oxide ([20 wt%) and is categorized as Class C fly ash from

lignite coal sources. Calcium oxide gives fly ash pozzolanic

properties and, relatively shorter setting times. A few

studies have been reported on geopolymer systems based

on Class C fly ash [15, 16]. It has been shown that the

activator (NaOH) concentration, mixing procedure, and

mixing time change the leaching characteristics of fly ash

[13]. In addition to the alumino-silicate geopolymer phase,

the microstructure of the resulting product of alkali acti-

vated Class C fly ash included a calcium silicate hydrate

(CSH) phase, similar to that obtained during hydration of

Portland cement [5, 17, 18] as well as traces of gismondine

(calcium alumino silicate zeolite) [15]. Ettringite was also

identified as a hydration product when a mixture of Class C

fly ash and Portland cement was subjected to alkaline

activation [16].

The main concern when Class C fly ash is used in

geopolymer synthesis is its rapid setting property and

hence low workability. In general, at room temperature,

final setting can be achieved within 1–2 h. The setting is

believed to be due to the rapid formation of CSH phase

[17]. The incorporation of admixtures such as CaCl2 to

geopolymer systems was found to accelerate setting with

the formation of CSH and CaCO3 phases while Na2SO4

acts as a set retarder [17]. The addition of extra water has

been also reported to improve workability more than con-

ventional superplasticizers [16].

Calcium sources are generally used to accelerate the

setting of low calcium fly ash-based geopolymers [19] and

metakaolin-based geopolymer systems [20, 21]. The

coexistence of CSH phase with the geopolymeric gel has

been shown to improve the mechanical properties of the

final product [19]. The role of calcium sources such as

ground granulated blast furnace slag (GGBFS), cement,

wollastonite (CaSiO3), and Ca(OH)2 on mechanical prop-

erties of metakaolin geopolymer is reported elsewhere [20].

Specifically, the effects of different calcium silicate sour-

ces on geopolymerization seem to be highly dependent on

the crystallinity and thermal history of the calcium silicate

sources, as well as the alkalinity of the alkaline activator.

The effect of alumina and silica on conventional geo-

polymer systems has also been reported. Increases in

Al2O3, tend to accelerate the setting of geopolymers while

addition of SiO2 inhibits the setting [22]. Nevertheless,

increased SiO2 content tends to produce microstructures

with low porosity and hence enhance the strength of geo-

polymers [22, 23]. The effect of nano-scale silica in

improving physical properties of cementitious systems has

also been reported with Portland cement systems [24].

This study specifically examines the effects of silica

derived from two separate sources i.e., nano-silica and rice

husk ash (RHA), and alumina (nano-alumina) on the setting,

microstructure, phase development, and physical properties

of high calcium fly ash-based geopolymer systems.

Materials and methods

Materials

Lignite-based high calcium fly ash (mean particle size of

13.67 lm) supplied from the Mae Moh Power station in

Northern of Thailand was used as the main silicate and alu-

minate source. The nano-silica (12 nm), RHA (125 lm), and

nano-alumina (13 nm) were used as additional SiO2 and

Al2O3 sources, respectively. The chemical compositions of

thematerials used are shown inTable 1. Sodium silicatewith

28.70% SiO2, 8.90% Na2O, and 62.50% H2O by weight and

NaOH were used as the alkaline activators.

Geopolymer synthesis

Mix formulation Na2O.1.17Al2O3.4.80SiO2.11.45H2O was

used as the control mix. (This formulation provides the

accepted molar ratios for ordinary geopolymers, especially

SiO2/Al2O3 = 4, with the lowest possible amount of H2O

to get the maximum consistency of paste). The control mix

was prepared using fly ash, sodium silicate, and NaOH in

required quantities. The other mixtures were prepared by

keeping the fly ash and water content constant, but

changing the silica and alumina contents, by adding nano-

silica, RHA, or nano-alumina as shown in Table 2. The

molar quantities of silica and alumina additions were in the

range of 4.80–5.60 and 1.17–1.87, respectively.

In the preparation of mixtures, fly ash and other solids

(RHA, nano silica, or alumina) were first mixed for 5 min

and then mixed with required amount of 10 M NaOH solu-

tion until a homogeneous mixture was obtained. Finally,

Table 1 Chemical composition of starting materials

Chemical

composition (wt%)

Fly ash Nano-silica RHA Nano-alumina

SiO2 35.21 99.00 95.92 –

Al2O3 16.57 – 0.13 99.00

Fe2 O3 13.66 – 0.30 –

CaO 25.52 – 0.72 –

Na2O 2.73 – 0.21 –

K2O 1.99 – 2.07 –

MgO 3.28 – 0.08 –

Other oxide 1.04 1.00 0.57 1.00
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sodium silicate solution was added to the mixture and mixed

for further 5 min. Alkali-activated fly ash paste was then cast

into 2.5 9 2.5 9 2.5 cm3 cube molds and cured at 60 �C,
95% RH for 24 h. The X-ray diffraction (XRD), scanning

electron microscopy (SEM) with energy dispersive X-ray

analysis (EDXA), and compressive strength analyses were

studied on the hardened geopolymer paste.

A separate set of mixtures of the same mix formulation

were prepared for setting time measurements. Setting time

trials were performed at room temperature, i.e., 22 �C,
using standard Vicat needle apparatus. At final setting time,

the reaction was stopped by mixing the ground paste with

acetone. XRD and SEM analyses were conducted on the

dried paste samples.

Results

Setting time

The setting time results of mix formulations investigated are

shown in Fig. 1. The initial and final setting times of the

control mix (SiO2/Al2O3 = 4.00) were 60 and 100 min,

respectively. These results are in line with the previously

published data [17]. Irrespective of the source of silica, i.e.,

either nano-silica or RHA, increases of SiO2 content of the

original mix accelerated both initial and final setting. The

trend is also very similar for both silica sources. Corre-

spondingly, increasingAl2O3 content of the originalmix also

led to a decrease in both initial and final setting times of

mixeswith the fastest setting of less than 20 min recorded for

the mix with 0.7 Al2O3 addition (SiO2/Al2O3 = 2.57).

Increasing both SiO2 and Al2O3 tend to accelerate set-

ting in high calcium fly ash systems and there exists a

maximum SiO2/Al2O3 ratio (Fig. 4), at which the system

display longest setting times. The most favorable SiO2/

Al2O3 ratio for setting falls within the range of 3.20–3.70.

Solid phase development by XRD

The XRD patterns of raw fly ash, fly ash geopolymer pastes

with 0.80 SiO2 addition (SiO2/Al2O3 = 4.79) and 0.50

Al2O3 addition (SiO2/Al2O3 = 2.87) at the final setting

time (22 �C) and after 24 h curing at 60 �C are shown in

Figs. 2a–d, 3a–d, respectively.

Solid phase development by XRD of pastes at final setting

time

The XRD pattern of raw fly ash comprises mainly

of amorphous phase with traces of crystalline anhydrite

Table 2 Mixture formulations

of fly ash geopolymer pastes
Added SiO2 or Al2O3

amount (moles)

Molar composition SiO2/

Al2O3

Na2O/

SiO2

Na2O/

Al2O3

CaO/

SiO2

CaO/

Al2O3

Control mix Na2O.1.17Al2O3.4.80 SiO2.11.45H2O 4.00 0.21 0.85 0.69 2.81

0.14SiO2 (nano-SiO2) Na2O.1.17Al2O3.4.94 SiO2.11.45H2O 4.22 0.20 0.85 0.67 2.81

0.18SiO2 (nano-SiO2) Na2O.1.17Al2O3.4.98 SiO2.11.45H2O 4.26 0.20 0.85 0.66 2.81

0.25SiO2 (nano-SiO2) Na2O.1.17Al2O3.5.05 SiO2.11.45H2O 4.32 0.20 0.85 0.65 2.81

0.14SiO2 (RHA) Na2O.1.17Al2O3.4.94 SiO2.11.45H2O 4.22 0.20 0.85 0.67 2.81

0.18SiO2 (RHA) Na2O.1.17Al2O3.4.98 SiO2.11.45H2O 4.26 0.20 0.85 0.66 2.81

0.25SiO2 (RHA) Na2O.1.17Al2O3.5.05 SiO2.11.45H2O 4.32 0.20 0.85 0.65 2.81

0.50 SiO2 (RHA) Na2O.1.17Al2O3.5.30 SiO2.11.45H2O 4.53 0.19 0.85 0.62 2.81

0.80 SiO2 (RHA) Na2O.1.17Al2O3.5.60 SiO2.11.45H2O 4.79 0.18 0.85 0.59 2.81

0.20 Al2O3 Na2O.1.37Al2O3.4.80 SiO2.11.45H2O 3.50 0.21 0.78 0.69 2.40

0.30 Al2O3 Na2O.1.47Al2O3.4.80 SiO2.11.45H2O 3.27 0.21 0.68 0.69 2.24

0.33 Al2O3 Na2O.1.50Al2O3.4.80 SiO2.11.45H2O 3.20 0.21 0.67 0.69 2.19

0.50 Al2O3 Na2O.1.67Al2O3.4.80 SiO2.11.45H2O 2.87 0.21 0.60 0.69 1.97

0.70 Al2O3 Na2O.1.87Al2O3.4.80 SiO2.11.45H2O 2.57 0.21 0.53 0.69 1.76
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(CaSO4), quartz (SiO2), magnesioferrite (MgFe2O4), cal-

cium oxide (CaO), and hematite (Fe2O3). The phase dis-

tributions of samples at final setting time of activated fly

ash samples are shown in Fig. 2b–d. As shown by the XRD

pattern of control sample (Fig. 2b), the main changes

occurring during alkali activation are the disappearance of

CaSO4 and CaO (originally present in fly ash) suggesting

initial involvement of Ca?2 ions in the setting process.

Trace amounts of Na2SO4 and Ca(OH)2 are also detectable

at this stage. The XRD patterns of SiO2 rich sample

(Fig. 2c) showed the presence of Na2SO4 only, with no

sign of Ca(OH)2. This suggests greater consumption of

Ca?2 ions in the setting process when extra silica is present

in the system. As with the control sample, the XRD pattern

of alumina-added sample also showed the formation of

new phases Na2SO4 and Ca(OH)2. There is no unreacted

Al2O3 present in the alumina-added sample (Fig. 2d)

indicating involvement of the added alumina in the reac-

tions during the setting period.

Calcium silicate hydrate (CSH), calcium aluminate sil-

icate hydrate (CASH), and sodium aluminate silicate

hydrate (NASH, geopolymer gel phase) are the possible

phases expected to form at the setting time of these systems

[25]. The presence of CSH (and or CASH) and NASH gel

phases in the XRD patterns are usually associated with a

broad peak around 28–30� (2h) for the geopolymer phase

and main peak at 30� (2h) for CSH, CASH phases [21, 25–

27]. There is a weak indication of the presence of humps

around 28–30� (2h) in the XRD patterns of all three sam-

ples studied, though this evidence is not firm and would

require further investigation. The amorphous nature of the

gel phases and the interference between peaks of other

phases makes it difficult to fully identify trace reaction

products. However, the involvement of Ca?2 ions in the

setting time process can be corroborated by the disap-

pearance of calcium containing phases in the fly ash and

conversion into hydration products.

In all three mix formulations investigated, the continu-

ous presence of quartz and magnesioferrite phases (origi-

nally present in fly ash) prevailing throughout the setting

period indicates no involvement of these phases in the

reactions.

Solid phase development by XRD of pastes cured at 60 �C

The XRD patterns of raw fly ash and fly ash geopolymer

pastes at 60 �C with or without additives are shown in

Fig. 3a–d. In all three samples examined (control, SiO2-

added, andAl2O3-added) the formation of geopolymer phase

is strongly evident by the presence of the broad peak around

28� (2h) and the presence of CSH phase can be confirmed by

the presence of peaks at 29.35� and 32.05� (2h). In addition,
the control and Al2O3-added samples (Fig. 3b, d) also con-

tain traces of unreacted Ca(OH)2. However, there is no

indication of the presence of Ca(OH)2 in SiO2-added sample

(Fig. 3c). This further supports the argument that more Ca?2

ions are consumed during setting and hardening process of

high calcium-based systems when extra silica is present in

the system, possibly via reacting with silica.

In addition, in all three samples, there is no presence of

Na2SO4 which had been previously detected at the setting

time analysis of these samples (Fig. 2b–d). This indicates

the involvement of SO4
-2 ions in the reaction process

during curing stage. As there was no presence of ettringite-

like phases detected in these samples, it is conceivable that

SO4
-2 ions could also be involved in the geopolymer

reaction. Possible incorporation of SO4
-2 ions in the geo-

polymer reaction and hence in the polymeric network

structure has also been suggested in previous studies [28].

Compressive strength

The compressive strength results of paste after curing at

60 �C for 24 h are shown in Table 3.
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The control sample with SiO2/Al2O3 = 4.00 had

strength of 62.6 MPa. Compared to the control, 0.14 mol

of SiO2 addition (SiO2/Al2O3 = 4.22) shows a decrease in

strength with both types of silica. However, the effect of

decreasing strength is also higher with increasing SiO2

content; increase in total SiO2 content from 4.8 to 5.8

(SiO2/Al2O3 from 4.00 to 4.79) decreased the strength by

about 50% (from 62.6 to 30.9 MPa) and the trend is similar

with both the sources of silica.

It was particularly interesting to note that increasing

Al2O3 content did not show any significant effect on the

compressive strength, both the control (SiO2/Al2O3 = 4.00)

and 0.50 Al2O3 addition (SiO2/Al2O3 = 2.87) had compa-

rable strengths, around 63 MPa. In conventional geopolymer

systems, however, increasing Al2O3 content (SiO2/

Al2O3\ 4.00) decreases the strength while the effect of

silica appears to be similar in two systems.

Final setting times and compressive strength

with respect to SiO2/Al2O3 ratio

Combined final setting times and compressive strength

with respect to SiO2/Al2O3 molar ratio of the mixes studied

are shown in Fig. 4. It is evident that setting time charac-

teristics and strength development do not follow the same

trend. Decreasing of the SiO2/Al2O3 ratio (or increasing

Al2O3) favors higher strengths reaching a maximum at

around SiO2/Al2O3 ratio 3.50 and remains constant there-

after. There is an optimum SiO2/Al2O3 ratio (3.20–3.70)

which leads to products with longest setting time with

reasonably high strengths. Likewise for conventional geo-

polymer systems, SiO2/Al2O3 ratios around 3.50–4.00 are

regarded as the most suitable for optimal strength charac-

teristics although a somewhat linear relationship between

SiO2/Al2O3 ratio and setting time has been suggested [29].

SEM/EDAX analysis of geopolymer pastes cured

at 60 �C

The hardened geopolymer paste of the control sample, and

samples with 0.80 mol SiO2 (RHA) and 0.50 mol Al2O3

are given in Fig. 5a–c, respectively.

The controlmix (Fig. 5a) consists ofmany unreacted fly ash

particles embedded in a continuous matrix. It also contains

white globules of CSHorCASH (as analyzed byEDXA) in the

matrix. CSH appears to be more abundant in the silica rich

sample (Fig. 5b) and this sample also consists of more devel-

oped cracks. This perhaps is responsible for the low strengths

observed with this sample. Figure 5d shows a higher magni-

fication of a fly ash particle surface with CSH formations.

The microstructure of samples containing excess alumina

(Fig. 5c) appears to be somewhat different from that of the

excess silica sample. In thismicrostructure, thewhite globules

of CSH orCASH are concentrated in thematrix rather than on

fly ash surfaces. The matrix also looks somewhat homoge-

neous and continuouswith embedded fly ash particles and has

minimal cracks. This sample produced higher strengths.

Figure 5e, f show the microstructure of hardened sam-

ples of 0.14 mol SiO2-added samples in the form of nano-

silica (Fig. 5e) and RHA (Fig. 5f). There appears to be no

difference in the microstructure of these samples implying

minimal effect due to arising from the source of added

silica in the reaction process. These samples also had

comparable strength and setting times.

Table 3 Compressive strength

of mix formulations
Added SiO2 or Al2O3 amount

(moles)

Molar composition Compressive strength

(MPa)

Control mix Na2O. 1.17Al2O3. 4.80 SiO2. 11.45H2O 62.6

0.14 SiO2 (nano-SiO2) Na2O. 1.17Al2O3. 4.94 SiO2. 11.45H2O 60.4

0.14 SiO2 (RHA) Na2O. 1.17Al2O3. 4.94 SiO2. 11.45H2O 58.3

0.50 SiO2 (RHA) Na2O. 1.17Al2O3. 5.30 SiO2. 11.45H2O 34.6

0.80 SiO2 (RHA) Na2O. 1.17Al2O3. 5.60 SiO2. 11.45H2O 30.9

0.20 Al2O3 Na2O. 1.37Al2O3. 4.80 SiO2. 11.45H2O 64.0

0.30 Al2O3 Na2O. 1.47Al2O3. 4.80 SiO2. 11.45H2O 60.0

0.50 Al2O3 Na2O. 1.67Al2O3. 4.80 SiO2. 11.45H2O 63.2
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The EDXA spot analyses on the dense matrix area of the

control, 0.14 SiO2 and 0.80 SiO2-added and 0.5 Al2O3-

added samples are shown in Table 4. The results are the

averages of 3–4 analyses and they show the variation of

elemental oxide composition of Al2O3, SiO2, CaO, and

SO3. It is understood that EDXA provides semi-qualitative

analysis of compositions and not a reliable indicator of

exact compositions but instead represents elemental dis-

tribution of the matrix.

In all four mix compositions investigated, a considerable

amount of (6–12%) SO3 is present in the matrix. The trend

further confirms that CaSO4, originally present in the fly

ash, dissolved during reaction and SO4
-2 becomes a part of

the matrix and is present in conjunction with other ele-

ments in the matrix. The percent of CaO is also compar-

atively higher and consistent (around 20%) in the matrix in

all mix combinations confirming the presence of Ca?2 as

CSH or CASH phases.

Discussion

The effect of increasing silica and alumina contents of high

calcium fly ash systems appears different from that of

traditional Class F fly ash geopolymer systems in many

(b)(a)

(d)(c)

(f)(e)

A

CSH

50μm

50μm

50μm

100μm 100μm

Fig. 5 SEM of fly geopolymer pastes with different additives. a control, b 0.80 mol RHA, c 0.50 mol Al2O3, d CSH in 0.80 mol RHA (enlarged

area A), e 0.14 mol nano SiO2, and f 0.14 mol RHA

Table 4 The oxide content (%wt) from EDXA results

Formula Control 0.14 SiO2

(nano-silica)

0.14 SiO2

(RHA)

0.80 SiO2

(RHA)

0.50

Al2O3

Na2O 15.47 14.14 14.40 22.35 14.54

MgO 3.89 2.35 1.98 1.61 1.81

Al2O3 9.86 10.05 10.03 7.46 18.35

SiO2 26.34 33.11 30.33 32.59 24.46

SO3 12.00 8.83 9.06 6.05 12.23

K2O 1.29 1.59 1.73 1.59 1.57

CaO 21.76 20.80 22.02 22.62 19.20

FeO 9.39 9.05 8.86 5.99 7.83
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ways. In particular, for conventional geopolymer systems,

setting is typically associated with the sodium aluminate

silicate hydrate gel (NASH) formation [22, 30]. As shown

with metakaolin-based systems [30], when the system is

high in SiO2 more silicate species are available for con-

densation and reaction between silicate species, resulting

oligomeric silicates, becomes dominant; further conden-

sation between oligomeric silicates and aluminates result in

a rigid 3D network. The rate of condensation between

silicate species is slow and, this normally leads to longer

setting times. Correspondingly, when the system has excess

Al2O3, increased aluminate (Al(OH)4
-) species become

available for the reaction leading to a faster rate of con-

densation between Al(OH)4
- and silicate species and

shorter setting times [30].

The key difference in high calcium-based systems is the

availability of Ca?2 ions arising from dissolution of CaSO4

and CaO. Hence, during the setting process, and consid-

ering the Na2O-SiO2-Al2O3-CaO-H2O system as a whole,

the dissolution-precipitation reactions and hence the stable

equilibrium phase assemblages involving these oxides

mainly have been shown to depend on the pH of the

medium and oxide concentration [25]. This initial reaction

pathway is typically governed by the CSH, CASH, or

NASH gel formation process. As shown previously [25], at

high pH ([12) and with CaO/SiO2 (0.24–3.20) and SiO2/

Al2O3 (2.00–6.00), the presence of calcium degrades

NASH in favor of CASH or (NC) ASH formation; CaO/

SiO2 = 1.10 with SiO2/Al2O3 = 6.00 favoring CASH

phase and CaO/SiO2 = 0.24 with SiO2/Al2O3 = 2.00

resulting (NC) ASH phase.

At the high pH ([13) during early hydration for the

systems investigated in the present study, with CaO/SiO2

(0.59–0.69) and SiO2/Al2O3 (2.57–4.79), it is apparent that

the setting process is governed by the formation of CSH or

CASH-like phases rather than pure NASH. Fast dissolution

of highly active Al2O3 and SiO2 sources in high pH med-

ium provides high initial concentrations of silicate

(SiO2(OH)2
2- or SiO(OH)3

-1) and aluminate (Al(OH)4
-1) to

react with Ca?2 forming CASH phase resulting shorter

setting times. Therefore, increase in both SiO2 and Al2O3

tend to decrease the setting time giving an optimum SiO2/

Al2O3 ratio for the longest setting time.

The reaction between Ca?2 and aluminate, silicate

species continues until all the available Ca?2 ions are

exhausted and, with time, concentration of Ca?2 becomes

the limiting factor for this reaction. The pH of the system

also decreases with time, due to the consumption of OH-

during hydrolysis to further form silicate and aluminate

species. The low pH and limited Ca?2 environments

facilitate the polymerization reaction between silicate and

aluminate species producing NASH gel.

Possible dissolution-precipitation reactions occurring

during setting and hardening processes of high calcium-

based systems can be presented as follows:

i. Dissolution of SiO2, Al2O3 and calcium sources

(CaSO4 and CaO).

SiO2 þ Al2O3 �!OH
�
SiO2 OHð Þ2�2 or SiO OHð Þ�1

3

þ Al OHð Þ�4
CaSO4; CaO �!H2O

Caþ2 þ SO�2
4 þ OH�

ii. Precipitation reactions

Caþ2 þ SiO2 OHð Þ2�2 or SiO OHð Þ�1
3 þ Al OHð Þ�4

! CASH gel ð1Þ
Naþ þ SiO2 OHð Þ2�2 or SiO OHð Þ�1

3 þ Al OHð Þ�4
! NASH gel ð2Þ

As CASH gel is stable at high pH ([12) environments

and reaction 1 is dominant in the setting process, whereas

reaction 2 becomes feasible at lower pH (9–12) where

NASH is stable. Therefore reaction 2 becomes secondary

in these systems which is mainly responsible for strength

development.

As shown by this study, sulfate, coming from dissolution

of CaSO4, first tend to form Na2SO4 rather than ettringite-

like phase during early hydration and then disappear during

higher temperature curing. It was evident from EDXA

results that sulfate ions are most likely incorporated in the

geopolymer network structure at later stages of the curing

process.

Although increase in Al2O3 causes rapid setting of con-

ventional geopolymer systems it also has a detrimental effect

on strength development [29]. This effect on the strength has

been attributed to the formation of crystalline sodium alu-

minate silicate (zeolitic) phases originated from NASH

phases of with low SiO2/Al2O3 (\3.8) ratios. The high cal-

cium fly ash systems investigated in the present study dis-

close that increasing alumina (SiO2/Al2O3 = 2.87) neither

induced any zeolitic phase development (as evident from

XRD results) nor showed any significant effect on initial

strength development. The observation that increasing

Al2O3 had minimal detrimental effect on the strength may

also be attributed to the presence of high amounts of Ca?2

ions in these systems. Accordingly, the excess Al2O3 is

rapidly consumed by Ca?2 during the setting process

resulting in SiO2/Al2O3 ratio at a higher level at which

amorphous sodium aluminate silicate phase (geopolymer

gel) is stable. In other words, the presence of Ca?2 may

hinder the formation of sodium-based zeolitic phases
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possibly reducing potential detrimental effect on the

strength. However, further investigations are needed to

confirm this hypothesis.

As with conventional geopolymer systems, increase in

silica (SiO2/Al2O3[ 4) decreased the strength of high

calcium-based geopolymers irrespective of silica source

with no significant differences in strength trends between

the two silica sources investigated.

Conclusion

Following conclusions on high calcium-based geopolymer

systems can be derived from this study:

1. Increase in both alumina or silica, accelerate the setting

with an optimal SiO2/Al2O3 ratio in the range 3.20–3.70

controlling setting rather than Ca?2 ions itself.

2. The setting process is conceivably regulated by initial

CASH formation.

3. Formation of NASH at later stages of curing is mainly

responsible for strength development.

4. Increasing alumina (SiO2/Al2O3 up to 2.87) neither

induced any zeolitic phase development nor showed

significant influence on strength development con-

trary to ordinary geopolymers systems. Furthermore,

the presence of Ca?2 appears to hinder the formation

of sodium-based zeolitic phases thereby reducing its

detrimental effect on the strength.

5. As with ordinary geopolymer systems, increase in

silica (SiO2/Al2O3[ 4.3) delivers a corresponding

strength reduction for high calcium-based geopoly-

mers. This trend is independent on silica source for

the two silica sources investigated.
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Very Low Loss Tangent and High Dielectric Permittivity in
Pure-CaCu3Ti4O12 Ceramics Prepared by a Modified Sol-Gel Process
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We present a simple strategy to achieve excellent dielectric

and nonlinear current–voltage properties for pure–CaCu3-
Ti4O12 ceramics prepared by a modified sol–gel method with
different calcining conditions. At 1 kHz and room temperature,

the best CCTO ceramic can exhibit a high dielectric constant

(e′) of 9516 with a very low dielectric loss, tan d ~0.020. The
minimum value of tan d is 0.018 at 2.5 kHz with e′ ~9433.
High breakdown field of 4032 V/cm and nonlinear coefficient

of 7.05 were obtained.

I. Introduction

DEVELOPMENT of novel functional materials for electronic
applications has recently been motivated by device min-

iaturization. CaCu3Ti4O12 (CCTO) gained considerable
attention due to its high and nearly temperature independent
dielectric constant (e′ ~103–105) over the range of 100–
600 K.1–13 Generally, the degree of electronic device minia-
turization utilizing capacitive components is decided by the
value of the material’s e′ value. The size of such devices can
be reduced by replacing dielectric layers with a relative high–
dielectric material. CCTO can exhibit nonlinear current–volt-
age behavior,2,8–10 resulting from Schottky barriers at grain
boundaries (GBs). This is desirable for application in
varistors.

Unfortunately, the loss tangent for CCTO ceramics is still
too large (tan d >0.05 at 1 kHz), making them unsuitable for
many applications. Therefore, reduction of this high tan d
for CCTO ceramics is an important and urgent issue requir-
ing investigation. Improvement of tan d in CCTO ceramics
using dopants has been extensively studied.3,5,11 However,
improvement of dielectric properties of pure–CCTO was
rarely reported. Sun et al.,9 reported values of e′~2–4 9 104

and tan d ~0.04 [at 1 kHz and room temperature (RT)] for
CCTO ceramics prepared by a sol–gel process. Previously,
we reported values of e′ ~5.1 9 103 and tan d ~0.048

(at 1 kHz and RT) for a CCTO ceramic prepared by using a
very simple method.10 From these reports, we observed that
sources of Ca and Cu ions used to synthesize the high–per-
formance CCTO ceramics were obtained from Ca– and Cu–
acetates whereas most investigations used Ca– and Cu–
nitrates as sources.7,13 We therefore expect that CCTO
ceramics, prepared from Ca– and Cu– acetates by using suit-
able chemical route, may show better performance of dielec-
tric properties.

In this work, we successfully prepared pure–CCTO ceram-
ics with high–performance dielectric properties by using a
modified sol–gel method using Ca– and Cu–acetates as
sources of Ca2+ and Cu2+ ions. The best CCTO ceramic
exhibited high e′ ~9516 and very low tand ~0.020, respec-
tively. A high breakdown electric field (Eb) value was found,
4,032 V/cm, with a nonlinear coefficient (a) of ~ 7.05.

II. Experimental Procedure

By using a modified sol–gel method, CaCu3Ti4O12 was pre-
pared as follows. Firstly, stoichiometric amounts of Ca
(C2H3CO2)2.H2O and Cu(CH3COO)2.H2O were dissolved in
an aqueous solution of citric acid and ethylene glycol with
constant stirring at RT. Secondly, C16H28O6Ti was dissolved
slowly in the above solution. Then, several drops of ethanol
were added to the mixture and heated to 250°C without stir-
ring. After several minutes, a clean and transparent solution
was obtained. This solution was further heated to 150°C
until it formed a viscous gel. This gel was decomposed in air
at 350°C for 1 h. The precursor was ground and calcined in
air at 850°C for 2 h (P1), 850°C for 8 h (P2), and 900°C for
4 h (P3). These CCTO powders were pressed by uniaxial
compression at 200 MPa into disks having 9.5 mm diameter
and thickness ~1–2 mm. Finally, these disks were sintered in
air at 1100°C for 6 h. CCTO ceramics sintered using the P1,
P2, and P3 powders were referred to as the CCTO-1, CCTO-
2, and CCTO-3 samples, respectively.

The X-ray diffraction (XRD) process (PW3040 Philips;
Eindhoven, the Netherlands), scanning electron microscopy
(SEM) (LEO 1450VP; Cambridge, UK), and transmission
electron microscopy (TEM) (FEI Tecnai G2, Eindhoven, the
Netherlands) were used to characterize the CCTO powders
and ceramics. Ceramics were polished and sputtered with Au
on pellet surfaces using a Polaron SC500 (Sussex, UK) sput-
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ter coating unit. The dielectric properties were measured
using an Agilent E4980A (Hayward, CA) Precision LCR
Meter over the frequency range of 102–106 Hz with an oscil-
lation voltage 1 V. Current–voltage measurements were made
using a high voltage measurement unit (Keithley Model 247,
Estado St Pasadena, CA). The rise rate of the source voltage
is 1.3 V/s. The values of Eb and a were obtained at a current
density (J) of 1 mA/cm2 and in the range of 1–10 mA/cm2.

III. Results and Discussion

The XRD patterns of CCTO powders that were calcined
under various conditions and CCTO ceramics sintered at
1100°C for 6 h prepared from different powders are shown
in Fig. 1. These XRD patterns confirm the formation of the
CaCu3Ti4O12 phase (JCPDS card no. 75–2188) in powders
and sintered ceramics. The main phase of CCTO was
detected in both powders and ceramics. However, diffraction
peaks corresponding to impurity phases of CuO and TiO2

still appeared in the XRD pattern of P1 powder (calcined at
850°C for 2 h). These impurities were greatly reduced by
increasing sintering time to 8 h (P2 powder), and cannot be
detected in P3 powder (calcined at 900°C for 4 h). Pure–
CCTO phase was observed in all CCTO ceramics sintered
from these three powders. The values of lattice parameters
calculated from the XRD patterns were found to be 7.389,
7.387, 7.389, 7.393, 7.391, and 7.393 Å for P1, P2, P3,
CCTO-1, CCTO-2, and CCTO-3 samples, respectively. These
values are comparable to the literature value of 7.391 Å.1

Microstructure of CCTO ceramics is shown in Figs. 2(a)–
(c), revealing grain and GB structures. The presence of impu-
rity phases in P1 powder has a significant influence on the
microstructure of sintered CCTO-1 ceramic. The microstruc-
ture of the CCTO-1 ceramic shows a large amount of pores;
CCTO-2 and CCTO-3 ceramics are relatively dense. Gener-
ally, the densification and grain growth processes in polycrys-
talline ceramics are primarily caused by matter transport,
e.g., diffusion of atoms, ions, and charged species. For
CCTO ceramics, these processes are related to the liquid
phase sintering mechanism.4 In the first stage of sintering
processes, particles of the CuO secondary phase melted into
the liquid state due to their relatively low melting point. This
leads to enhanced densification through enhanced rearrange-
ment of CCTO particles and enhanced matter transport
through the liquid. However, the second–phase particles of
TiO2 (and perhaps CaTiO3) remained as solid-state particles,
which were insoluble in this state. The rate of grain growth,
i.e., the movement of GBs, is inhibited by TiO2 solid parti-
cles. In the latter stage, the second phases of CuO and TiO2

were interred into CCTO lattices, forming a solid solution.
As seen in the XRD pattern of CCTO-1 ceramic, there were

no observed CuO and TiO2 secondary phases. Generally,
densification process is slow in the final stage due to the long
distances of diffusion.14 During this process, the formation
rate of solid solution was much higher than the densification
rate, resulting in pore formation in the microstructure of
CCTO-1 ceramic. Fig. 2(d) shows a TEM image of P3
CCTO particles, revealing a large distribution of particle
sizes ~80–200 nm.

Figure. 3(a) shows frequency dependence of e′ at RT for
CCTO ceramics synthesized from different ceramic powders.
It was found that calcining conditions have significant influ-
ences on both the microstructure and e′ of CCTO ceramics.
Interestingly, CCTO-2 and CCTO-3 ceramics exhibit high e′
~8291 and 9516, respectively, with very low tan d (0.022 and
0.020, respectively). As shown in Fig. 3(b), tan d values of all
ceramics are lower than 0.05 in the frequency range from
0.1 kHz to 30 kHz. The lowest tan d value was found to be
0.018 at 2.5 kHz with e′ ~9433 for CCTO-3 ceramic. To our
knowledge, this is the lowest tan d for pure–CCTO ceramics
that can exhibit e′ of ~104. As shown in the inset of Fig. 3(b),
e′ of CCTO ceramic tends to be enhanced with increasing
calcination time and temperature; concurrently, tan d tends
to decrease gradually.

Generally, total energy loss in dielectric materials is the
sum of loss due to the dielectric relaxation process and loss
due to DC conductivity.6 The total loss tangent can be
expressed as,15

tan d ¼ x2e0sðe0s � e01Þ þ ð1þ x2s2Þrdc
xe0ðe0s þ e01x2s2Þ ; ð1Þ

where e0s and e0∞ are, respectively, the static and high -
frequency limits of dielectric permittivity, τ is relaxation time,
e0 is permittivity of free space, and rdc is DC conductivity.
At low frequencies, xτ �1, Eq. (1) is estimated to be

tan d � rdc
xe0e0s

: ð2Þ

According to the Maxwell–Wagner polarization model
for CCTO ceramics,16 rdc can be expressed as rdc ¼
1=C0ðRg þ RgbÞ, where Rg and Rgb are grain and GB resis-
tances, respectively, and C0 is empty cell capacitance. For
CCTO ceramics, Rg�Rgb. Therefore, rdc is decreased by
increasing Rgb, resulting in the reduction of tan d. Very low
tan d values for CCTO-2 and CCTO-3 ceramics are attrib-
uted to their high Rgb. However, values of Rgb at RT cannot
be calculated because the semicircle arc corresponding to the
GB response does not appear in an impedance plot.

To study the physical nature of electrical transport at the
GBs for CCTO ceramic samples, non - Ohmic characteristics
were investigated. Fig. 4 shows the nonlinear current density–
electric field (J–E) characteristics at RT for CCTO-2 and
CCTO-3 ceramics. The inset of Fig. 4 shows the J–E charac-
teristics at RT for CCTO-1 ceramics. It is now widely accepted
that non - Ohmic behavior and electrical response at GBs of
CCTO ceramics likely are caused by a Schottky–type potential
barrier.2,9,17,18 a values of the CCTO-1, CCTO-2, and CCTO-
3 samples were found to be 1.98, 7.05, and 5.83, respectively.
Eb values were found to be 1064, 4032, and 2268 V/cm, respec-
tively. The CCTO-2 ceramic shows the best varistor properties
among the three samples. To our knowledge, 4032 V/cm is a
higher Eb value than any reported in literature for pure–CCTO
ceramics with grain sizes less than 10 lm.2,9,10,17,18 The values
of Eb and a for the CCTO-2 ceramic are comparable to the
values observed in TiO2–rich CaCu3Ti5.5O12 ceramic
(Eb = 3910 V/cm and a = 7.9).17

Non–Ohmic properties of CCTO ceramics can be improved
by annealing CCTO in oxygen–rich atmospheres18 and
increasing the molar ratio of Ti from the stoichiometric value
of CaCu3Ti4O12.

17 These are effective methods to enhance non

Fig. 1. XRD patterns of CaCu3Ti4O12 powders calcined at (a) 850°C
for 2 h, (b) 850°C for 8 h, (c) 900°C for 4 h, (d) CCTO-1,
(e) CCTO-2, and (f) CCTO-3 ceramic samples.

1498 Rapid Communications of the American Ceramic Society Vol. 95, No. 5



–Ohmic properties of CCTO ceramics. This indicates that a
Schottky–type potential barrier at GBs is related to oxygen
content. Generally, high Rgb in electroceramics is caused by

one of two phenomena i.e., the existence of a space charge
layer at the GB with higher oxygen concentration and a second
phase acting as insulating film at GBs. These may cause high
Rgb for CCTO ceramics. It was found that tan d decreased with
increasing Eb.

9,10,17 Thus, very low tan d values for CCTO-2
and CCTO-3 ceramics are associated with unusually high Eb

values. It is difficult to explain how starting material types
affect the electrical properties of GBs. It is most likely that
preparation CCTO ceramics by this manner modifies the
defect equilibrium at GBs. We propose that investigation of
new chemical routes to synthesize CCTO ceramics using
Ca– and Cu–acetates is a potential way to further improve
dielectric properties of CCTO ceramics.

IV. Conclusions

In conclusion, CCTO ceramics prepared using Ca– and
Cu–acetates as starting raw materials showed excellent dielectric

(a) (b)

(d)

(c)

Fig. 2. SEM images of surface morphologies for (a) CCTO-1, (b) CCTO-2, (c) CCTO-3 ceramic samples, and (d) TEM image of CCTO-3
powder.

Fig. 3. Frequency dependence of (a) e′ and (b) tan d at RT for
CaCu3Ti4O12 ceramics; inset shows values of e′ and tan d for
CaCu3Ti4O12 ceramics.

Fig. 4. Non-Ohmic characteristics (J-E curves) of CCTO-2 and
CCTO-3 ceramic samples; inset shows J-E curve of CCTO-1 sample.
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properties. The best pure–CCTO ceramic can exhibit an ultra
low–tan d of ~0.020 at 1 kHz; whereas e′ is still too large at
9516. The best non–Ohmic properties with high values of Ea

and a were found to be 4032 V/cm and 7.05, respectively.
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a b s t r a c t

This research studied the improvement of the geopolymerization of bottom ash (BA) by incorporating fly
ash (FA) and using flue gas desulfurization gypsum (FGDG) as additive. The BA:FA ratios of 100:0, 75:25,
50:50, 25:75, and 0:100 were used as the blended source materials. The source materials were then
replaced with 0%, 5%, 10%, and 15% of FGDG. NaOH, sodium silicate and temperature curing were used
to activate the geopolymer. Test results indicated that the increase in FA content in the BA–FA blends
improved the strengths of geopolymer mortars owing to the high glassy phase content and high reactivity
of FA compared to those of BA. The use of up to 10% of FGDG as additive also significantly increased the
strengths of geopolymer. In this case, the compressive strength enhancement was due to the increase in
the Al3+ leached from BA in the presence of SO2�

4 and the formation of additional calcium silicate hydrate.
� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Geopolymer is an alkali-activated aluminosilicate cementitious
material with a much smaller CO2 footprint than traditional Port-
land cement [1]. Several researches have shown that it possesses
good strength and mechanical properties [2]. Geopolymerization
process relies on the reaction of silica and alumina with high alkali
solution. The source materials can, therefore, be industrial or
agricultural by-products and solid waste containing silica and/or
alumina.

The use of bottom ash (BA) for making alternative cementitious
material can both reduce the growth of Portland cement usage and
help solve the problem of waste discard at landfill site. BA can also
be used as replacement for sand in mortar and concrete [3]. Mae
Moh power plant in northern Thailand produces around 0.8 million
tons of pulverized coal combustion (PCC) BA per year. Ground to a
proper fineness, this BA can be used as source material for making
geopolymer with reasonable strength [4]. Research has also shown
that the strength of BA geopolymer was lower than that of FA geo-
polymer [5]. The physical differences such as morphology, particle
size, surface properties, and amorphous phase content affect their
abilities to react in geopolymer syntheses [6]. For instance, FA is
composed of spherical shape and contains high content of amor-
phous phase which can greatly improve the compressive strength

of geopolymer. In contrast, BA comprises of large fragments with
only a small amount of semi-spherical particles [7] and less glassy
constituent phase [8].

FA is a good pozzolan and is widely used to replace Portland ce-
ment to improve the properties of concrete [9,10]. Both PCC class C
and class F fly ashes are good source materials for producing geo-
polymer [11,12]. To improve the reactivity of low grade source
material such as fluidized bed combustion ashes, it is blended with
a good source of silica and alumina such as PCC FA and metakaolin
[13,14]. The PCC FA is able to increase the workability of the
blended ash mixes, contribute to the packing of the source material
and thus enhances the strength of the geopolymer products [13].

In the process of burning of coal to generate electricity, many
power plants need to reduce the amount of sulfur emission to
the atmosphere. The method of desulfurization results in waste
material called flue gas desulfurization gypsum (FGDG) in the form
of calcium sulfate. Up to now, this waste gypsum has not been uti-
lized and has been discarded at landfill site. It is known that the
incorporation of gypsum alters the performances of the Portland
cement concrete. Similarly in geopolymer, the addition of gypsum
can enhance the degree of geopolymerization [15]. The leaching of
alumina can be improved with the presence of sulfate and thus
leads to the strength enhancement [16].

The present work aims to improve the strength development of
BA geopolymer mortars with the addition of PCC FA and the use of
FGDG as additive. This knowledge would be beneficial to the utili-
zation of these waste materials.
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2. Materials and methods

2.1. Materials

PCC FA, PCC BA and FGDG from Mae Moh Power Plant in north-
ern Thailand were used. BA was ground and used as the main
source material for making geopolymer. The as-received FA was
used to replace part of BA to improve the quality of the main
source material. FGDG was oven dried at 105 �C, ground and used
as additive to improve the strength of the geopolymer. The chem-
ical and mineralogical compositions of FA, BA and FGDG are shown
in Table 1. The major oxides of BA and FA were SiO2, Al2O3, Fe2O3,
and CaO with a small SO3 content. The main compositions of FGDG
were CaO and SO3 oxides. The physical characteristics of materials
are shown in Table 2. The median particle sizes of BA, FA, and FGDG
were 32.2, 63.5, and 10.3 l, the percentages retained on No. 325
sieve were 33, 50 and 3 and the specific gravity were 2.86, 2.52,
and 2.39, respectively. Sodium hydroxide solution (NaOH) at
10 M concentration and sodium silicate solution (NS) with 13.8%
Na2O, 32.2% SiO2, and 54.0% H2O by weight were used as alkali
activators. The local river sand with specific gravity of 2.62 and
fineness modulus of 2.85 in saturated surface dry condition was
used for making geopolymer mortars. The XRD patterns of BA
and FA are shown in Fig. 1. Both of BA and FA contained glassy
phase and some crystalline phases of quartz (Q: SiO2), calcium
oxide (C: CaO), and hematite (H: Fe2O3). The phases of mullite
(M: Al6Si2O13) and anhydrite (A: CaSO4) were only found in FA,
while anorthite (N: CaAl2Si3O8) and augite (U: (Ca(Mg,Al)(Si2,A-
l)O6) were found in BA. The broad hump around 26� (2h) of BA
was smaller than that of FA indicating that the glassy phase of
BA was lower than that of FA.

2.2. Details of mixes and tests

The NS/NaOH ratio of 1.0, liquid/ash (L/A) ratio of 0.6 and ash/
sand ratio of 2.75 were used for making geopolymer. BA was re-
placed with FA to obtain the blended source materials with BA:FA
ratios of 0:100, 25:75, 50:50, 75:25, and 100:0. The blended ashes
were replaced with 0%, 5%, 10%, and 15% of FGDG by weight. Table
3 gives the details of mix proportions and molar oxide ratios. The
SiO2/Al2O3, Na2O/SiO2 and H2O/Na2O ratios were 4.56–4.76, 0.30–
0.35 and 9.0–10.0, respectively which are comparable to the opti-
mum values of SiO2/Al2O3 = 3.0, Na2O/SiO2 = 0.3 and H2O/
Na2O = 10.0 for metakaolin geopolymers [17].

The samples were prepared by mixing BA, FA, and FGDG until
the uniform color was obtained. The NaOH was then added and
mixed for 5 min. The NS solution was added and mixed for another
5 min. (For geopolymer mortar, sand was then added and mixed
again for 5 more minutes). After mixing, the fresh paste or mortar

was casted into plastic 5 � 5 � 5 cm cubic molds in accordance
with ASTM C109 [18] and subjected to final vibration of 10 s. The
molds were then wrapped with polyvinyl sheet to prevent a loss
of moisture. Samples were cured in an electric oven at 40 �C for
48 h and then kept at 25 �C and 50% R.H. room. At the age of 7 days,
the mortar samples were tested for compressive strengths in
accordance with ASTM C109. The paste samples at 28 days were
used for the investigations of microstructures. The fractured sur-
faces were coated with gold and scanned using JEOL scanning elec-
tron microscope (SEM). The pastes were ground to particle size less
than 75 l (passed sieve No. 200) and used for XRD analysis using
PANalytical X-ray diffractometer with CuKa radiation and fourier
transform infrared spectroscopy (FT-IR) at the range of 4000–
400 cm�1.

3. Results and discussion

3.1. Compressive strength

The compressive strengths of BA and FA geopolymer mortars
with different FGDG contents are shown in Fig. 2. Without FGDG,

Table 1
Chemical and mineralogical compositions of BA, FA and FGDG.

Chemical Composition (%) Raw materials

BA FA FGDG

CaO 13.0 24.5 37.7
SiO2 35.5 35.2 4.0
Al2O3 16.8 16.5 2.0
Fe2O3 15.1 13.6 0.5
SO3 0.6 1.6 54.1
Na2O 3.8 2.7 0.0
MgO 8.4 3.2 1.6
K2O 1.8 1.9 0.1
P2O5 0.2 0.2 0.0
TiO2 0.3 0.3 0.0
Loss on ignition 4.7 0.4 14.7
Mineral composition Quartz, anorthite, augite,

magnetite, mullite
Anhydrite, quartz, magnetite,
calcium oxide, mullite

Gypsum

Table 2
Physical characteristics of BA, FA and FGDG.

Materials Median particles
size (l)

Specific gravity Retained on
sieve #325%

BA 32.2 2.86 33
FA 63.5 2.52 50
FGDG 10.3 2.39 3

Fig. 1. XRD patterns of BA and FA original.
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the compressive strengths of pure BA and FA geopolymer mortars
were 25.5 and 55.5 MPa, respectively. The degree of geopolymer-
ization of the FA geopolymer is higher than that of the BA geopoly-
mer [5] owing to the high glassy phase content and higher
reactivity of FA compared to those of BA. Additionally, Ca2+ reacted
with silicate from FA and formed additional calcium silicate hy-
drate (CSH) gel [15,19]. The strength of blended geopolymer mor-
tars, therefore, improved with the increase in the FA content. For
the low FA content of 0%, 25%, and 50%, the strengths of geopoly-
mer mortars were reasonable at 25.5, 30.5, and 34.0 MPa, respec-
tively. The addition of 5–10% of FGDG significantly increased the
compressive strengths of mortars. For example, the strength of
75:25 (BA:FA) blend replaced with 0%, 5%, and 10% FGDG mortars
were 30.5, 35.0, and 40.0 MPa. The strength enhancement was due
to the increased Ca2+ reacted with silicate and formed additional
CSH and also reacted with aluminosilicate group and strengthened
the aluminosilicate network [20]. In addition, SO2�

4 ions in the sys-
tem promoted the dissolution of Al3+ ions in BA [21] and led to a
stronger geopolymer.

When the FGDG content was increased to 15%, the strengths of
all mortar mixes were very low between 0.3 and 1.0 MPa. The high
FGDG content obstructed the geopolymerzation process and dras-
tically reduced the strength of the mortar. Also for the high FA con-
tent of 75% and 100% where the strength of mortars were already
high, the incorporation of FGDG decreased the strength of mortars.

The reduction was dependent on the replacement level. At low
replacement level of 5% of FGDG, the strengths were slightly
reduced. The strength reductions were significant when the
replacement levels were 10% and 15%. For the high FA blended
mixture, the dissolution of the Si and Al ions was already in a good
state and hence the addition of FGDG did not enhance the dissolu-
tion of Al ions.

In normal geopolymer system, the molar SiO2/Na2O ratios or Ms
has a significant effect on strength [22]. The Ms values and
strengths of geopolymer mortars were, therefore, plotted as shown
in Fig. 3. At low 0% and 5% FGDG, the compressive strengths in-
creased with Ms as expected. At the low dosage level, the effect
of FGDG on strength was not large. For 10% FGDG, the trend of
compressive strength versus Ms started to change. This was prob-
ably due to the increase in effect of FGDG. The mortars with high
BA content still exhibited the normal increase in strength with
the increase in Ms. For mortars with high FA content, however,
the strengths reduced with the increase in Ms indicating the neg-
ative effect of FGDG. For high FGDG addition of 15%, the negative
effect of FGDG became dominant and the compressive strengths
of all mixes were adversely affected.

3.2. Scanning electron microscope

The SEM-photomicrographs of BA and FA geopolymer pastes
with different FGDG contents as shown in Fig. 4 indicated that

Table 3
Mix proportions of BA and/or FA geopolymer with FGDG.

Series BA:FA FGDG (%) SiO2/Al2O3 Na2O/ SiO2 H20/ Na2O Ms

A 100:0 0 4.56 0.32 9.00 3.11
5 4.61 0.33 9.11 3.04

10 4.65 0.34 9.23 2.97
15 4.71 0.35 9.35 2.90

B 75:25 0 4.57 0.32 9.16 3.16
5 4.62 0.32 9.28 3.09

10 4.67 0.33 9.39 3.01
15 4.72 0.34 9.51 2.94

C 50:50 0 4.59 0.31 9.34 3.22
5 4.63 0.32 9.45 3.14

10 4.68 0.33 9.55 3.06
15 4.73 0.34 9.67 2.98

D 25:75 0 4.60 0.31 9.52 3.28
5 4.64 0.31 9.62 3.19

10 4.69 0.32 9.72 3.11
15 4.75 0.33 9.83 3.03

E 0:100 0 4.61 0.30 9.71 3.33
5 4.66 0.31 9.80 3.25

10 4.71 0.32 9.90 3.16
15 4.76 0.33 10.00 3.08

Note: water/solid = 0.30.

Fig. 2. Compressive strength of BA and FA geopolymer mortars with 0–15% FGDG.

Fig. 3. Compressive strength and Ms of BA and FA geopolymer mortars with 0–15%
FGDG.
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the polymerization products were well-connected structures con-
sisting of glassy phase structures with no definite grain boundary.
Without FGDG, the matrices of high FA content geopolymer (mixes
with 75% and 100% FA) appeared very dense as shown in Fig. 4a4
and a5. For the mixes with 0%, 25%, and 50% FA, the matrices were
less dense and less homogenous as shown in Fig. 4a1–a3. For the
low FA mixes (mixes with 0% and 25% FA), the incorporation of
5% and 10% FGDG appeared to improve the homogeneity and the
denseness of the matrices as shown in Fig. 4a1–c1 and a2–c2.
The principle of activation by FGDG is based on the ability of the
sulfate ions to react with alumina in ashes led to the dense
alumino-silicate network [23]. For high FA mixes, the incorpora-
tion of 10% FGDG appeared to lower the homogeneity and the
denseness of the matrices as shown in Fig. 4c4 and c5. The samples
with good homogeneity and dense matrix corresponded to mixes
with high compressive strengths.

In order to check the Si/Al ratios of the geopolymer products,
the EDX study was performed on the FA and BA geopolymer pastes.
The results are shown in Table 4. With no FGDG, the geopolymer
products of 100% FA and 100% BA mixes contained average Si/Al

ratios of 2.93 and 5.41, respectively. The high Si/Al ratio gave
geopolymer with low strength but good elasticity properties [24].
The dissolution of Al ions from aluminosilicate glassy phases of
FA was much easier than that of BA even though the Al2O3 contents
of both FA and BA were similar. Furthermore, the Si/Al ratios of FA
geopolymer increased, while those of BA geopolymer reduced with
the addition of FGDG as shown in Table 4. The dissolution of Al
from FA was obstructed, while the dissolution of Al from BA geo-
polymer was enhanced with the presence of sulfate ions.

(a1) 100:0/0 (b1) 100:0/5 (c1) 100:0/10

(a2) 75:25/0 (b2) 75:25/5 (c2) 75:25/10

(a3) 50:50/0 (b3) 50:50/5 (c3) 50:50/10

(a4) 25:75/0 (b4) 25:75/5 (c4) 25:75/10

(a5) 0:100/0 (b5) 0:100/5 (c5) 0:100/10

Fig. 4. SEM photography of fractured BA and FA geopolymer pastes (BA:FA/FGDG).

Table 4
The Si/Al ratios of BA and/or FA geopolymer pastes with FGDG calculated from EDX.

Series BA:FA FGDG (%) Si/Al ratios

A 100:0 0 5.41
5 4.43

10 3.76

E 0:100 0 2.93
5 3.09

10 3.33
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3.3. X-ray diffraction

The XRD patterns of BA and FA geopolymer pastes are shown in
Fig. 5. In general, the XRD patterns of the source materials and
those of the BA and FA geopolymers were not very different. For
BA and FA geopolymer pastes, the intensity peaks of SiO2 (Q) and

CaO (C) reduced, while CSH (X), amorphous phase, and aluminosil-
icate gel around 30� (2h) increased as compared to those of the
source materials. Additionally, gehlenite (E: Ca2Al2SiO7) phase
and the new zeolite phases named vishnevite (V: Na8Al6Si6O24

(SO4)�2H2O) and thenardite (T: NaSO4) were presented in both
geopolymers.

For BA geopolymer, the phases were transformed into more
stable known as anorthite and augite aluminum. The addition of
5–10% FGDG in BA produced the additional increases in CSH, gehl-
enite, and vishnevite phases. The strength enhancement was due
to the presence of some of these crystalline phases [25,26]. The in-
crease of FGDG to 15% produced thenardite (Na2SO4) phase which
did not contribute to the strength of geopolymer.

For FA geopolymer, the results showed the increases in CSH,
vishnevite, and glassy phase compared to BA geopolymer. The
incorporation of 5–15% FGDG resulted in an increase in the thenar-
dite phase but a decrease in the vishnevite phase. The large per-
centage of thenardite phase existed as an impurity in the system
[27] and thus weakened the geopolymer.

3.4. IR spectra

The results of the IR spectra of BA and FA source materials and
BA and FA geopolymer pastes are shown in Fig. 6. The considerable
broad bands located at 3700–2200 cm�1 and 1700–1600 cm�1

were assigned to OAH stretching and HAOAH bending, respec-
tively. These characterized the spectrum of stretching and defor-
mation vibration of OAH and HAOAH groups from the weakly
bound water molecules which were adsorbed on the surface or
trapped in large cavities between the rings of geopolymer products
[28]. The increase in H2O/Na2O mole ratios (Table 3) raised the
intensity of peaks at 3500 and 1650 cm�1. The SiAOASi and
AlAOASi stretching vibrations related to the degree of geopoly-
merization were detected at the wave number of 950 cm�1. The in-
creases in FA and FGDG provided high intensity SiAOASi and
AlAOASi bands. The spectra at 1460 cm�1 represented the sodium
carbonate from carbonation process which resulted from the unre-
acted Na2O [17].

The addition of FGDG resulted in a noticeable change in the
spectra of BA and FA geopolymer pastes. The SO2�

4 bonding was de-
tected at wave numbers of 1200 and 636 cm�1 for S@O stretching
and Na2SO4, respectively [29]. This demonstrated that SO2�

4 ion re-
acted with alkaline solution and formed SO4 compound. For BA
geopolymer, SO4 compound could not be detected with the

(a) BA 

(b) FA

Fig. 5. XRD patterns of BA and FA geopolymer pastes with 0–15% FGDG.

(a) BA and BA pastes                                   (b) FA and FA pastes

Fig. 6. FTIR of BA, FA and BA and FA geopolymer pastes with 0–15% FGDG.
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addition of low FGDG content of 5%. The presences of SO4 com-
pound were noticeable at 10% and 15% FGDG addition. At high
FGDG content of 15%, the SO4 compounds were clearly observed.
The presence of SO4 compounds in large quantity was related to
the very low strength of geopolymer mortars. For FA geopolymer,
the presence of SO4 compound was noticeable with the addition
of only 5% FGDG. At the high 10 and 15% FGDG, the peaks at
1200 and 636 cm�1 were quite distinctive. This caused the low
strengths of FA geopolymer mortars containing FGDG.

4. Conclusions

The results demonstrated that the geopolymerization of BA was
enhanced with the blending with FA and the addition of 5% FGDG.
The strength of BA geopolymer mortar was lower than that of FA
mortar. FA contained a higher amount of glassy phase and was
more reactive than BA. The blending of BA with FA, therefore, in-
creased the strength of the BA geopolymer mortars. The incorpora-
tion of 5% FGDG also resulted in the strength improvement of BA
geopolymer mortar. The presence of sulfate ions increased the dis-
solution of Al ions from the BA and thus enhanced the geopolymer-
ization and strength of the BA geopolymer. The incorporation of 10
and 15% of FGDG resulted in the thenardite phase which existed as
an impurity in the system and weakened the geopolymer.
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